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Abstract 
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Impaired epithelium in asthma: mechanisms driving ciliary dysfunction 
 
Wing Yan Heidi Wan 
 
Abstract 
 
Rationale Epithelial ciliary dysfunction is a feature of asthma that is believed to 
contribute to persistent symptoms and recurrent exacerbations. However, the 
mechanism underlying this dysfunction is unknown. 
 
Hypotheses The ciliary dysfunction of asthmatic airway epithelial cells is due to an 
intrinsic abnormality that leads to a high susceptibility of these cells to an 
environmental challenge, which results in a chronic inflammation and thus a 
predisposition of asthma exacerbations. 
 
Methods Primary airway epithelial cells from basal cells and ciliated cultures, and 
fresh ciliated strips, were used. Baseline protein and gene expression were assessed by 
protein quantification and microarrays. Ciliary function was studied using video-
microscopy. Asthmatic sputa were used as the environmental stimuli; microbiology was 
assessed. Oxidative stress and the role of NADPH oxidase (NOX) 4 were assessed 
using immunohistology, reactive oxygen species (ROS) quantification, quantitative 
gene expression, and the NOX1/4 inhibitor GKT137831. 
 
Results In ex vivo ciliated cultures, ciliary dysfunction did not persist but was 
evident in cells from asthmatics following asthmatic sputum inoculation. Bacterial 16S 
load increased equally in asthmatic and control samples. Oxidative burden in asthmatic 
bronchial epithelium was increased and was related to the percentage of sputum 
neutrophils. NOX4 expression and hydrogen peroxide-induced intracellular ROS 
generation were significantly elevated in epithelial cells from neutrophilic subjects, with 
the latter being attenuated by NOX4 inhibition. In asthmatic ciliated cells obtained 
directly from bronchoscopy, inhibiting NOX4 markedly improved ciliary function and 
was related to the intensity of neutrophilic inflammation. 
 
Summary The up-regulation of NOX4 expression that is evident in asthmatic ALI 
cultures might promote the susceptibility of the bronchial epithelium to the development 
of ciliary dysfunction in the presence of an abnormal microenvironment, implicating 
NOX4 as a potential therapeutic target for neutrophilic asthma. An increase in the 
sample size is required to increase the strength of this conclusion.  
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1.1 Asthma – A Chronic Inflammatory Airway Disease 

1.1.1 Definition of Asthma 

Asthma affects 300 million people worldwide and causes 250,000 deaths annually (1), 

which will reach 400 million by 2025 if the current trend continues (2). It is estimated 

that 5.4 million people in the UK are currently affected by asthma, causing the NHS to 

spend around £1 billion per year on asthma care and treatment (3). This financial burden 

is mainly contributed from the hospitalisation of patients with asthma attacks due to the 

inefficient treatments in controlling asthma symptoms (3, 4). 

 

Asthma is defined by the presence of 1) asthma symptoms, 2) an abnormal lung 

physiology, and 3) abnormal lung pathological features. Clinical symptoms of asthma 

include wheeze, cough, breathlessness and chest tightness, all of which indicate a 

reduction in lung function. An asthmatic lung physiology includes the presence of 

airway hyperresponsiveness, an airflow limitation and an airflow obstruction that is 

reversible. Airway hyperresponsiveness is defined by a PC20 <8 mg/ml; PC20 is the 

concentration of methacholine causing a 20% reduction in forced expiratory volume in 

1 second (FEV1). An airflow limitation is defined by <80% FEV1 predicted normal, or 

<70% FEV1/FVC (forced vital capacity) predicted normal (5). A reversibility of 12% 

after bronchodilation, using a bronchodilator, such as salbutamol indicates a reversible 

lung function. Abnormal lung pathological features in asthma include airway 

remodelling and signs of persistent inflammation. Evidence of airway remodelling 

includes thickening in airway wall and reduction in lumen size, an increase in airway 

smooth muscle mass, increase in extracellular matrix mass, and a disrupted epithelium. 

Mast cell infiltration in smooth muscle bundle, high eosinophil and neutrophil counts, 

and high-exhaled nitric oxide levels indicate the presence of a persistent inflammation. 
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1.1.2 Severity 

Classifying asthma into severity bands has been used as a guide for diagnosis and 

treatment in the past 20 years (6), but has proved inadequate due to the inconsistent 

treatment outcomes caused by the heterogeneity of the disease (5). The current 

guidelines for asthma management are based on the control of the disease – a treatment 

set, including the use of corticosteroids and/or β2-adrenoceptor agonists, that can 

concurrently achieve the ideal control of asthma (asymptomatic, normal daily activity, 

minimal-to-none use of β2-adrenoceptor agonists and normal lung function) and reduce 

future risks (exacerbation, symptom worsening, treatment side-effects) (5). When 

asthma becomes less/more controlled, a step-up/step-down in treatment will be 

considered. Table 1.1 summarises the stepwise treatment approach used by the Global 

Initiative for Asthma (GINA) guidelines. These treatment steps are partly comparable to 

the mild-to-severe asthma classification used previously. Asthma treatment is further 

discussed in Section1.2. 

 

Uncontrolled asthma leads to an increased risk in asthma exacerbation. An exacerbation 

(asthma attack) is defined by an episode of worsening in symptoms and lung function 

that requires an immediate addition or change of treatment, which can take from 

minutes to weeks to resolve. It usually involves the application of systemic 

corticosteroids (oral or by injection) for at least 1 day and/or an extensive use of a 

bronchodilator (7). Asthma exacerbation might be classified into severe and moderate 

despite the lack of literature consistency. Mild exacerbation is hard to define due to a 

lack of reference control. 
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"reduce    increase# 
Treatment Steps 

Step 1 Step 2 Step 3 Step 4 Step 5 
Asthma education 

Environmental control 
SABA when required 

Controller options 

Select one Select one Add one or more Add one or both 
low-dose ICS  low-dose ICS + 

LABA 
medium- or high-
dose ICS + LABA 

OCS (lowest dose 
as possible) 

leukotriene 
modifier 

medium- or high-
dose ICS 

leukotriene 
modifier 

anti-IgE treatment 

 low-dose ICS + 
leukotriene 
modifier 

sustained-release 
theophylline 

 

 low-dose ICS + 
sustained-release 
theophylline 

  

SABA, short-acting β2-agonist; LABA, long-acting β2-agonist; ICS, inhaled corticosteroid; OCS, oral 
corticosteroid; ICS low-dose: ≤800 mcg bdp; medium-dose: 800-1600 mcg bdp; high-dose: ≥1600 mcg 
bdp; mcg bdp, beclometasone equivalent dose in 24 h = budesonide x2 = fluticasone x1.25; leukotriene 
modifier, receptor antagonist or synthesis inhibitors 
 
Table 1.1 Global Initiative for Asthma (GINA) treatment steps. This table shows the common 
treatment across all steps, and identifies the controller options including a preferred option (grey) and 
other alternatives (5). 

 

1.1.3 Heterogeneity of Asthma 

Asthma is a complex disease with its heterogeneity spanning across scales from a 

molecular level to the functional organ level in the human body (Figure 1.1). 

 

 

Figure 1.1 The heterogeneity of asthma span across different scales in humans. The 
underlying gene polymorphisms and abnormalities at a molecular level have been reported in literature. 
These result in altered cell behaviour and cell-to-cell interaction. The exposure to environmental factors 
adds another level of complexity due to a variety of gene-environment interaction. Together it causes 
altered tissue behaviours, leading to the development of different features of airway damage and 
remodelling as observed clinically. 

 

Gene! Cell! Tissue! Organ! Human!
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Recent genetic variant and genome-wide association studies allowed researchers to 

study asthma at a genetic level, and identified genes that are associated with the risk of 

asthma and pathogenesis (8-15). Single nucleotide polymorphisms (SNPs) have been 

identified to be associated with asthma in terms of the impaired lung function and 

airflow obstruction (15-17), and the modulation of immunity in response to a spectrum 

of stimuli, including infection and oxidative stress (12, 15, 16). Furthermore, SNPs that 

are specific to severe asthma have been identified (13, 15), suggesting the implication of 

genetic diversity in asthma heterogeneity. Following the study of genomics and 

transcriptomics, proteomics allows researchers to understand the protein structure, its 

regulation and function to the cell. Proteome-based studies using human 

bronchoalveolar (BAL) fluid identified potential asthma biomarkers (18). Together they 

reflect on the heterogeneity of asthma at a gene-to-cell scale. The asthma heterogeneity 

at the cell-to-tissue scale is more complex, with the involvement of cell-to-cell 

interaction, cell-to-matrix interactions, the cross-interaction between them and the 

interaction with the environment (19). Inhaled particulate species are diverse and 

environment-dependent, ranging from allergens to pathogens to pollutants. Different 

particulates (e.g. allergen/bacteria) trigger different responses of different airway cells 

(e.g. epithelial and leukocyte Toll-like receptors (TLRs)). Interaction between various 

structural and inflammatory cells facilitates a continuous secretion of (pro-) 

inflammatory mediators (e.g. TH2/TH1 cytokines, growth factors, chemokines) and 

matrix components (e.g. collagen IV, fibronectin). Persistent inflammation leads to 

airway remodelling. The associated changes in tissue structures that can be observed are 

therefore related to the presence of abnormal inflammatory responses. As shown by 

quantitative computed tomography (CT) analysis (20), airway structure is diverse within 

an individual and between individuals. This collective evidence shows the heterogeneity 



Chapter 1. 
Introduction 

 6 

at a tissue-to-organ scale that reflects on the differences in asthma phenotypes as seen in 

the clinics. 

 

My project focused on the cell-to-tissue scales. To expand further, asthma can be 

divided into 4 subgroups based on the heterogeneity in inflammatory cell profiles 

obtained from induced sputum assessment (21, 22). Typical allergic asthma has an 

eosinophilic inflammatory profile (≥3% total sputum cell count). Non-allergic, non-

eosinophilic asthma generally has a neutrophilic profile (≥61% total sputum cell count). 

In between there is paucigranulocytic (non-eosinophilic/non-neutrophilic) and mixed 

granulocytic (eosinophilic and neutrophilic) asthma. Table 1.2 summarises different 

inflammatory cell profiles in asthma. This heterogeneity in inflammatory profiles can 

also be associated with the asthmatic remodelling of extracellular matrix at the tissue 

level as illustrated on Figure 1.1, and can be associated with the steroid sensitivity and 

clinical outcomes at the organ-to-human scale (23). 

 

1.1.4 Neutrophilic asthma 

Compared to typical eosinophilic asthma, neutrophilia can be found across asthma 

severity but is most common in severe asthma (24-26). In fact, neutrophilia occurs in 

~50% of the asthma population (25, 27). It is characterised by the high neutrophil count 

in sputum and its correlation with airflow obstruction (28), and is associated with 

exacerbation (29, 30) that is independent from smoking (31). The reduction in 

neutrophil count and CXCL8 concentration post clarithromycin supports a relationship 

between infection, TH1 inflammation and neutrophil chemotaxis (32). 
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Intermittent eosinophilic asthma also tended to become neutrophilic or mixed 

granulocytic overtime (26). The change, however, is not likely to be a time-dependent 

progression because basement membrane thickening is observed in eosinophilic, but not 

in neutrophilic asthmatic airways (23). Neutrophilic asthmatics are mostly 

corticosteroid-insensitive (25, 29), suggesting the presence of neutrophilia-specific 

pathways that lead to the different clinical outcomes. Whether the sensitivity of 

corticosteroids in eosinophilic asthmatics has driven the inflammatory profile towards 

neutrophilia has yet to be confirmed, despite evidence suggesting that corticosteroids 

promote neutrophil survival (33). In addition, the underlying mechanisms driving the 

development of this subgroup have yet to be identified. This increases the difficulty in 

developing therapies, and thus results in uncontrolled symptoms leading to a high risk 

of exacerbation, which is common in this asthma subgroup. 

 

The inflammatory profiles of neutrophilic asthma and bronchiectasis share common 

features (32), with frequent microbial colonisation/infection, such as Pseudomonas 

aeruginosa (34), leading to persistent activation of Toll-like receptors 2 and 4, and thus 

resulting a similar neutrophil infiltration into the airway. High-resolution CT revealed 

40% of asthmatic airways contain bronchiectasis (35). It is plausible that neutrophilic 

asthmatic airways share common, specific features with bronchiectasis that differentiate 

itself from eosinophilic asthma. 
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% Differential 
Sputum Count 

Non-neutrophilic 
Asthma 

Neutrophilic 
Asthma 

≤61% neutrophils >61% neutrophils 

≤3% eosinophils 

Paucigranulocytic 
 

Well controlled 
Corticosteroid sensitive 

 
 

Neutrophilic 
Refractory asthma 

Acute and chronic infection 
Pollutants (reactive species) 

TH1 inflammatory profile 
Corticosteroid insensitive 

>3% eosinophils 

Eosinophilic 
 

Typical asthma 
Allergen-initiated 

TH2 inflammatory profile 
Corticosteroid sensitive (mostly) 

Mixed Granulocytic 
 

Exacerbation 
Severe asthma 

TH1/TH2 inflammatory profile 
Corticosteroid (in-)sensitive 

 
Table 1.2 Heterogeneity of asthma and the associated characteristics. Asthma can be divided 
into 4 different subtypes based on the inflammatory profiles in the sputum differential cell count: 
Paucigranulocytic (low eosinophils; low neutrophils), eosinophilic (high eosinophils; low neutrophils), 
neutrophilic (low eosinophils; high neutrophils) and mixed granulocytic (high eosinophils; high 
neutrophils). Each subtype of asthma is usually associated with specific characteristics (26, 32, 36, 37). 

 

1.2 Treatments For Asthma 

Early development of asthma treatment focused on suppressing the allergen-associated 

eosinophilic inflammation. Steroids are generally used for their anti-inflammatory 

properties in many diseases (38, 39), including asthma. Corticosteroids target cytosolic 

glucocorticoid receptors translocating them to the nucleus and activating NFκB-

dependent inflammatory pathways (38, 39). Inhaled and oral corticosteroids arise local 

and systemic effect respectively. β2-adrenoceptor agonists can be prescribed alongside 

with corticosteroids to asthmatic subjects. There are two types of β2-agonists – short-

acting β2-agonists (SABA) with an onset of action within 15 min of administration, and 

long-acting (LABA) with an onset of action >15 min of administration. β2-agonists 

suppress bronchoconstriction by acting on adrenergic receptors in airway smooth 

muscle cells (40). They also have an effect on ciliary beat frequency (CBF), which will 

be discussed later (41-43). However, corticosteroid insensitivity has been observed in 
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subgroups of asthma (25, 29), with different corticosteroid-resistant mechanisms being 

proposed (44). In addition, evidence of β2-agonist tolerance has also been reported (45). 

 

In light of this, the focus has switched recently to developing other small molecules that 

inhibit other inflammatory components. Elevated IgE is associated with mast cell 

activation in allergic asthma; anti-IgE reduced asthma symptoms and exacerbation (46), 

eosinophil infiltration and remodelling (47), and showed corticosteroid sparing effects 

(48). IL-5 is required for eosinophil maturation and survival; anti-IL-5 reduced sputum 

eosinophil level and the associated symptoms (49, 50). IL-13 is a powerful epithelium 

activator; anti-IL-13 improved epithelium hyperactivity (51), asthma symptoms (52, 53), 

and airway inflammation (54). These add-on therapies were effective in combination 

with the treatment from stage 4 (Table 1.2). However, they have proved to be 

inefficient in controlling other non-TH2-driven subtypes of asthma. 

 

TNF-α has been suggested to be specific to neutrophilic asthma (55-57). Anti-TNFα 

treatment however showed no promising effect in the majority of the asthma population 

(58). Neutrophilic inflammation may be attenuated using macrolides clarithromycin (32, 

59) and azithromycin (60), which acts as immuno-modulators with a corticosteroid 

sparing effect in severe asthma (61). Details on anti-microbial and antioxidant therapies 

will be discussed in Section 1.4 and 1.5. 

 

The heterogeneity of asthma highlights the importance of patient-specific treatment 

regimens to maximise effectiveness.  
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1.3 Human Airway Epithelium 

1.3.1 Overview 

Human airways can be divided into bronchi (trachea plus all branches with cartilages), 

bronchioli (all “cartilage-less” distal airways with epithelium), and terminal bronchioli 

before reaching the alveoli where the gas exchange takes place (62). Using a 

symmetrical dichotomous branching system in the Weibel’s lung model (63), the 

generations of the branches are numbered in an ascending order with the trachea as 

Generation 0. Generations 0 to 7/8 represents large airways, 12-23 represents small 

airways. The lumen diameter of the airways ranges from 18 mm to <0.4 mm (63). 

 

Generally the human airway structure consists of a surface epithelium exposed to air, a 

basement membrane separating the epithelium and the sub-mucosal region below and 

the sub-mucosal matrix region directly underneath the basement membrane, where the 

mesenchymal cells and infiltrated inflammatory cells are located. This has been 

described as the epithelial-mesenchymal trophic unit (EMTU) (64). As the airways 

become more peripheral and smaller, the structure becomes simpler and more cuboidal, 

with the epithelium gradually becomes thinner and with shorter cilia. My PhD project 

focused on large airways (Generations <7/8) where a fully differentiated epithelial 

structure can be found. 

 

1.3.2 Biology of the airway epithelium 

1.3.2.1 Structure 

The airway epithelium is composed of three major components: the actual epithelial cell 

layers, the basement membrane underneath it, and the apical surface fluid (ASF) above 

it (Figure 1.2A). Together they form the first barrier lining the airway lumen, defending 
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against inhaled harmful particulates. Each component has its own role in this defence 

system and is crucial to the general protective function of the epithelium. 

 

The multi-layered epithelium consists of epithelial cell subtypes that are at different 

stages of differentiation (62). Each subtype has its own purpose. Non-ciliated pseudo-

stratified columnar cells form the mid-layer of the epithelium, acting as a supportive 

scaffold for the epithelial structure. The polarity of these cells also helps with material 

transportation between cell layers (65). The top layer of the epithelium contains ciliated 

epithelial cells with cilia protruding from the cell surface. These cilia are responsible for 

clearing foreign particulates trapped above the epithelium by a coordinated beating 

mechanism. This process is known as the mucociliary clearance. The ciliated cells are 

interspersed with secretory epithelial cells, which are responsible for the composition of 

the ASF atop the epithelium that traps particulates. Epithelial basal cells reside at the 

most basolateral (bottom) layer of the epithelium (66) and the subpopulation of 

epithelial progenitor/stem cells (67), are believed to have the ability to trans-

differentiate into different epithelial subtypes above. Proliferation rate is <1% per 24 h 

at resting state and is increased to 17% after injury (68, 69). These epithelial cell 

subtypes are packed tightly together by adherent junctions (AJs) and 

(hemi)desmosomes using catenin’s/cadherin complexes and intermediate filaments 

forming transmembrane adhesion protein complexes (70). Different epithelial cell 

subtypes express different cell markers as summarised in (71). 

 

Epithelial basal cells also act as anchors of the epithelial layers to the basement 

membrane via α3β1 and α6β4 integrin interaction (72). The general term “basement 

membrane” can be divided into layers (Figure 1.2B) (73, 74). The top basal lamina can 
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be subdivided into lamina lucida/rara and lamina densa, of which the latter one is a 

collagen IV/laminin V-rich matrix layer. The bottom, lamina reticularis is rich in 

collagen III/V and fibronectin, in directly contact with the mesenchymal region. These 

two layers are separated by a baseline membrane, which contains different matrix 

proteins. 

 

 
 
Figure 1.2 Schematic structure of the human airway epithelium. A shows the structure of the 
airway epithelium. B shows the structure of the basement membrane. C shows the composition of the 
ASF (73-75). 

 

1.3.2.2 Secretory epithelial cells and the ASF 

A complete and healthy epithelium contains 6,000 goblet cells/mm2 (75); in a 1:5 ratio 

with ciliated cells (68). There are three subtypes of secretory epithelial cells in human 

airways: goblet cells (mainly in large airways), Clara cells (mainly in small airways), 

and submucosal glands (associated with cartilage) (76, 77). They are responsible for the 

composition of the ASF lining on the surface of the entire epithelium. ASF is the true 

first barrier that is in the first contact with any inhaled particulates in the airways. It is 

believed that it contains three layers: top mucus layer, middle lipophilic layer, and 

bottom periciliary layer (78) (Figure 1.2C). 
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The mucus layer is the most viscous layer of the three, despite being composed of 95% 

water (78). It is a mixture of materials secreted by the epithelium including mucin (2-

3%), proteoglycans, ions, proteases and antimicrobial proteins (78, 79). Normally it is 

5-50µm thick (80-82). Mucins are large glycosylated proteins that are described as the 

“gel-forming” unit of the airway mucus. Different O-glycosylation in serine/threonine-

rich regions form different types of mucins (83). To date, 15 mucins, either membrane-

associated or secretory, have been identified. The secretory MUC2, MUC5B and 

MUC5AC are predominantly expressed on the airway epithelial surface (76, 84). The 

regulation in mucin induction and secretion has been extensively reviewed (76). Briefly, 

mucin induction and secretion should be treated as independent events that each can be 

regulated by a wide range of signalling pathways, such as growth factor (e.g. EGF and 

TGF-β), and inflammatory signalling (e.g. TLR cascades, TH1/TH2 cytokines) mediators. 

The mucins and glycoproteins trap the particulates on the airway surface, where the 

action of other mucus components such as proteases (e.g. lysozymes) and antimicrobial 

proteins (e.g. human β-defensins and LL-37) takes place. 

 

The lipophilic layer lies between the mucus layer and the periciliary layer (68, 85). Its 

function has yet to be confirmed. Compared to the mucus layer, the periciliary layer is a 

more fluid phase on the bottom of the ASF, only 5-10 µm in depth (68). This layer is 

directly in contact with the epithelial cilia. Its fluidity allows the ciliary to beat 

continuously to propel the top mucus layer up and out of the airways. Therefore, any 

change in the content of this layer would expect to directly affect the ciliary function. 
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1.3.2.3 Ciliated epithelial cells 

Ciliated epithelial cells (Figure 1.3) can be found from the trachea to bronchiole (75, 

86). This top layer of the epithelium contains ciliated cells that are believed to be the 

terminally differentiated epithelial cells and is the most abundant cell subtype within the 

epithelium (68). Ciliated cells are packed tightly together via the apical tight junctions 

(TJs) with protein complexes including zonula occludens (ZO) 1-3, claudins 1-5, 

occludins and E-cadherin (64, 70). The integrity of these TJs is very important in 

maintaining the polarity of the cells, while the cellular polarity directs ciliary growth 

and function (87-89). The integrity of TJs, i.e. the permeability of the epithelium, can be 

reflected by the trans-epithelial electric resistance (TEER), which is generated by the 

ion exchange across the selectively permeable epithelium. TEER increases as basal cells 

differentiate (90). A TEER value ranged 700-1000 Ω/cm2 has been reported in healthy, 

intact and ciliated epithelium, but is also likely to be cell- and culture method-dependent 

(90-92). 

 

A ciliated cell is characterised by the presence of 100-300 cilia projections/cell on the 

apical surface (86). The cilia are packed into a hexagon-shaped array, with the density 

reducing gradually from the centre to the edge of the apical surface. A high number of 

mitochondria can be found in the apical side of the cells, that is most likely to supply 

energy for the ciliary motion. Located towards the basolateral side is the nucleus and 

Golgi apparatus as the “control centre” and the sites of synthesis respectively (93, 94).  

 

A mature cilium is ~0.3 µm in width, and 7 µm in maximum length, which is depending 

on the ciliary development and the airway generations (86, 95). Each cilium is 

surrounded by 6 microvilli (96). Each microvillus is 1-3 µm in length and 0.1-0.3 µm in 
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width and with no definite function (Figure 1.3) (97). The ciliary membranes are the 

continuation of the cell surface (68, 86). Claw-like projections can be found at the tips 

(98). Motile cilium development is in waves and has been described in detail (87, 99), 

as illustrated in Figure 1.4. Briefly, it requires the formation of primary cilia on the 

basal/progenitor cell to direct centriole replicates, precentrioles to mature and dock on 

to the apical surface. Mature precentrioles, called basal bodies, then become the sites of 

cilium budding and as an anchor of a mature cilium. 

 

Figure 1.3 Transmission electron microscopic images of ciliated human airway epithelium 
from a healthy subject. A shows a ciliated epithelial surface. B shows the presence of cilia (black arrow) 
and microvilli (open arrow). C shows a scanning electron microscopy (SEM) image of ciliated respiratory 
epithelium of human nasal mucosa. Scale bar = 7 µm (from Dr. Thomas’ thesis, with permission) (100). 

A! B!

C!
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Figure 1.4 Development of motile cilia on airway epithelial cells. A shows the development of 
motile cilia from basal/progenitor cells. Briefly, the presence of primary cilia is essential to for basal body 
docking followed by motile cilia budding and growth. The table shows the markers that were identified to 
be specific to different stages of motile cilia development. B shows the structure of the root of a motile 
cilium. The microtubules extending from the tip to the bottom of a cilium are anchored to the epithelial 
cell surface via the ciliary rootlets in the basal body (87, 93, 99). 

 

A mature cilium adopts the “9+2” microtubule structure: a central microtubular pair 

connecting to the 9 peripheral microtubule doublets via radial spokes. Each microtubule 

doublet is projecting 2 dynein arms (outer and inner) and a nexin link that connects to 

the adjacent doublet (Figure 1.5A) (101). A microtubule is a polymer of α- and β- 

tubulins arranged with a helical pitch, forming a protofilament with a 96 nm 

longitudinal repeat unit. The central pair consists two subfibres, each composted of 13 

protofilaments, which defines the ciliary axis (101). In comparison, each peripheral 

microtubule doublet consists of a 13-protofilament subfibre A and a 10-protofilament 
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subfibre B. Inner and outer dynein arms are attached to subfibre A with a 24 nm 

periodicity (102). They facilitate ciliary beating by interacting with microtubules. Each 

dynein arm contains an adenosine 5’-triphosphate (ATP) binding unit with an ATPase. 

During each beating cycle, the dynein arms undergo conformational changes between 

subfibres A and B by hydrolysing the ATP (102). These movements cause the subfibres 

to slide along each other, leading to cilium bending. The opposite movement of the two 

dynein arms leads to the movements of forward power strokes and backward recovery 

strokes. The basal foot of the basal bodies (Figure 1.4B) in each cell and among the 

adjacent cells, are arranged in a similar direction. This direction represents the direction 

of the effective ciliary stroke. 

 

 

Figure 1.5 A normal ultrastructure of a human airway cilium. A shows the schematic of the 
“9+2” structure of a motile cilium. B shows a cross sectional transmission electron microscopy image of a 
human respiratory cilium (from Dr Thomas’ thesis, with permission) (100).  
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1.3.3 Mucociliary clearance 

1.3.3.1 Function 

Mucociliary clearance is an essential factor in pulmonary defence against invasion and 

injury by inhaled particulates. The viscous mucus layer of the ASF traps particulates, 

while the periciliary layer allows an undisturbed ciliary beating to propel the mucus up 

the airways. It is believed that the claw-like projections on the ciliary tips reach the 

mucus layer to aid the propulsion (68). The mucus propulsion, i.e. the clearance of any 

trapped particulates, is facilitated by the constantly beating epithelial cilia. 

 

1.3.3.2 Regulation of ciliary beat frequency (CBF) 

CBF is important in mucociliary clearance and is directly correlated to the transport 

efficiency (103, 104). The cilia beat in a coordinate, metachronal wave fashion, with a 

CBF of 11-14 Hz in normal human airways (68, 86, 105). It can be affected by various 

factors in the surrounding environment, such as temperature (106, 107), pH (108, 109), 

humidity (110, 111) and ionic charge (112, 113). The physiological regulation of CBF 

is highly Ca2+-dependent (114) (Figure 1.6). CBF increases in response to an increase 

in the concentration of intracellular Ca2+ ([Ca2+]i) in epithelial cells. This could be 

facilitated via the cyclic nucleotide-dependent pathways (115, 116), and/or the 

ATP/phospholipase-dependent pathways (117-120). Nitric oxide (NO!) synthesized by 

nitric oxide synthase (NOS) in the epithelium also regulates CBF via the cGMP-

dependent PKG pathway (121, 122), which suggests a role of oxidative handling in 

ciliary function regulation. Other pathogenic causes of changes in CBF are discussed in 

later sections.  
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Figure 1.6 Physiological regulation of ciliary beat frequency (CBF). CBF is regulated by the 
intracellular concentration of calcium ions ([Ca2+]i). The Ca2+ can be regulated by active ion transport via 
cell surface channels such as P2X receptors and receptor-operated calcium entry (ROCE). [Ca2+]i can also 
be regulated internally by intracellular Ca2+ stores, such as mitochondria and endoplasmic reticulum. The 
interaction of a substrate with a G protein-coupled receptor (GPCR) leads to the conformational change 
of the G protein. The Gβγ subunit is released to interact with phospholipase C (PLC) which activates the 
IP3 receptor on the Ca2+ stores to release Ca2+.Ca2+ activates adenylyl cyclase (AC) and aid the generation 
of second messenger cAMP. cAMP activates PKA that leads to a prolonged CBF enhancement. On the 
other hand the presence of nitric oxide (NO) facilitates cGMP generation. cGMP activates PKG that leads 
to a short-term CBF enhancement. * (116); ^ (122, 123); # (109, 124); § (118); ^^ (120); & (119)  
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1.3.3.3 Regulation of ciliary beat patterns 

Other than CBF, ciliary beat patterns may also be important in normal mucociliary 

clearance (125, 126). Using high-speed videomicroscopy, it was revealed that human 

airway cilia beat with forward and backward movements (105). The forward power 

stroke is a rapid motion, with the tip of the cilium bending towards to epithelial surface. 

It then stops briefly, followed by the slower backward recovery stroke with a sideward 

movement of <4°. This pattern is likely to be controlled by the interaction between 

dynein arms and the microtubules. Primary ciliary dyskinesia (PCD) is a genetic defect 

in cilia axoneme structure (127, 128). The abnormal beat patterns are caused by the loss 

of one or both dynein arm pair, or the central pair, or the transposition of the peripheral 

microtubule doublets. It has yet to be confirmed whether PCD is associated with asthma. 

The presence of abnormal beat patterns in asthmatic airway epithelium, however, has 

been suggested to be a secondary effect upon the exposure to injury and/or infection 

(129-131). Dyskinetic cilia in PCD may possess normal CBF (128) and beat patterns 

should therefore be treated as separate event, as both contribute to ciliary function in 

general. 

 

Apart from CBF and beat patterns, other parameters have been suggested to contribute 

to the general ciliary function. Beat amplitude is the distance the tip of a cilium travels 

in one beating cycle. It has been shown that the exposure to highly viscous material atop 

the cilia reduces the beat amplitude (132), with an acute increase in CBF followed by 

persistent CBF reduction (119, 132). Using atomic force microscopy (103, 104), it has 

been revealed that the reduction in amplitude is due to regulated changes during the 

recovery stroke, i.e. the cilium does not bend as backward as usual to achieve the faster 

CBF. 
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In spite of the presence of an efficient mucociliary clearance, antigenic materials such 

as bacterial and fungal protease could still go through the surface fluid layer and reach 

the surface of the epithelial cells. This rapidly activates the innate immune response of 

the epithelium, followed by the more specific adaptive immune response, to act against 

this invasion. 

 

1.3.4 Epithelial innate immunity 

Innate immunity is a rapid response upon the exposure of the airway surface to stimuli 

such as allergens and pathogens. These stimuli express conservative structures on their 

surfaces or as secretion, known as pathogen-associated molecular patterns (PAMPs). 

Typical examples of PAMPs that trigger airway innate immune response are allergens 

such as dust mite, pollen and mould, pathogens, and airborne pollutants, such as ozone, 

nitric oxide and other reactive species. Damage-associated molecular patterns (DAMPs) 

are danger signalling molecules endogenously produced by infected cells. These 

PAMPs and DAMPs can be recognised by pathogen recognition receptors (PRRs) 

expressed on airway cell surfaces, which activate the downstream inflammatory 

responses.  
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PRRs TLR1 TLR2 TLR3 TLR4 TLR5 TLR6 TLR7 
Dimerisation TLR2 TLR1/6 (TLR3) (TLR4) (TLR5) TLR2 - 
Location PM PM ER PM PM PM ER 
PAMPs 

LPP LPP, 
LPS 

Double-
stranded 
(ds)RNA 

LPS Flagellin LPP 
Single-

stranded 
(ss)RNA 

PAMP 
source 

Gram+ve 
bacteria, 

fungi 

Gram+ve 
bacteria, 

fungi 
Viruses Gram-ve 

bacteria 
Bacterial 
flagellum 

Gram+ve 
bacteria, 

fungi 
Viruses 

DAMPs - - - HMGB1 
HSP - - - 

PRRs TLR8 TLR9 TLR10 TLR11 RAGE CD14 P2X 
Dimerisation - (TLR9) TLR1/2 ? - - - 
Location ER ER PM PM PM PM + ER PM 
PAMPs 

ssRNA/ 
dsDNA 

Unmethy-
lated 
DNA, 

CpG DNA 

? 
Profiling-

like 
molecules 

- LPS - 

PAMP 
source 

Bacteria, 
Viruses Bacteria ? Toxo-

plasma - Gram-ve 
bacteria - 

DAMPs - - ? ? HMGB1 HMGB1 
HSP ATP 

TLR, Toll-like receptor; PM, plasma membrane; ER, endoplasmic reticulum; LPP, lipoprotein; LPS, 
lipopolysaccharide; HMGBs, high mobility group box 1; RAGE, receptor for advanced glycation end 
products; HSP, heat shock protein; ATP, adenosine triphosphate. 

 
Table 1.3 Pathogen recognition receptors (PRRs) and their pathogen-/danger-associated 
molecular patterns (PAMPs/DAMPs) recognition. PPRs may express on cell surface or intracellular. 
They recognise specific PAMPs, mostly inhaled microbial components, and DAMPs such as HMGB1, 
HSP and ATP produced by molecular signalling pathways. TLR-10 and TLR-11 were recently identified 
with PAMPs/DAMPs yet to confirm (78, 133-136). 

 

1.3.4.1 Initiation 

As the first barrier of defence, the airway epithelium expresses a range of PRRs, 

including cell surface Toll-like receptors (TLRs), secretory surfactant proteins and 

cytosolic CD14 that recognise PAMPs/DAMPs (Table 1.3). Toll-like receptors (TLRs) 

are a class of pattern-recognising molecules expressed on the epithelial cell surface (137, 

138). To date there are 11 TLRs (78), each specifically recognising different PAMPs 

(78, 135, 136). Interactions between TLRs and PAMPs/DAMPs activate downstream 

inflammatory pathways leading to the secretion of a vast variety of (pro) inflammatory 

mediators from the epithelial cells. 
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1.3.4.2 Facilitation 

Innate immunity is facilitated and maintained by concurrent cell filtration and activation 

by epithelium-derived (pro-)inflammatory mediators: CCL2, CCL20 (139) and IL-

12p40 (140) are macrophage chemokines; CXCL8 (141, 142) induces neutrophil 

chemotaxis and activation; CCL11 (143) and IL-5 (144) are involved in the eosinophils 

infiltration. These inflammatory cells (32, 135), as well as other structural cells such as 

smooth muscle cells (145), also express surface TLRs that recognise PAMPs/DAMPs. 

Activated macrophages and neutrophils actively phagocytose and eliminate pathogenic 

molecules by oxidative burst (146, 147). Resident IgE promotes recruitment and 

activation of mast cells. Mast cells and eosinophils eliminate allergenic reagents by 

degranulation.  

 

Apart from inflammatory cell recruitment, the epithelium is also responsible for cell 

activation by secreting cytokines. When there is a PAMP/DAMP-PRR interaction 

induced by allergens, epithelial cells secrete TH2 cytokines, such as IL-4, IL-5 and IL-

13. On the other hand, if the immune response is initiated by infection, TH1 cytokines, 

such as IL-6; CXCL8 (IL-8) and IFNs are released. The airway epithelium also potently 

secretes TNF-α and TGF-β (148). These cytokines help to recruit and activate 

downstream airway structural and inflammatory cells in/to the mesenchymal region to 

facilitate innate response. Other activated airway cells also secrete different cytokines 

and chemokines to cross interaction with one another. TNF-α and IL-1 cytokine family 

from activated epithelium and macrophages maintain epithelial activation (142, 149). 

CXCL8 from activated macrophages and neutrophils enhance neutrophil recruitment 

and activation (142). TH2 cytokines IL-4 and IL-13, TSLP, IL-1 cytokines and IFNs 

from the activated epithelium drive further epithelial activation (142, 150). Reactive 



Chapter 1. 
Introduction 

 24 

species from activated epithelium (151), neutrophils and macrophages may also 

promote signalling cascades that require them as the second messengers (152-154). 

These complex cell-mediator interactions across cell types generate a positive feedback 

loop that persist inflammation. 

 

1.3.4.3 Bridging adaptive immunity 

More specific adaptive immunity is initiated after the activation of innate immunity 

(150). TLR-mediated activation of the epithelium secretes chemokines CCL2 and 

CCL20 to recruit dendritic cells (DCs) (139). It secretes IL-6, IL-17-like innate 

cytokines TSLP, IL-33 and GM-CSF to active DCs (150, 155, 156). DCs also express 

surface TLRs. On activation these cells can actively recognise DAMPs and present 

them to naïve T cells, and initiate and determine T cell and B cell differentiation. 

Meanwhile, the activated epithelium also secretes TH2 cytokines, such as IL-4 and IL-

13 on allergic response, and TH1 cytokines IL-10 and interferons (IFNs) on pathogenic 

colonisation and infection. These cytokines determine the fate of T cell differentiation 

and thus the adaptive immune response by facilitating either TH2 or TH1-dependent 

inflammatory pathways. Polarised DCs and T cells further secrete corresponding 

cytokines that feedback to the upstream epithelial cells to enhance the corresponding 

differentiated immune response. 

 

1.3.4.4 Ubiquitous antimicrobial peptides 

Airway epithelium-derived antimicrobial peptides, particularly human β-defensins 

(hBDs), play a major role in the defence function of the ASF. hBDs are characterised by 

the presence of a 6-cysteine motif, a β-hairpin structure, and high arginine/lysine 

contents (157). To date there are 10 hBDs found in human (158), with hBD-1-4 being 
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found in human airway epithelium (159-162). hBD-1 is constitutively expressed in 

airway epithelial cells (159); hBD-2 and hBD-3 can be rapidly induced upon microbial 

exposure via LPS-TLR cascade and IFN signalling pathways, and inflammation via the 

TNFα pathway (161, 163, 164). Both hBD-1 and hBD-2 have a wide range of 

antimicrobial activity targeting bacteria (165), fungi (166, 167) and viruses (165, 168). 

hBD monomers polymerise and penetrate into the microbial membranes with their 

cationic nature (169). Increased membrane permeability leads to microbial cell lysis and 

death. The maintenance of the ASF ionic charge (95) is crucial to hBD function (170, 

171). 

 

Recently evidence also suggested a role of hBDs other than its anti-microbial property. 

All hBDs has been shown to induce macrophage and mast cell migration via a MAP-

kinase signalling pathway (172). hBD-2 may recruit immature DCs and naïve T cells 

(173). Moreover, hBD-3 has been shown to activate macrophages and DCs via a TLR-

dependent cascade (174), which in turn induces TLR expression (174, 175). All these 

evidence suggest that hBDs may bridge innate and adaptive immunity by modulating 

TLR signalling pathways on airway cells. 

 

1.3.5 Epithelial abnormality in asthma 

1.3.5.1 Structural abnormality 

The airway epithelium in asthma is structurally abnormal. Reductions in ZO-1 (64) and 

E-cadherin (176), and an increase in soluble E-cadherin (177) imply the presence of 

damage to TJs and AJs and a consequent in the barrier function of the epithelium. The 

loss of TJs comes with the disruption in the epithelial layers. Cell shredding and gaps 

have been observed (178). The loss of integrity was found to correlate to disease 
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severity (179). Some have showed a defective apoptosis of epithelial cells causing 

regional epithelial cell metaplasia (178), which may be caused by abnormal gene 

expression (178, 180) and/or viral infection (181, 182). This is in agreement with the 

hypothesis that an impaired repair system is present in asthmatic airways. Sub-epithelial 

fibrosis has been observed with an increase in collagen IV derived from the epithelial 

cells. The thickening of the lamina reticularis, on the other hand, was found 

predominantly in asthmatic airways with eosinophilia (23), suggesting the presence of a 

specific remodelling pathway in response to the epithelium-eosinophil interaction leads 

to this structural abnormality. 

 

These features persisted in culture when the asthmatic epithelial cells were 

differentiated into the ciliated air-liquid-interface (ALI) – cell cultures with multiple cell 

layers that resemble the in vivo epithelial structure. A significantly higher level of 

cytokeratin-5-positive cells has been found in asthmatic ALI cultures compared to 

healthy controls (176), which suggests that asthmatic cells may have an intrinsic 

deficiency in differentiation. Structurally, TJ proteins, such as ZO-1 and occludin were 

irregularly expressed on cell borders (183). Asthmatic ALI cultures possessed a 

significant reduction in E-cadherin (176), ZO-1 and TEER (183) as shown in vivo. The 

thickness of basement membrane and epithelial thickness and mucin production were 

found significantly higher in asthmatic ALI cultures (184). The contribution of 

epithelial cells to wound healing has also been found altered in asthmatic cultures. 

Fibronectin mRNA and protein expression has been found reduced in ALI cultures, 

which directly impacted the rate of wound closure (185).  
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Epithelial-mesenchymal transition (EMT) is another phenomenon found in asthma, 

meaning the epithelial cells undergo dysregulated differentiation due to the loss of TJs 

followed by the loss of cell polarity, or a de-differentiation into potentially other 

mesenchymal cell types, such as fibroblasts (186, 187). This transition is likely to be 

induced by the constantly elevated TGF-β and TNF-α levels observed during persistent 

asthmatic inflammation (186, 188, 189). 

 

1.3.5.2 Abnormal mucociliary clearance 

The presence of occluded airways is one of the features found in subjects who died as a 

consequence of asthma (190), suggesting that mucociliary clearance in these airways is 

prone to be inefficient in disease. In fact, the abnormal mucociliary clearance is likely to 

arise as a result of a mucus dysfunction, as well as a defective ciliary function in asthma. 

 

Goblet cell hyperplasia is a common feature in both childhood and adult asthma (191, 

192), leading to mucus hypersecretion. Mucins MUC5AC and MUC5B have been 

found to be up-regulated in asthma and to correlate with disease symptoms (193). In 

fact, the compositions and the characteristics of mucus in asthmatic airways have been 

found to be abnormal. Asthmatic mucus contains an elevated amount of MUC5AC, 

proteins, lipids, cell-specific mediators and ions (176, 194-196). These features persist 

in differentiated cultures derived from asthmatic subjects. Epithelium-derived EGF has 

been identified as the key growth factor, which promotes goblet cell hyperplasia by 

down-regulating the expression of the FOXa2 transcription factor that suppress 

epithelial cell trans-differentiation (197). Elevated IL-1β secretion in asthmatic airways 

(198) has also been shown to activate mucous cell metaplasia (transformation of the 

cells from a normal state to an abnormal state) and MUC5AC production (199, 200), via 
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the cAMP-dependent, p38 MAP kinase pathway (201). This collective evidence 

suggests that the persistent inflammation in asthmatic airways is highly associated with 

ASF dysregulation. Interestingly, there is emerging evidence suggesting that ASF 

dysregulation is specific to the eosinophilic asthma subgroup (202, 203). For instance, 

Gob-5, a calcium-activated chloride channel on airway epithelium, has been found to be 

responsible for goblet cell hyperplasia, but only in allergen-induced, but not bacterial-

induced inflammation (204). TH2 cytokine IL-13 has also been shown to elevate mucin 

production (197, 205). This evidence further indicates that heterogeneity of asthma 

indeed spans across different scales, at both a cellular level and a tissue level. 

 

In addition to the presence of excess mucus in the airways, the ciliary function of the 

asthmatic epithelium has been found to be abnormal (68). By monitoring radiolabeled 

aerosols, it has been revealed that asthmatic airways have higher depositions (206, 207) 

and lower rates of clearance (208, 209). A recent study using advanced high-speed 

video-microscopy provided further indications that asthmatic ciliary dysfunction is 

caused by a reduction in CBF and an elevation in ciliary dyskinesia and immotility 

(210). Using electron microscopy, it was revealed that cell shedding and the loss of cilia 

were evident in asthmatic bronchial biopsies (100, 194), and was not correlated to the 

asthmatic age groups (176). These abnormalities are also correlated to asthma severity. 

It has been suggested that >50% damage of the bronchial ciliary apparatus is required to 

cause significant reduction in mucociliary clearance (194). However, interaction 

between other elements, such as inflammatory mediators and different cell types, should 

also be taken into account. Hydrostatic pressure could affect the polarity across the 

epithelium (90) and ion channel expression (211); whether the water content of the ASF 

also contributes to the ASF abnormality has yet to be confirmed. Indeed, asthmatic 
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mucus has been found to be more viscous and elastic due to the high mucin and plasma 

protein levels (195, 196) that cannot be digested (212). Plug formation could therefore 

increase the burden on the cilia and hence further obstruct the ciliary function (132). 

The spontaneous sputum production in asthmatic subjects implies the accumulation of 

inhaled particulates, microbes in particular, that can only be cleared away by coughs 

(95). This reflects the inefficient mucociliary clearance. It is noteworthy that none of 

these reports has proposed any plausible mechanisms that may explain the presence of 

ciliary dysfunction in asthma. 

 

The inefficient mucociliary clearance increases the exposure of the epithelium to the 

trapped PAMPs and DAMPs. Without a normal innate and adaptive immune response, 

these particulates are able to worsen epithelial degradation and activation leading to a 

recurring colonisation/infection. A persistent immune response therefore gradually 

develops. 

 

1.3.5.3 Abnormal persistent immune response 

Asthma is a chronic inflammatory disease with persistent inflammation (148, 150). 

Gene polymorphisms were found in crucial innate immunity proteins, such as TSLP 

(213) and TLRs (214), and hence their altered expression pattern may lead to 

hypersensitivity of the cells to stimulation (150). It has been shown that the asthmatic 

epithelium hyper-secretes chemokines, such as GM-CSF (215) and cytokines, such as 

IL-33 (216), IL-1β (198) and TGF-β (186, 188), which enhance both structural and 

inflammatory cell activation. IL-13 is another up-regulated cytokine in asthmatic 

airways, and has been demonstrated to affect the wound healing process by altering 

epithelial cell differentiation and thus the epithelial regeneration (217). Deficiency in 
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epithelial IFN types I and III (181, 182) suggested an increased susceptibility to 

prolonged infection, particularly by viruses, in the airways. Persistent activation of the 

airway epithelium also implies a continuous generation of reactive species (218, 219), 

putting the airways under an oxidative burden that could prolong downstream pathway 

activation (153, 154, 220) and may cause intracellular damage (221, 222). Indeed, this 

prolonged inflammation persists in asthmatic cultures. Similar to the structural 

outcomes, asthmatic ALI cultures possess the abnormal pro-inflammatory secretory 

profile observed in vivo. The baseline secretions of IL-8 (184, 223), TGF-β2 (224), 

ICAM-1 and GM-CSF (223) were found to be significantly higher from asthmatic 

cultures compared to those from healthy controls. This suggests that asthmatic epithelial 

cells may be intrinsically active. Furthermore, asthmatic cultures produced a 

significantly higher induced level of IL-8 and GM-CSF compared to healthy controls 

(184, 223). CCL5 (RANTES), a chemokine for eosinophils, T cells and basophils, was 

suggested to be expressed specifically in asthmatic ALI cultures (223). In addition, 

lipoxin LXA4, which is a metabolite formed by lipoxygenase isoenzzymes, was found 

to be down-regulated in asthmatic ALI cultures (184). This implies that a dysregulated 

inflammatory response is present in asthmatic cells that could result in persistent 

chronic inflammation.   

 

The presence of heterogeneity in the inflammatory cell profiles of asthma suggests 

differential immune responses to stimuli, but little is known about their underlying 

mechanisms. It is generally believed that eosinophilic and neutrophilic asthma are 

initiated by different sensitivities to allergens and non-allergenic stimuli, which 

respectively leads to the development of TH2 and TH1-driven inflammation. Indeed, the 

elevated level of CXCL8 has only been found in association with infection (142). On 
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the other hand, the elevation in TH2 cytokines, such as IL-4 (52) and IL-13 (225, 226) 

were mostly found in atopic/eosinophilic asthmatics. However, viral infection (227) and 

the epithelial tolerance to low levels of infections (228) that induces a TH2 response 

suggest that crosstalk is present between the two inflammatory profiles.  

 

A prolonged inflammatory response leads to a dysregulated repair mechanism due to 

the persistent cell activation that can eventually result in airway remodelling. The effect 

of an abnormal extracellular matrix environment on cell behaviour is discussed in later 

sections. On the whole, the dysregulated intrinsic cellular regulation, together with the 

presence of an abnormal micro-environment, form a positive feedback loop across 

different scales leading to a persistent immune response in the asthmatic airways. 

 

1.3.6 Existing treatments that improve asthmatic airway epithelial function 

There is currently no specific treatment that targets the abnormal epithelial features or 

functions in asthma. However, other asthma treatments have been shown to improve 

asthmatic epithelial functions. Inhaled corticosteroids have been shown to reduce 

basement membrane thickening (229, 230). EGF treatment may promote TJ formation 

(183) and thus improve barrier function. Both SABA and LABA β2-agonists have been 

shown to stimulate CBF. Salbutamol is a SABA, which was shown to have a transient 

stimulatory effect on CBF in vitro (43) and in a murine model in vivo (231). It may also 

improve the composition of the periciliary fluid to facilitate more efficient mucus 

propulsion (231). In comparison, salmeterol, as commonly used LABA, was shown to 

improve CBF and mucus transport efficiency (41) and to do this with a more prolonged 

effect (43). Both types of β2-agonist are likely to act via a cAMP/[Ca2+]i pathway (43, 

232). Leukotrienes receptor antagonists are another type of anti-inflammatory treatment 



Chapter 1. 
Introduction 

 32 

for asthma. Leukotrienes (Cys-LT) are potent inflammatory mediators that have been 

found to be elevated in asthmatic BAL (233). Previous evidence showed contradictory 

results in their stimulatory effect of LTD4 and ciliary function (234, 235). On the other 

hand, leukotriene receptor antagonists such as Zafirlukast (233) and Montelukast (235) 

have been shown to improve CBF and potentially prevent Cys-LT-induced ciliary dis-

orientation. It has also been shown that female patients might be more susceptible to 

damages due to interactions between the sex hormone progesterone and its receptor 

(PR), and a selective PR modulator may improve ciliary function of these female 

individuals (236).  



Chapter 1. 
Introduction 

 33 

1.4 Microbiology in Asthma 

1.4.1 Overview 

A microbiota exists from, or even before birth in body lumens, such as the intestines 

and airways (237). This microbial community contains a huge diversity of microbes, 

including bacteria and fungi, with most species present yet to be identified due to the 

limitations in current technology (238). A normal microbiota with high microbial 

diversity is important in the host-defence system (237). The beneficial effect could be 

due to the counterbalance between constitutive TH2 responses triggered by the allergen 

and the TH1 responses triggered by low profile microbial colonisation (239). It could 

also be simply down to the local commensals acting as a physical barrier against 

colonisation by allergens and other pathogens. The lack of commensals causes a 

deficiency in allergen-induced inflammation (240). On the other hand, over-flourishing 

microbiota leads to infection.  

 

As the first line of defence, the airway epithelium is able to recognise the 

colonisation/infection of microbes overloaded above the mucus lining the surface and 

those penetrated the peripheral fluid to the epithelium. TLRs on the airway cell surfaces 

sense PAMPs and DAMPs. Bacterial LPS (endotoxin) and flagellin, microbial toxins 

such as fungal gliotoxin, viral surface glycoproteins HA and NA, and microbial single-

/double-stranded DNA/RNA are all PAMPs, recognised by different TLR isotypes 

(135). High microbial interaction with TLRs rapidly activates the innate immune 

response that drives a TH1-dependent inflammatory process. Other PAMP-recognition 

receptors on the epithelium include CD14 and surfactant proteins (136). Persistent and 

abnormal colonisation/infection therefore prolongs the inflammatory process leading to 

chronic inflammation as found in asthma. 
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1.4.2 Asthma-related microbes 

It has been generally accepted that pathogens play a major role in asthma exacerbation. 

Viral infection has been a popular field of study due to its role in both childhood and 

adult asthma in terms of symptoms and disease progression (241, 242). For instance, 

Chilvers et al. showed that coronavirus reduced epithelial function by disrupting the 

epithelial integrity, reducing the CBF, and increasing ciliary dyskinesia and immotility 

(69). On the other hand, the roles of other airway microbes, such as bacteria and fungi 

have recently emerged. The microbial community in asthma has been found abnormal, 

with less microbial diversity, but higher bacterial contents (243, 244). 

 

1.4.2.1 Bacteria 

It is generally accepted that bacteria play a major role in asthma exacerbation. For 

instance, infection by Chlamydia pneumoniae and Mycoplasma pneumoniae (245) has 

been shown to correlate to acute exacerbation in severe asthma (246). Recent evidence 

further suggests the roles of bacteria in asthma development and progression. The 

association between the presence of bacteria in asymptomatic infants and the onset of 

asthmatic symptoms (247) suggests that an early bacterial exposure could be a 

predisposing factor for asthma. Positive serology for intracellular pathogens is 

associated with airflow obstruction (248). Their presence in stable asthma from recent 

reports further suggests their role in disease progression (249, 250). A low profile 

asymptomatic colonisation may promote and maintain allergic inflammation (251) in 

the early stages of disease development. A recent study by Hilty et al. (243) reported an 

altered microbial community in the airways of mil-to-moderate asthmatic subjects 

across all ages. Species that are present in normal microbiota, such as the phylum 
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Bacteroidetes, were found significantly less frequently in the disease samples. In 

comparison, pathogenic bacteria including members of the phylum Proteobacteria (e.g. 

Haemophilus), Staphyloccocus and Streptoccocus were found significantly more 

frequent in disease samples. This altered microbiota persists in stable asthmatics (244). 

Huang et al. reported a significantly higher bacterial 16S load in the fresh bronchial 

brushings from stable adult asthmatics compared to healthy controls, and this was 

inversely correlated to airway hyperresponsiveness (AHR). Their results also suggested 

that specific phylotypes, such as Nitrosomonadaceae, Comamonadaceae and 

Oxalobacteraceae were likely to be responsible for the AHR. These results 

demonstrated that bacterial colonisation/infection is highly correlated to the chronic 

inflammation and the progression of asthma. 

 

Microbial products from bacteria, such as Streptococcus pneumoniae (252), 

Pseudomonas aeruginosa (34, 253, 254) and Haemophilus influenzae (255), have been 

shown to directly reduce CBF. LPS (endotoxin) are glycoproteins found in the cell wall 

of Gram-negative bacteria, including P. aeruginosa, H influenza, and 

Clamydiapneumoniae that are commonly found in asthmatic airways (243, 256). They 

contain a common, conserved structure with different acylated Lipid A chains that 

contribute diversity to TLR recognition (257). It is Lipid A that is recognised by 

surface-expressed TLR2 (133) and surface-expressed or intracellular TLR4 (258) of 

epithelial cells. Effects of bacteria and their products on ciliary function could be 

attenuated or reversed by specific macrolides (254), suggesting their direct role in 

inhibition on ciliary function. 
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1.4.2.2 Fungi 

Fungi are ubiquitous airborne microbes (259), and have been shown to be associated 

with asthma-related complications, such as allergic bronchopulmonary aspergillosis 

(ABPA). Aspergillus is one of the common fungal species associated with pulmonary 

diseases, and plays a major role in ABPA, with A. fumigatus colonisation was reported 

in up to 8% asthmatic patients (260), while at least 16% of asthmatics have a positive 

reaction to a skin prick test to Aspergillus (261). Association of ABPA with eosinophils 

(262) and neutrophils (263, 264) have been reported. A. fumigatus colonisation is also 

correlated to airflow obstruction (264). 

 

1.4.2.3 Treating infection in asthma 

Macrolides are a group of semi-synthetic antibiotics possessing a large macrocyclic 

lactone ring as a common structure (265), and acting as antibacterial protein synthesis 

inhibitors, or as immunomodulators (266). They have been shown to be effective in 

treating infections associated with asthma. The use of telithromycin improved recovery 

rate after exacerbation (267). Antibiotics have been shown to improve pathogen-

induced ciliary dysfunction (254) and epithelium quality (268). In particular, 

clarithromycin can also lessen hyperresponsiveness (269) and reduce airway 

inflammation (270) by modulating neutrophil chemotaxis in neutrophilic asthmatics (32, 

271, 272). Some have shown no corticosteroid sparing effect in asthmatic children (273), 

while the others have suggested an interaction with oral corticosteroid to cause an 

adverse effect (274). On the other hand, anti-fungal treatments may (275) or may not 

(276) be used in association with corticosteroid. Anti-fungal treatments have been 

shown to be beneficial, but only in certain groups of asthmatics (263), suggesting 

different microbial colonisation profiles may exist in different subgroups of asthma. 
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Side-effects when prescribed in association with corticosteroid (275) may reflect their 

usage in corticosteroid-insensitive asthmatic patients who were mostly neutrophilic (25).  
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1.5 Oxidative Stress in Asthma 

1.5.1 Overview 

A balance between oxidant and antioxidant activities is important in maintaining a 

normal cellular physiological status. They control the intracellular levels of free radicals 

and reactive species, including reactive oxygen species (ROS) and reactive nitrogen 

species (RNS), which are important in cell function and survival. Oxidative stress is 

caused by an imbalance between the production and removal of reactive species, 

leading to an oxidative burden. This results in oxidative damage that may exacerbate the 

degree of imbalance. This defect in oxidative handling is common in a wide range of 

diseases, including asthma. 

 

1.5.2 Oxidative pathways to maintain oxidant/antioxidant balance 

Oxidants are oxidising agents that are chemically active and oxidise another reactant 

through the removal of an electron (218, 277). Common intracellular free radicals 

include ROS superoxide (O2
!–) and hydroperoxyl (HO2

!), and RNS nitric oxide (NO!) 

and peroxynitrite (ONOO−). They are all chemically very active in oxidising other 

molecules. Therefore, it is essential to remove any excess to prevent disturbances in 

normal cellular homeostasis. Hydrogen peroxide (H2O2) is not a free radical due to the 

lack of an unpaired electron, but is a ROS that is active enough to cause oxidative 

damage. On the other hand, antioxidants are reducing agents that normally replace a 

missing electron of another reactant, usually a reactive species in the oxidative pathway. 

They are either enzymes or non-enzymatic scavengers that convert reactive species to 

chemically stable molecules that can be removed, or used in other pathways during 

normal physiological conditions. The common intracellular sources of reactive species 

are mitochondria and peroxisomes. In airways structural and inflammatory cells, 
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including epithelium and leukocytes (such as neutrophils and eosinophils), act as the 

extracellular sources for the surrounding environment (219). Figure 1.7 summarizes the 

major oxidative pathways that are known to be important in maintaining an oxidative 

balance. 

 

 
H2O2, hydrogen peroxide; O2

!-, superoxide; eSOD, extracellular superoxide dismutase; eGPx, 
extracellular glutathione peroxidase; NOX4, nicotinamide adenine dinucleotide phosphate (NADPH) 
oxidase; GSR, glutathione reductase; ER, endoplasmic reticulum; Co Q, coenzyme Q; Cyt c, 
cytochrome c. 

 

Figure 1.7 Oxidative pathways to maintain oxidative balance. The mitochondria are known as 
the major source of intracellular reactive species due to free radical leakage from the electron transport 
chain. Extracellular sources of reactive species include inhaled particulates and the surrounding activated 
cells such as leukocytes. In particular, NADPH oxidases has recently be recognised as a major source of 
reactive species due to the localisation in multiple organelles. To main oxidative balance, enzymes 
generate antioxidants to uptake the unstable electron from the oxidants. Keys: reactive species (in red); 
oxidants-generating enzymes (in orange), antioxidants-generating enzymes (in blue) (218, 219, 277, 278). 
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A regulated level of reactive species is essential in maintaining normal cellular function 

and immunity (279-281). ROS can also act as second messengers downstream of G-

protein coupling receptors, and have been shown to be important in cell proliferation 

(153, 154) and regulated apoptosis (282, 283). During a normal immune response, ROS 

are generated in leukocytes to facilitate their antimicrobial function (146, 218). As for 

RNS, NO! at the low concentrations generated by constitutive nitric oxide synthase 

(eNOS), regulates cellular physiology, such as ion channel expression on airway 

epithelium (220) and function, such as smooth muscle cell relaxation (284). NO! 

generation by inducible NOS (iNOS) in leukocytes (285) also facilitates oxidative burst 

activity. As a result, it is important to maintain the oxidant/antioxidant balance in order 

to regulate the normal physiological redox environment. 

 

1.5.3 SOD 

Superoxide dismutase (SOD) is an antioxidant that converts the reactive free radical 

superoxide (O2
!-) to the less reactive hydrogen peroxide (H2O2) and water (Figure 1.7). 

There are three types of SOD in human cells, each is a tetramer requiring ions as co-

factors to function - SOD1 and SOD3, or Cu-Zn-SODs, binds copper and zinc ions; 

SOD2, or Mn-SOD, binds manganese ions; SOD3 also binds nickel ions. SOD1 can be 

found in the cytosol of cells, SOD2 is localised to the mitochondria and SOD3 is found 

in the extracellular matrix (286, 287).  

 

1.5.4 Catalase 

H2O2 resulting from SOD activity is quickly reduced by catalase. Catalase is an 

antioxidant that is commonly found in human cells both intracellularly and 

extracellularly. It is also a tetramer with four heme groups that form the active site for 
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the binding of H2O2 followed by its reduction to water and oxygen (Figure 1.7) (219, 

288). 

 

1.5.5 Glutathione peroxidases and the glutathione redox cycle 

The glutathione redox cycle is another anti-oxidative mechanism that is in place to 

destroy H2O2 (Figure 1.7). Glutathione peroxidase (GPx) reduces H2O2 by using 

glutathione (GSH) as the electron donor to reduce H2O2 to water and oxygen and form 

glutathione disulphide (GSSH), an oxidised form of GSH, in order to compensate the 

loss of the electron. There are four GPx homologues, with GPx-1 (ubiquitous cellular 

GPx) and GPx-3 (extracellular) being predominantly expressed in human lungs. With 

the aid of glutathione reductase (GSR), GSSH can be reduced back to two GSH 

molecules to resupply co-substrate for the redox cycle (219, 289).  

 

1.5.6 NOX 

Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX) is an oxidant 

because its catalytic reaction generates ROS. It was first identified as a cytochrome b558 

subunit gp91phox on the plasma membrane of leukocytes, including macrophages and 

neutrophils, which carries out an antimicrobial function and was known as the 

phagocytic oxidase (phox) (278). Cytochrome b558 is composed of a heme-binding 

subunit gp91phox and a membrane-binding subunit p22phox. To date there are 7 

homologues of NOX identified: NOX1-5 and DUOX1 and DUOX2 (278), while NOX2 

is equivalent to gp91phox. They are a family of membrane-integrated enzymes consisting 

a common core of 6 transmembrane spanning units with 2 heme-binding domains, and a 

C-terminal dehydrogenase domain for both flavin adenine dinucleotide (FAD) and 

NADPH binding. The common core resembles the cytochrome b558 gp91phox /NOX2 
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component, with the p22phox component retained for recruitment and membrane binding 

function (290). NOX5 and DUOX1 and DUOX2 contain an extended N-terminus with 

EF-hands for Ca2+ regulation (278) (Figure 1.8). 

 

Apart from NOX4, functional NOX proteins are plasma membrane-associated enzymes 

(278, 291-293). Cytosolic NOX proteins are recruited to the plasma membrane by 

associating with the component p22phox (290, 294). Once integrated to the plasma 

membrane, the cytosolic component p47phox is recruited. Acting as an adaptor protein, 

p47phox then recruit component p67phox and the small GTPase, Rac, which together act 

as a catalytic regulator. The C-terminus of NOX protein complex then allows the 

intracellular binding and oxidation of NADPH to NADP+ (295), with the electrons 

trafficking via FAD in the dehydrogenase domain, through the two heme groups in the 

NOX protein domain, then to the extracellular side for ROS generation (296). NOX1 to 

NOX3 homologues generate O2
!– from O2, while NOX4, DUOX1 and DUOX2 produce 

H2O2. NOX5 may produce both ROS (293, 295). 

 

All NOX expression, apart from NOX3, has been consistently reported in airway 

epithelium with differences in a constitutive and an induced expression levels (296-298). 

Among these, DUOX1, DUOX 2 and NOX4 are receiving increasing attention due to 

their association with diseases, including asthma. 
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Figure 1.8 NADPH oxidase (NOX) homologues. NOX are superoxide/hydrogen peroxide 
producing enzymes. To date there are 7 NOX homologues consisting different subunits. All NOX require 
the interaction with p22phox the membrane-association component. NOX1-3 requires to recruitment of 
cytosolic subunits. NOX4 does not require any cytosolic subunits to function. NOX5 and DUOX1/2 
contain EF-hand suggesting calcium sensitivity (278). 

 

1.5.7 DUOX1 and DUOX2 

Dual oxidase 1 and 2 (DUOX1 and DUOX2) were first described in mammalian thyroid 

gland (299). They contain a gp91phox domain, two EF-hand motifs and an N-terminal 

extracellular peroxidase-like domain (Figure 1.8) (278). The EF-hand subunit contains 

Ca2+ binding site, which suggests that DUOX1/2 activities are modulated by [Ca2+]i. 

Both DUOX1 and DUOX2 have been found abundantly expressed in human airway 

epithelium (296, 300). DUOX1 expression in airway epithelium could be induced by 

TH2 cytokines (299). DUOX1-derived ROS has been shown to cause mucus 

hypersecretion (301). DUOX2 has been shown to be responsible for the ROS generation 

in human airway epithelial cells upon microbial and/or TH1 cytokine simulation (299, 

302). DUOX enzymes are also believed to contribute to the host defence system by 
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producing H2O2, which supports the anti-microbial activity of lactoperoxidase that is 

present in the ASF of human airways (303). 

 

1.5.8 NOX4 

NOX4 was first described in renal epithelial cells, sharing 35% sequence homology to 

gp91phox/NOX2 (304). The regulation of NOX4 gene expression is still unclear, and 

might be via nuclear factor (erythroid-derived 2)-like 2 (Nrf2) (305). It has been 

suggested that once recruited to the membrane, NOX4 protein is able to generate ROS 

without further stimulation (290, 304). Therefore, it is plausible that NOX4 activity can 

be determined by its expression level alone other than its localisation. In fact, it has 

been shown that NOX4 and its membrane recruitment component p22phox are able to 

regulate each other (290). 

 

1.5.8.1 Unique NOX4 structural function and intracellular localisation 

Using mutational and functional analysis, it has been revealed that NOX4 has a unique 

functional characteristic. Similar to other NOX homologues, a cytosol to membranes 

translocation of NOX4 with the p22phox component is essential (290, 292, 294). 

However, only an intact N-terminus of the p22phox molecule, which faciliateds NOX4 

integration, is required for NOX4 function (292). Unlike other NOX isoenzymes, the 

recruitment and interaction with other cytosolic components p40phox, p47phox, p65phox 

and Rac are not necessary (290, 295). Unlike NOX2 (290, 292), but similar to NOX1 

(290), the localisation of the NOX4/p22phox complex has been found in the nucleus, 

plasma membrane and internal membranes (290, 292), mitochondria (306, 307) and ER 

(308). This suggests NOX4 may regulate ROS level both intracellularly and 

extracellularly.  
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To date there are four NOX4 isoforms (309), with the fourth one predicted to give rise 

to a nonsense-mediated decay of the protein. The localisation of each isoform has not 

yet been elucidated, although attempts have been made to dissect differential subunits 

and their function (310). 

 

1.5.8.2 NOX4 expression in the lung 

In human airways, NOX4 is expressed in pulmonary vascular endothelium (305), 

vascular smooth muscle cells (311), (myo-)fibroblasts (312, 313), airway epithelium 

(297, 298), and HASMC (314-316). Its baseline expression level in the airway 

epithelium and ASM is very low. ROS generation from NOX4 and NOX2 may have a 

compensatory mechanism in vascular cells (305). However, it is believed that in the 

airway epithelium DUOX1/2 are the major ROS regulators for epithelial antimicrobial 

function (278, 296, 317). On the other hand, NOX4 expression has been shown to be 

substantially inducible on PDGF, H2O2 or TGF-β stimulation (297, 313), with or 

without DUOX2 (302), suggesting NOX4 may in fact play an important role in 

oxidative handling in airway epithelial cells. 

 

1.5.8.3 NOX4 cellular function 

It has been shown that NOX4 produces predominantly H2O2 (292, 295), with a very low 

profile of O2
!– production (295). O2

!– is normally rapidly dismutated to H2O2 by 

superoxide dismutase 1 (SOD1) in the cytoplasm, and SOD2 in the mitochondria. 

Unlike NOX1 and NOX2 (278, 318), the function of NOX4 or NOX4-derived H2O2 in 

airway epithelial cells and the relevant mechanisms at normal physiological conditions, 

are not completely understood. In vascular cells, it has been shown that NOX4 regulates 
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ROS level via the MAPK/ERK pathway to regulate endothelial cell proliferation and 

survival (319). In renal cells NOX4 activity may be regulated by SOD1 and NOX1 

(320). During inflammation, NOX4 may aid the antimicrobial action of inflammatory 

cells (321). It has also been shown to mediate LPS-induced immunity by a direct 

interaction with TLR-4 (279, 322). In HASM cells NOX4 modulates cell proliferation 

and apoptosis (314). How comparable this collective evidence is to airway epithelial 

NOX4 is yet established. In fact, in the literature the majority of studies on NOX4 have 

reported its role in disease pathogenesis. 

 

1.5.9 Oxidative imbalance and asthma 

Oxidative imbalance is a common feature of a variety of diseases including asthma 

(323). Evidence has shown its association with asthma in airway hyperresponsiveness 

(324), increased oxidative, but reduced anti-oxidative capacities (325-328) and 

inflammatory response (329, 330). An elevated ROS level was found in asthmatic BAL 

fluid and cells (327, 331). Increased exhaled NO! level has also been found (332), and 

have been used as a biomarker in clinical diagnosis (131, 333, 334). Therefore, 

oxidative stress in asthma is orchestrated by the interaction of a range of reactive 

molecule species with the surrounding environment. 

 

The oxidative imbalance in asthma is present both intracellularly and extracellularly. 

The leakage of ROS during oxidative respiration (335, 336) (Figure 1.7) makes the 

mitochondria one of the major intracellular sources of ROS and is believed to be the 

major source of oxidative stress in asthma (323). In parallel to the elevated level of 

reactive species, defective antioxidant pathways have been found to be associated with 

enzymatic SOD, catalase and GPx (277, 323), and non-enzymatic vitamins C and E 
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(337). Gene polymorphisms have been identified in sub-populations (16, 338, 339). 

This imbalance in redox environment puts the airway cells at a status of high oxidative 

burden. This burden causes intracellular damage in airway cells. 

 

Damage caused by oxidative stress has been observed. Intracellular reactive species are 

able to react with metabolites (329, 340-342), signalling molecules (343) and genetic 

material (222). Exogenous reactive species could act as an “agonist” at surface receptors 

(344, 345). They act by altering the oxidative status and/or conformational structures of 

the receptors, followed by the disruption on the relevant downstream signalling 

pathways that lead to abnormal cell phenotypes. Furthermore, the continuous generation 

of mediators during asthma inflammation, such as cytokines TGF-β, IL-1 cytokine 

family and IFNs, and growth factors EGF and PDGF are all able to induce ROS 

generation in the airway epithelium (218). During inflammation, cells around the 

epithelium may also act as an extracellular source of reactive species. The leukocytes 

that are commonly found in asthmatic airways, for example, eosinophils and neutrophils, 

express and release reactive species that further increase the oxidative burden on the 

epithelium (219, 327, 346). A positive feedback loop develops, orchestrating the 

crosstalk between oxidant/antioxidant pathways and inflammatory pathways, and 

enhancing the impaired repair system in the asthmatic airways. 

 

1.5.10 Oxidative stress and airway epithelium 

Airway epithelial cells are able to produce a range of reactive species upon stimulation 

(347). Over-production of reactive species could cause damage to the epithelium as 

observed in pulmonary diseases such as asthma. Structurally, reactive species are able 

to disrupt the permeability of airway epithelium by targeting TJs (348). This has been 
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shown to be exaggerated in asthmatic airways (349). Oxidants/antioxidant expression 

has been found to be dysregulated in asthmatic airway epithelial cells (289, 337, 350). 

Furthermore, elevation in extracellular GPx (289) and SOD (351) levels has been found 

in the asthmatic epithelial ECM. As a result, the asthmatic airway epithelium is under 

oxidative stress both intra- and extracellularly. This oxidative damage of the epithelium 

has been shown to be correlated to airway hyperresponsiveness (352), suggesting a 

downstream effect of oxidative stress on the epithelium. NOX4-derived ROS was 

suggested to be the cause of epithelial cell death (313), leading to mesenchymal 

fibroblast activation, differentiation and consequently fibrogenesis (312). On the other 

hand, the higher expression of heat shock protein-27 in asthmatic epithelial cells upon 

oxidative challenge (353) may explain the epithelial metaplasia in some cases (178).  

 

Functionally, reactive species has been shown directly affecting mucociliary clearance 

in the airways. Oxidative stress causes mucin hypersecretion (297, 300), leading to 

changes in ASF composition that may lead to ciliary dysfunction (132, 195, 196, 212). 

H2O2 stimulation on ciliary epithelial cells caused CBF reduction in a concentration-

dependent manner, of which the DNA damage could be the basis of the effect (222, 354, 

355). The addition of antioxidants such as catalase may reverse the H2O2-induced 

ciliary dysfunction (356). Interestingly, controlled endogenous NO! has been shown to 

acutely stimulate CBF upon inflammatory stimulation (357), suggesting different 

reactive species may have different effects on ciliary function. Nevertheless, these 

pathways eventually merge at the [Ca2+]i level in order to regulate epithelial ciliary 

function. Apart from being a source of reactive species, mitochondria also act as 

intracellular Ca2+ stores, which can be activated upon oxidative stress and other 
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inflammatory signalling pathways (323, 358). As a result, it is reasonable to presume a 

linkage between oxidative stress, mitochondria and ciliary function regulation in asthma. 

 

1.5.11 NOX4 and asthma 

NOX4 plays a role in the pathogenesis of chronic diseases, including cardiovascular 

disease (359), diabetic nephropathy (360) and cancer (361). To date, NOX4 has been 

shown to play a role in pulmonary disease, including idiopathic pulmonary fibrosis (IPF) 

(362), acute lung injury (363) and asthma (316). 

 

NOX4 has been shown to cause pulmonary fibrogenesis (312, 320, 321), which was 

found to be mediated by activated (myo-)fibroblasts (312). In HASMC, NOX4 has been 

shown to mediate TGF-β induced hypertrophy (314) and hypercontractility, and is 

correlated to asthma (316). In the airway epithelium, NOX4 is believed to be the source 

of oxidative stress-induced mucin hypersecretion (297). NOX4-derived H2O2 in the 

epithelium was shown to be the cause to the epithelium-induced fibrogenesis in lung 

fibrosis (313). In another case, the over-expression of NOX4 was shown to cause 

persistent epithelial cell survival (306). In addition, NADPH has been shown to be 

important in antioxidant function. For example, it is required as a co-factor by GSH 

reductase to reduce GSSG back to its reduced GSH form for continuous ROS 

scavenging (364). The elevation in NOX expression and activity, together with the 

reduced GPx in the airway epithelium (277), therefore reflects the reduced anti-

oxidation capacity of the cells. 
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1.5.12 Treating oxidative stress in asthma 

Among the routine asthma therapies, corticosteroid treatment in steroid-naïve asthmatic 

subjects has been shown effective in reducing exhaled NO! and H2O2 levels, and the 

associated hyperresponsiveness (333). More specifically, dietary antioxidant therapies 

have been developed to target oxidative stress in asthma. The beneficial effect of dietary 

vitamin C and E is controversial, with some studies reporting improvement in 

symptoms, inflammation, and a reduction in mitochondrial dysfunction and airway 

hyperresponsiveness (323). N-acetylcysteine (NAC) has been shown effective in 

treating patients with acute lung injury (365, 366) and lung fibrosis (362), which may 

act by attenuating neutrophil influx and epithelial disruption (367). Dietary coenzyme 

Q10 may produce a corticosteroid-sparing effect (368).  

 

Small molecule inhibitors have recently been synthesized with a view to treating 

oxidative stress in disease. Specifically, NOX enzymes have been popular therapeutic 

targets for oxidative stress-related diseases, due to the beneficial effects of non-specific 

NOX inhibitors such as DPI and apocynin in vitro (295). NOX4 has been a popular 

target; siRNA silencing (316, 369) or genetic knockout (313, 360) of NOX4 prevented 

the corresponding disease pathological outcomes. Pyrazolo-pyrido-diazepine dione 

derivatives are a class of small NOX inhibitors that show desirable specificity and 

pharmacokinetics (320, 370). GKT137831 is a small molecule specific for NOX4 and 

NOX1, with a slightly higher potency (1.5-fold) and affinity (1.7-fold) towards NOX4 

(320). In a mouse model, this inhibitor was shown to be effective in attenuating 

hepatocyte apoptosis and liver fibrosis (360), and is currently in a Phase 1 clinical trial 

(371). In cardiovascular disease, GKT137831 was shown to reduce hypoxia-induced 

metaplasia in vascular cells (372). In the case of lung diseases, the lack of a valid lung 
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fibrosis animal model, controls and standardised outcomes restricts its assessment in 

treating IPF.  



Chapter 1. 
Introduction 

 52 

1.6 Hypotheses 

Evidence to date has been reported indicating the dysfunction of airway epithelium, and 

its role in asthma development and progression. For instance, the mucociliary clearance 

in asthmatic airways has been found to be abnormal, which is partially due to the altered 

ciliary function of the asthmatic epithelial cells. However, the cause and the underlying 

mechanism of this asthmatic ciliary dysfunction have not been well elucidated. This 

may explain the lack of specific therapies that target the restoration of function in 

asthmatic epithelium, despite some current therapies showing positive effects on 

epithelial function. As a result, there is a need to identify the mechanisms behind ciliary 

dysfunction in asthma. 

 

I hypothesized that “the ciliary abnormalities of the epithelial cells in asthmatic airways 

are due to intrinsic abnormalities that increase the susceptibility of these cells to 

challenge, and leads to a chronic inflammation and predisposition of exacerbation”. I 

tested this hypothesis by addressing the following aims: 

1. To study if the cause of ciliary dysfunction in asthma is primary or secondary. 

With the limited supply of human bronchial brushes, this question was 

addressed by testing the following sub-hypotheses using different types of 

epithelial cell cultures: 

(i) The ciliary dysfunction in asthmatic epithelial cell is not due to a 

differential synthetic capability (in terms of cytokines and chemokines) 

of the epithelial cells at baseline compared to healthy controls 

(ii) The ciliary dysfunction in asthmatic epithelial cells is not due to a 

differential gene expression of the epithelial cells at baseline 
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(iii)  The ciliary dysfunction as observed in vivo persists in differentiated 

epithelial cultures derived from asthmatic subjects. 

 

2. To study the underlying mechanism(s) of ciliary dysfunction in asthma. 

Based on the evidence in current literature, various components have been 

reported to show alteration effect on airway epithelial ciliary function. To 

evaluate which component(s) is/are responsible for the asthmatic ciliary 

dysfunction, the following sub-hypotheses were tested: 

(i) Bacterial colonisation/infection is the cause of the asthmatic ciliary 

dysfunction, that antimicrobial treatments would improve ciliary function  

(ii) Fungal colonisation/infection is the cause of the asthmatic ciliary 

dysfunction, that antimicrobial treatments would improve ciliary function 

(iii) Bacterial cytotoxicity is the cause of the asthmatic ciliary dysfunction, 

that antimicrobial treatments would improve ciliary function 

(iv) Asthmatic epithelium facilitates microbial growth that leads to ciliary 

dysfunction. 

(v) Oxidative mishandling is not the cause of the asthmatic ciliary 

dysfunction, that an anti-oxidative treatment would not improve ciliary 

function 

 

3. To study if this/these underlying mechanism(s) is/are consistent across different 

asthma subtypes. 

Evidence in literature has shown that asthma can be divided into subtypes based 

on the inflammatory cell profiles. The involvement of different triggers and the 

differential responses to treatments suggest that they may have different 
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pathways of disease progression. To assess if the same case apply to the 

underlying mechanism of ciliary dysfunction in asthma, the following sub-

hypotheses were tested: 

(i) The antimicrobial treatment has the same effect on improving ciliary 

function across different asthma subtypes 

(ii) The anti-oxidative treatment has the same effect on improving ciliary 

function across different asthma subtypes 
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2.1 Chapter Overview 

This chapter details the general materials and methods that were used throughout the 

experiments in this thesis. Any specific materials, samples and conditions that were 

linked to specific chapters are described in the corresponding “Methodology” section in 

each chapter. 

 

2.2 Clinical Characterisation and Measurement 

The studies in this thesis were approved by the Leicestershire Ethics Committee:  

1) REC number: 08/H0406/189; R&D number: UHL 10613; 2) REC number: 4977; 

R&D number: UHL 06347; 3) REC number: 11/EM/0402; R&D number: CLRN 

92275. All subjects gave written informed consents. 

 

A total of 90 asthmatic subjects and 44 healthy controls were staff and patients 

attending Glenfield Hospital, Leicester, U.K., or recruited from local advertising. 

Asthma was defined according to the Global Initiative for Asthma (GINA) guideline (5, 

373). Disease severity was also categorized based on this guideline. Clinical 

characteristics detailed the subjects’ demographics, smoking status, treatment, atopic 

status, spirometry and methacholine challenge, blood total IgE and eosinophil levels, 

and sputum differential cell counts. Atopy was defined as one or more positive skin 

prick tests (wheal >2mm above negative control) to common aeroallergens (cat, dog, 

grass, trees, Dermatophagoides pteronyssinus and Aspergillus). Healthy controls had 

normal lung function with no history of asthma. Details are recorded in accordance with 

the studies in the corresponding chapters. 
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2.3 Human Primary Airway Epithelial Cells 

The human airway epithelial cells used throughout this thesis were primary cells 

directly obtained from subjects who were attending Glenfield Hospital or recruited 

locally. Cells were extracted from human airways using bronchoscopy, and were used 

or cultured within 1.5 h after the procedure without any additional processing or 

freezing steps. No cell lines or commercial primary cells were used in this thesis. 

 

2.3.1 Human airway epithelial basal cells (HAEBC) Culture 

Human airway epithelial cells were isolated from human airways (generations 3 to 5) 

using bronchoscopy as previously described (374). Bronchial brushings were obtained 

using a 3 mm sterile (protected) bronchial brush (Olympus, Hamburg, Germany) as 

stated in the BTS guidelines (374). The brush head was kept in bronchial epithelial 

growth medium (BEGM) (Table 2.1) immediately after the procedure. The cells were 

then plated out on to a surface coated with 1% PureCol (Advanced BioMatrix, Nutacon 

BV, Leimuiden, The Netherlands). To do that, 1% PureCol made in PBS was left on the 

culture surface at room temperature for 1 h, followed by washing twice with warm 

HBSS (Gibco). The HBSS was completely removed before plating the cells on to the 

coated culture surface. A 12-well plate was usually used for the first round of epithelial 

cell culture. One brush worth of ciliated cell strips was usually divided into 2 wells to 

ensure a desirable initial cell expansion. To plate out the cells captured on the bronchial 

brush, ciliated epithelial cell strips on the brush were shaken off in the BEMG where the 

brush was kept initially. The BEGM with the cell strips were then centrifuged at 1,300 

rpm at 20°C for 8 min. The cell pellet was re-suspended in 1 ml of fresh BEGM. 500 µl 

of cell suspension was added into each 1% PureCol-coated well. The human airway 

epithelial basal cells (HAEBC) among the ciliated cell strips would then start to expand. 
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When the HAEBC became confluent in the wells, 0.1% trypsin-EDTA (Sigma, Dorset, 

U.K.) was used for detaching the confluent cells. After a maximum of 5 min at 37ºC, 

the trypsin was neutralised with 1 volume of BEGM. Cell pellet was then collected by 

centrifugation at 1,300 rpm at 20°C for 8 min. One well worth of cell pellet was 

expanded further in one T75 flask – cells at this stage were at passage 1. HAEBC that 

became confluent in T75 flasks were then used for experiments. Cells were fed 3 times 

a week. HAEBC from passages 1-3 were used for experiments. 

 

For primary cells, the centrifugation setting was always at 1,300 rpm at 20°C for 8 min 

unless stated. 

 

2.3.2 HAEBC Characterisation 

Cytokeratins 5 and 14 are markers specific to epithelial basal cells (375). The purpose 

of the characterisation was to make sure the cells obtained from the bronchoscopy were 

in fact airway epithelial basal cells. 

 

To do this, the culture surface of an 8-wells permanox chamber slides (Lab-Tek, Nalge 

Nunc, Roskilde, Denmark) was first coated with 1% PureCol. HAEBC was then seeded 

into the wells at a density 15,000 cells/well. When a 100% confluence was reached, 

HAEBC were first fixed in ice-cold methanol (200 µl/well) for 20 min on ice, followed 

by air-drying at room temperature for 10 min. Cell cytoplasm was stained with anti-

cytokeratins-5/14 duo-antibody (Abcam, Cambridge, U.K.) (0.8 µg/ml or 1.6 µg/ml, 200 

µl/well), or with the appropriate isotype control (Dako) (3.2 µg/ml, 200 µl/well), for 90 

min. PBS was used as the antibody diluent. HAEBC were washed 3 times with 0.05% 
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Tween-20 (Sigma)-PBS, and then probed in the dark with FITC anti-mouse antibody 

[dil. factor 1:100] (Dako, Ely, U.K.) for 90 min on ice. HAEBC were washed again 3 

times in 0.05% Tween-20-PBS and then 3 times in PBS. Nuclei were stained with DAPI 

(4’, 6’–diamidino-2-phenylinodole dihydrochloride) [dil. factor 1:1000] (Sigma) for less 

than 50 sec before rinsing off the stain with PBS, followed by 6 additional washes with 

PBS. The chamber wall was then removed. The slide was mounted with 3 drops of 

fluorescence mounting medium (Dako), cover-slipped, and rinsed 6 times with PBS. 

The slide was then dried and left at 4°C in the dark for storage. Images were captured 

by immunofluorescence microscopy at x10 magnification using the OpenLab software 

(PerkinElmer, Massachusetts). 

 

2.3.3 Air-Liquid-Interface (ALI) Culture 

HAEBC from passages 1 and 2 were used for air-liquid-interface (ALI) culture. Fully 

differentiated ALI cultures contain ciliated cells for mechanical function analysis, which 

could not be done using HAEBC monocultures. 

  

To differentiate HAEBC, Transwell inserts (0.4 µm polyester membrane, 12 mm 

diameter) (Corning, Amsterdam, The Netherlands) were first coated with 1% PureCol 

(200 µl in the apical chamber; 1 ml in the basolateral chamber) and washed with warm 

HBSS twice before use. Cells were seeded into the apical chambers at a density 50,000 

cells/well. Cells were submerged in BEGM (200 µl in the apical chamber; 800 µl in the 

basolateral chamber) until >99% confluent. The apical surface was then exposed to air, 

whilst the medium in the basolateral chamber was replaced by 700 µl ALI medium 

(Table 2.1). Cells were fed 3 times a week. To prevent suffocation, excess mucus in the 

apical chamber was removed, or gently washed off with 200 µl PBS. The neat excess 
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mucus and PBS wash were collected and stored as apical chamber fluid (ACF) samples. 

Heavily ciliated cultures were used for experiments. 

 

2.4 Ciliary Function 

The ciliary function of ciliated airway epithelial cells was assessed using two methods 

as described below: the overhead method or the scraping method, followed by 

videomicroscopy (376, 377). Figure 2.1 shows the schematics of video-microscopy and 

ciliary function analysis. 

 

2.4.1 Overhead method 

Videos of epithelial cilia were recorded without disturbing the integrity of the cell layers 

as previously described (376). A light microscope at x40 magnification was set up in an 

airtight environment at 37ºC. A Transwell plate with ciliated epithelial cells was place 

on the resting stage. Areas of the epithelium with the least vacuoles and the most cilia 

were chosen. The visible field was adjusted to focus on the tips of the cilia. By using a 

high-speed digital camera and the software MotionStudio (Redlake Imaging, Cheshire 

CT, USA), videos were taken at a speed of 250 frames per second (fps) for ~2 sec. 3-5 

videos were taken per sample.  

 

2.4.2 Scraping method 

Cells were videoed in suspension as previously described (377). Ciliated cell layers on 

the insert membrane was scored into sections and scraped off using a sterile spatula 

(Figure 2.1). Strips of ciliated cells were re-suspended in 1 ml M199 medium (Table 

2.1). Without vortex, cells were shaken to detach any mucus on the ciliary surface that 

would affect ciliary beatings. Samples were left on the bench for 1 min for the cells to 
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settle/stabilise. Homemade chamber slides were prepared at least 1 day before use. They 

were prepared by creating a central chamber using two adjacent square cover glass 

(25x25 mm, VWR) affixed on opposite ends of a microscope slide (76x26 mm, VWR). 

100 µl cell strip suspension was added to the chamber, and the slide was cover-slipped 

and securely taped down. The slide was placed on a heated platform of a microscope 

fixed at 37ºC and mounted with a high-speed camera that was linked to the software 

MotionStudio (DEL Imaging Systems). Videos of side profiles of the ciliated epithelial 

surfaces were recorded using x100 oil immersion microscopy. Videos were recorded at 

500 fps for 2 sec. 6 to 10 side profiles were recorded per sample. 

 

2.4.3 Ciliary function analysis 

Videos were played back frame-by-frame using the software MotionStudio. Each video 

image was divided into 10 equal fields for multiple measurements per sample. When 

using the overhead method (376), a cilium with a clear, visible tip within each field was 

chosen for enumerating CBF. The beating amplitude of the cilium was measured using 

a transparent grid on the computer screen; a percentage (%) of amplitude was calculated. 

As for the scraping method, a cilium that represents the majority of the cilia in the field 

was chosen. As previously described (378), the number of frames the cilium took to 

beat 5 times was counted, and the CBF was calculated in Hz [CBF=500/(number frames 

for 5 beats/5)]. Beat pattern of the cilium was categorised as normal (smooth beating 

with bendable tips), dyskinetic (stiff, disturbed beating with tip fails to bend along the 

ciliary shaft) and static. The level of ciliogenesis was represented as a % of the total 

surface assessed. The epithelial surface morphology was scored with index 1 (smooth 

surface with no cell protrusion), 2 (part of uneven surface with little cell protrusion), 3 

(irregular cell surface with cell protrusion) and 4 (single cells –for fresh cells only). 
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2.5 Sputum For Inflammatory Cell profiling 

2.5.1 Collection and processing 

Fresh sputa were collected as previously described (22). Subjects were first encouraged 

to produce sputum ‘voluntarily’ by coughing. If it was not successful, or if the subject 

was not able to produce a sufficient amount, sputum induction was performed. 

 

Briefly, a subject inhaled a fixed concentration of hypertonic vaporized saline for 5 min 

(started from 3% and up to 5%) to encourage mucus production on the airways. The 

subject was then encouraged to cough out the induced sputum. The induction process 

was stopped when i) the expectoration of sputum was adequate, ii) the percentage drop 

in FEV1 reached >20%, or iii) there was a significant increase in patient reported 

symptoms. The sputum collected was kept on ice and was used within 2 h.  Only the 

sputum plugs were used in experiments. 

 

The procedures of sputum processing were carried out as previously described (379). 

The selected sputum plug was first weighed. 8x volume of PBS was added to each plug, 

vortexed for 15 sec, and then rocked on ice for 15 min. Cells were centrifuged at 790 g 

for 10 min. 4 volumes of PBS supernatant were collected and stored at -80ºC for later 

use. The remaining PBS supernatant and cell pellet were incubated with 4 volumes of 

0.2% DL-dithiothreitol (DTT) at 37ºC for 30 min. The sample was then filtered using a 

48 µm nylon gauze (Fisher Scientific, Loughborough, U.K.) pre-wet with PBS. The 

sputum filtrate was used for differential cell count and for routine bacterial culture. 
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2.5.2 Differential Cell Count 

Sputum filtrates were used for total and viable cell count using trypan blue staining. The 

filtrate that passed through the gauze was spun down at 790 g for 10 min. The cell pellet 

was re-suspended at a density 106 cells/ml in PBS. Cytocentrifuge was performed by 

passing 75 µl cell suspension through a Shandon cytospin funnel (with filter card) 

(Thermo Scientific, Basingstoke, U.K.) at 450 rpm for 6 min. The cytospin slide was 

air-dried before Romanowsky staining as previously described (379). A total of 400 

cells were counted for the % of eosinophils, neutrophils, macrophages, epithelial cells 

and lymphocytes. 

 

2.6 Bacteriology 

To assess the bacterial quantity in human airways, sputa were collected for bacterial 

culture for colony-forming-unit (cfu) count. Bacterial 16S copy was also quantified in 

certain type of samples using real-time PCR. 

 

2.6.1 Bacterial Culture 

Sputum filtrates collected from the 48 µm gauze were diluted in a factor of 2 to 5 in 

sterile water. 3 fields (droplets) of 20 µl filtrates at each dilution were dropped onto a 

Columbia blood agar. The agar plates were incubated at 37°C for 24 h. Fields with up to 

300 colonies/droplet were counted. The colony forming unit (cfu)/ml was calculated 

[average count*dilution factor/volume]. ≥107 cfu/ml was used as a cut-off to represent a 

clinical significance as previously suggested (380). 
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2.6.2 Bacterial 16S quantification using real time polymerase chain reaction (PCR) 

PCR is a biochemical technique that allows the quantification of a particular sequence 

of DNA material that has a very low quantity in samples. During the reaction the target 

DNA sequence is amplified. A fluorescence signal was released based on the amount of 

double-stranded DNA present after each reaction. The target is ‘present’ when the 

fluorescence intensity has reached the chosen threshold after a certain number of 

amplification cycles (i.e. real time). As a result the detection is based on the initial 

quantity present in the sample (Figure 2.2). 

 

2.6.2.1 Microbial DNA Extraction 

The total genomic DNA, instead of specific bacterial DNA, was extracted using 

QIAamp DNA Mini Kit (Qiagen), following the manufacturer’s “Tissue” protocol. 

Briefly, all equipment and nuclease-free water were subjected to a 30 min low-level UV 

laminar flow before use. Samples of diluted and homogenised sputum plugs and ACF 

(20 µl) were first lysed using lysozyme (37°C, 30 min), and then using Proteinase K 

(55ºC, 30 min then 95°C, 15 min) (all from Qiagen, Crawley). The lysate obtained was 

buffered with ethanol, added to the QIAamp spin column, and then centrifuged at 6,000 

g for 1 min for an optimal adsorption of DNA to the column’s silica gel membrane. 

Samples were then washed with AW1 Buffer (500 µl), AW2 Buffer (500 µl) and then 

Buffer AE (500 µl). At last, DNA was eluted in 200 µl nucleases/pyrogen-free water 

and stored at -20°C. The DNA concentration was measured at the wavelength 260 nm 

using a Nanodrop spectrophotometer (Thermo Scientific, Wilmington, DE). 
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2.6.2.2 Bacterial 16S real time PCR 

Total bacterial 16S was assessed by SYBR Green Real time-PCR assay (PE Applied 

Biosystems, Warrington, UK) using universal 16S rDNA primers (6.25 µM), 338F (5’-

ACT-CCT-ACG-GGN-GGC-NGC-A-3’) and 515R (5’-GTA-TTA-CCG-CNN-CTG-

CTG-GCA-C-3’) (integrated DNA technologies), following the manufacturer’s protocol. 

Reaction and cycling conditions were used as previously described (380). 

 

Briefly, all the apparatus and materials were UV-irradiated at 12,000 µJ in a UV 

crosslinker to denature foreign DNAs. A 25 µl reaction mix contained 12.5 µl 2x SYBR 

Green qPCR MasterMix (PE Applied Biosystems), 6.25 µM forward primer, 6.25 µM 

reverse primer, 9.5 µl dH2O and 1 µl DNA sample. The supplied Escherichia coli K12 

DNA was used as the standard. Sterile distilled nucleases/pyrogen-free water was used 

as a negative control. Samples were run in duplicates. Immunofluorescence was 

detected using a green channel (excitation 470 nm, detection 510 nm). Data was 

analysed using the software Corbett Rotor-gene 6000 (Qiagen). Threshold was set at the 

exponential phase of the amplification cycle and above any non-specific reaction. Based 

on the negative controls from each run, the maximum DNA contamination overall was 

2.8%. The lowest detection limit was therefore set at 3%. 

 

2.7 Fungology 

To assess the fungal quantity in human airways, sputa were collected for fungal culture. 

Since Aspergillus fumigatus was of particular interest, the total genomic DNA extracted 

from the bacteria quantification process was also used for A. fumigatus qPCR (Figure 

2.2). 
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2.7.1 Fungal Culture 

Undiluted sputum plugs (approximately 150±80 mg) were inoculated on potato dextrose 

agars (PDA) containing 16 µg/ml chloramphenicol, 4 µg/ml gentamicin and 5 µg/ml 

fluconazole. The agar plates were sealed after the addition of sputum plugs, and were 

incubated at 37°C with regular inspection for up to 7 days. Fungal colonies were 

identified based on published morphology criteria (381). 

 

2.7.2 Aspergillus fumigatus quantification 

Aspergillus fumigatus was quantified by targeting the mitochondrial gene (AfMITO) 

L37095 using the 7500 Fast Real-Time PCR system (Applied Biosystems) (382), 

following the manufacturer’s protocol. The amplification primers were forward 5’-

GAA-AGG-TCA-GGT-GTT-CGA-GTCA-3’ and reverse 5’-CAT-CAT-GAG-TGG-

TCC-GCT-TTAC-3’ (Invitrogen). The fluorogenic probe sequence was 5’FAM-ATC-

CCT-AAA-CCC-GCA-ACC-AAA-GGC-3’ TAMRA (Sigma). A 25 µl reaction mixture 

contained 1x PCR TaqMan buffer, 0.2 mM each nucleotide (dATP, dUTP, dCTP and 

dGTP), 20 pmol each of Aspergillus primers, 0.5 units of uracyl-N-glycosylase, 1.25 

units of AmpliTaq Gold TM (Applied Biosystems), and 2 µl of sample DNA. A 

calibration curve of A. fumigatus DNA was included in each run using concentrations 1 

pg to 1 ng with a 10-fold step dilution. Sterile water was used as the negative control. 

Samples were run in duplicate. Data was analysed using the Sequence Detection System 

version 1.4 (Applied Biosystems). The threshold of detection was set at 0.01, baseline 

from cycles 2 to 17. 
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2.8 Inoculation Study Using Ciliated Epithelial Cells For Ciliary Function 

Assessment 

Heavily ciliated epithelial ALI cultures or fresh bronchial brushings were used for 

different inoculation studies. Ciliary function of ALI cultures or fresh bronchial 

brushings was assessed using the scraping method followed by videomicroscopy. Side 

profiles of ciliated epithelial surfaces were recorded for both types of cell samples. All 

inoculation was performed at 37°C in airtight, sterile eppendorf tubes. Sample 

conditions were staggered to ensure incubation timings were correct. To test the 

influence of an asthma-specific environmental on ciliary function, a sputum inoculation 

study using ALI cultures was performed, which is described in Chapter 3. To test the 

potential role of NOX4 on ciliary dysfunction in asthma, a NOX4 inhibition study using 

fresh brushings was performed, which is described in Chapter 5. 

 

2.9 Bacterial LPS (endotoxin) Quantification 

Bacterial LPS was quantified using the Endotoxin Recombinant Factor C (rFC) 

detection system (Lonza), following the manufacturer’s protocol. The rFC assay utilises 

the Limulus blood coagulation cascade without reaching the pathway downstream of 

Factor C to minimise fault positive (Figure 2.3) (383, 384). Upon the interaction with 

endotoxins, rFC releases a detectable fluorescence of which the intensity corresponds to 

the quantity of LPS. 

 

Briefly, cell-free samples were used in duplicate as the input material. 100 µl of 

standard or samples was added to a black 96-well plate (Corning) and was incubated at 

37ºC for 10 min. 100 µl of enzyme-substrate cocktail was then added into each well. 

Fluorescence was measured at 0 h and 1 h at excitation 380 nm; emission 510 nm using 
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NOVOStar microplate reader (BMG Labtech, Aylesbury, U.K.). E. coli endotoxin 

(O55:B5) was used to generate the standard curve (ranging from 10 EU/ml to 0.01 

EU/ml with a 10x step-down dilution). LAL water was used as the diluent. LAL water 

and PBS were used as the negative controls.  1 EU/ml endotoxin standard was used for 

spiking to check for positive product control. 

 

2.10 Protein Analysis 

2.10.1 Sandwich Enzyme-linked immunosorbant assay (ELISA) 

A sandwich ELISA is a protein quantification assay that measures changes in 

luminescence given by the utilisation of antibodies. It quantifies 1 protein at a time 

(385).  ELISAs were performed following the corresponding manufacturer’s protocol. 

Depending on the manufacturer, the ELISA kit either came with an ELISA plate pre-

coated with a capture antibody, or came with a vial of capture antibody that required a 

coating step using MaxiSorp microplates (NUNC). A specific primary antibody 

followed by a non-specific secondary antibody was added in order to bind to the protein 

of interest that was captured by the capture antibody. This created a sandwich of 

molecules. Horseradish peroxidase (HRP) was then added if the secondary antibody 

was not conjugated with a reporter enzyme. At last, a substrate was added to react with 

the reporter enzyme. This reaction generates a luminescence signal that is in proportion 

to the quantity of the protein of interest captured. 0.05-0.1% Tween-PBS was used as 

the wash buffer. Corresponding culture media were used as the sample diluent and the 

negative controls. ELISAs were performed in Chapter 3 for CCL5 and IFN-β, and in 

Chapter 4 for human β-defensins. 
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2.10.2 Meso-Scale Discovery (MSD) Multiplex Assays 

An MSD assay is quantitative assay that measures multiple target proteins 

simultaneously. It uses a similar mechanism as an ELISA. Antibodies pre-coated on an 

assay plate first capture the proteins of interest in the sample. SULFO-TAG labels were 

then added to bind to the proteins of interest. Upon the electrochemical stimulation, 

light is emitted and detected that is in proportion to the amount of target proteins 

captured at the first place (386). 

 

The secretion of different pro-inflammatory mediators from primary epithelial cells 

using MSD multiplex assays (Maryland, USA), following the manufacturer’s 

instructions. Mediators IL-1β, TNF-α, CCL2, CXCL8, CXCL10, CCL11, CCL13, 

CCL17, CCL22 and CCL26 were measured. Limits of detection were below 2.4 pg/ml 

and above 10,000 pg/ml. 100 µl of undiluted conditioned culture medium was used in 

duplicate. Corresponding culture media were used as the negative controls. 

 

2.10.3 Coomassie Bradford Assay 

Coomassie Bradford protein assay (Thermo Scientific) was performed for protein 

quantification in a 96-well plate. The assay reagent provides an acidic environment for 

the coomassie dye to change from brown to blue upon protein binding, of which the 

intensity is in proportion to the protein quantity in the sample (387). 

 

Briefly, after removing the reagents, the adherent HAEBC was lysed with 20 µl of Cell 

Lysis Buffer (Sigma) on a shaker at room temperature for 15 min, then stored at -20ºC 

if required. Detection reagent was left to warm up at room temperature before use. 

Bovine serum albumin (BSA) was used to generate a standard curve. Cell Lysis Buffer 
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was used as the diluent and the negative control. 5 µl lysed sample or BSA standard was 

added into the 96-well plate and mixed with 250 µl detection reagent. The plate was left 

at room temperature for 10 min before measuring the absorbance of the detection 

reagent at a wavelength 600 nm. 

 

2.10.4 Whole Cell Lysate and Western Blot 

Western Blot is a protein analytical assay that separates and quantifies specific proteins 

present in cell lysates. Denatured proteins of different molecular weights were first 

separated using acrylamide gel electrophoresis. Proteins were then transferred onto a 

membrane where the protein of interest is probed with specific antibodies by the mean 

of immunofluorescence (388). The probed target proteins are quantified using 

densitometry (389). 

 

2.10.4.1 Whole cell lysate preparation 

All reagent recipes can be found in Table 2.1. Confluent HAEBC lysed in 1x sample 

buffer, aid by scraping using a cell lifter (Corning). For ciliated ALI cultures, half or a 

whole membrane was cut from the Transwell insert before the lysis step. Lysates were 

stored at -80ºC before use. 

 

2.10.4.2 Western Blot 

All reagent recipes can be found in Table 2.1. 10% or 12% acrylamide running gels 

were used as appropriate. Running gels were polymerised at room temperature in a 

sandwich cassette using 0.75 cm glass plates (BioRad, Hempstead, U.K.). A 5% 

stacking gel was then added atop the polymerised running gel; stacking gel was allowed 

to polymerise with a 10-well comb at room temperature. The comb was removed after 
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gel was completed polymerised. The whole sandwich cassette was assembled in a 

gasket in the running tank, with the loading wells and the middle compartment of the 

gasket filled with 1x TGS running buffer. Cell lysate samples were defrosted and 

sonicated for 10-12 sec prior to any dilution in dH2O. Samples were denatured at 100°C 

for 3-5 min before loading a maximum of 30 µl into each loading well. Gel 

electrophoresis was run at 180V (0.06A) for 45-60 min. The proteins separated in each 

acrylamide gel were then transferred on to a 0.45 µm PVDF transfer membrane 

(Immobilon-P, Millipore, Watford, U.K.) using the semi-dry transfer protocol. To do 

that, the membranes were first soaked in methanol for 1 min, followed by a further 5 

min in the Transfer Buffer. Each membrane was sandwiched with 1 protein-loaded 

acrylamide gel and Transfer Buffer-soaked 3 mm chromatography papers (Whatman, 

GE Healthcare, Chalfont St Giles, U.K.) as shown below: 

 

(Top, +ve electrode) Filter paper x 3 (soaked in Transfer Buffer (TB)) 

 The gel (in TB) 

 Membrane x 1 (soaked in Methanol then TB) 

(Bottom, -ve electrode) Filter paper x 3 (soaked in Transfer buffer (TB) 

 

Protein transfer was performed at 15V (0.4A) for 37 min. The membrane blots were 

then removed from the sandwich, blocked with 5% milk–TBS-T (Table 2.1) at room 

temperature for 1 h, followed by washing in 1x TBS-T 3 times for a total of 15 min. The 

blots were probed with primary antibody in 5% milk-TBS-T at 4°C overnight. The 

housekeeping protein, β-actin, was used as the reference. The blots were washed 3 times 

in PBS for a total of 15 min, followed by probing with the appropriate HRP-conjugated 

secondary antibody at room temperature for 1 h. The blots were washed again 3 times in 
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PBS for a total of 30 min. ECL (Amersham, Little Chalfont) was used as the HRP 

substrate for visualising the bands. The blots were kept in Saran film to prevent them 

from drying up. Kodak medical X-ray films (MXB blue, Wolflabs, Pocklington, U.K.) 

were used for film development. Images of the developed films were captured using an 

office scanner. Analysis was performed using the software ImageJ (densitometry) 

without any (rolling-ball) background correction. 

To reuse the blots for another protein of interest, the blots were incubated in stripping 

buffer at 50°C for 30 min followed by washing in 1x TBS-T 3 times for a total of 30 

min. The blots were then blocked with 5% milk-TBS-T for at least 15 min before 

probing with a new primary antibody. 

 

2.11 5-(and-6)-carboxy-2’, 7’-dichlorofluorescein diacetate (DCF-DA) Assay 

The DCF-DA assay was used to quantify the generation of intracellular reactive oxygen 

species (iROS) in cell monolayer. DCF-DA is a non-fluorescent dye that can penetrate 

the cell membrane to the cytoplasm. DCF-DA in the cytoplasm reacts with intracellular 

esterases and is hydrolysed to an impermeable non-fluorescent molecule, DCFH. DCFH 

can then be oxidised by intracellular H2O2 to become a highly fluorescent molecule, 

dichlorofluorescein (DCF) (Figure 2.4) (390). The emitted fluorescence is directly 

proportional to the concentration of the intracellular H2O2. 

 

To perform this assay, HAEBC were seeded in to black 96-well plates (Corning) at a 

density 15,000 cells/ml. When the confluence has reached 100%, HAEBC were first 

washed gently in PBS to remove the phenol red present in the BEGM. PBS was used as 

the wash buffer and the reagent diluent in this assay. HAEBC were then incubated with 

10 µM DCF-DA (Sigma), or the equivalent concentration of DMSO (Sigma) as the 
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labelling control, at 37°C for 30 min in the dark. The plates were washed once, followed 

by the addition of 100 µl stimulus and/or compound. PBS was used as the negative 

control. Conditions were done in triplicate. Fluorescence (OD) was measured at 0 h and 

every 30 min afterwards for up to 2 h. OD was measured at excitation 485 nm; emission 

520 nm using the NOVOStar microplate reader (BMG Labtech). 

 

2.12 Gene Expression Analysis 

Gene expression in human primary airway epithelial cells was measured using the 

extracted total RNA as the input material. RNA is an anti-sense genomic material. It is 

required to be converted to “sense” material, such as complementary DNA (cDNA), 

before being used in PCR (Figure 2.2). The expression of 50,000 genes was 

simultaneously measured using microarrays (316, 391). Specific gene expression was 

measured using reverse transcriptase real-time (quantitative) PCR (RT-qPCR) (316, 

392). 

 

2.12.1 Total RNA Extraction 

Total RNA from epithelial cells was extracted using RNeasy mini kit plus DNaseI 

digestion (Qiagen) following the manufacturer’s protocol. Confluent HAEBC from two 

wells of a 6-well plate were pooled as one sample. One insert of ciliated ALI culture 

was used as one sample. Cells were lysed in 400 µl RLT buffer with β-

mercaptopethanol. Cell lysis was aided by scraping the culture surface using a cell lifter 

(Sigma). Lysed cells were further homogenized by spinning down the sample through 

the QiaShredder column (Qiagen) at maximum speed at 4ºC for 2 min. The filtrate was 

then mixed with an equal volume of 70% ethanol, and was passed through the RNA 

binding silica gel membrane. The bound RNA sample was washed with 350 µl RW1 
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buffer, followed by DNA digestion using DNaseI (Qiagen) at room temperature for 15 

min. The sample was then washed once with 350 µl RW1 buffer and twice with 500 µl 

RPE buffer. The washed RNA sample was then eluted in 35 µl nuclease-free water. 

RNA quantity (A260) and purity (A260/A280) were measured using NanoDrop 

spectrophotometer (Thermo Scientific). RNA samples were stored at -80ºC before use.  

 

2.12.2 Human Genome Microarrays 

Human airway epithelial cell gene expression was analysed using Human Genome 

U133 Plus 2.0 cartridge arrays and 3’ IVT Express Kit (Affymetrix, Santa Clara, CA), 

following the manufacturer’s protocol. The total RNA extracted from HAEBC was used 

as the starting material. 

 

2.12.2.1 Running the microarrays 

Briefly, the integrity of the total RNA samples was first assessed using the RNA 6000 

Nano Kit (Agilent Technologies, Waldbronn, Germany). The samples with an RNA 

Integrity Number (RIN) above 9 were chosen for the microarrays. 250 ng total RNA 

was used for cDNA synthesis followed by amplified RNA (aRNA) synthesis. aRNA 

was purified on an Ambion magnetic stand-96 (Life Technologies, Paisley) using the 

RNA binding beads provided. Purified aRNA was quantified using a NanoDrop 

spectrophotometer (Thermo Scientific). The aRNA samples were then fragmented; the 

fragmentation was confirmed using the RNA 6000 Nano Kit. Fragmented aRNA 

samples were used for hybridization in the cartridge arrays. 

 

Hybridization and pre-scanning processing were performed using the GeneChip 

Hybridization, Wash, and Stain kit (Affymetrix), following the manufacturer’s protocol. 
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12.5 µg aRNA was used for preparing the hybridization cocktails. After hybridisation, 

cartridge arrays were washed and stained using Affymetrix Fluidics Station 400, and 

scanned using GeneChip Scanner 3000 and the software GeneChip Operating System 

(version 1.4) (Affymetrix).  

 

2.12.2.2 Microarray analysis 

Each array must pass all quality controls in order to be included in the analysis: 1) 

background reading was between 20 to 100; 2) signal (3’/5’) ratio of house-keeping 

gene GAPDH was <3; 3) signals of poly-A controls and hybridisation controls were in 

proportion to the input quantities. All arrays must have comparable Noise values. 

 

Analysis was performed using Limma and SAM microarray analysis packages, and the 

AffyBatch parameter. A significant differential gene expression was defined as an up or 

down expression with a magnitude >1.6-fold, or the presence of the gene in >50% 

individuals with asthma/healthy control subjects versus 0 healthy control 

subjects/individuals with asthma. 

 

2.12.3 Reverse Transcription-quantitative Polymerase Chain Reaction (RT-qPCR) 

Specific gene expression in human airway epithelial cells was evaluated using a two-

step RT-qPCR kit (Invitrogen, Paisley), following the manufacturer’s protocol (Figure 

2.2). The first step was converting the total RNA to cDNA; the second step was the 

qPCR. 
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2.12.3.1 Complementary DNA (cDNA) synthesis (step 1) 

For cDNA synthesis, the reaction mix contained 4 µl of 5x VILO, 2 µl of 10x 

SuperScript Enzyme Mix (Invitrogen), and a maximum of 2 µg or 14 µl of total RNA. 

Nuclease-free water was used as the diluent. Reaction conditions were 1) 10 min, room 

temperature; 2) 60 min, 42ºC; 3) 5 min, 85ºC. cDNA samples were stored at -20ºC 

before use. 

 

2.12.3.2 qPCR (step 2) 

qPCR was performed using SYBR Green RT-qPCR (Invitrogen) and the software MJ 

Opticon (BioRad) as previously described (316). A 20 µl qPCR mix contained 10 µl 

Express SYBR GreenER qPCR Universal SuperMix (Invitrogen), 200 nM of each 

primer, a maximum of 2 µl cDNA, and nuclease-free water to give a final volume at 20 

µl. The quantity of cDNA to be put in each reaction varied between different genes of 

interest. It was determined by running efficiency curves. An efficient reaction is 

indicated by a 90-110% efficiency, and the range of cDNA quantity that gave this 

efficiency could be used as the input quantity for the qPCR. Reaction conditions are 

shown in the corresponding chapter(s). 18S rRNA was used as the housekeeping gene 

for normalisation. One healthy sample was used as the reference across all qPCR runs to 

further normalise the variation between different runs. A melting curve with a clear 

single peak indicated a clean, efficient reaction. The threshold was fixed at 0.005 for all 

qPCR runs, where the amplification curves generally started to increase exponentially. 

 

2.12.4 Agarose Gel Electrophoresis 

Agarose gel electrophoresis was performed to look at the purity of qPCR products. Pure 

qPCR product should only give one clear band on the agarose gel. Samples with more 
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than one band, or with smears, indicate the presence of a contamination or denatured 

cDNA where sample exclusion should be considered. 

 

Briefly, 2% agarose gels (Table 2.1) were prepared. GelRed (Biotium, Camrbidge) (1 

µg /10 ml gel) was used to label the qPCR products for visualisation. 12 µl samples 

containing 10 µl qPCR product and 2 µl 6x restriction enzyme loading buffer were 

loaded into each of the 15 wells. 5 µl HyperLadder I (Bioline, London, U.K.) was used 

as the molecular weight marker. The electrophoresis was run at 90V (90-95 mA) for 1 h. 

The whole agarose gel was then removed from the gasket and placed under UV light to 

visualise the bands of the qPCR products. A pure and intact qPCR product should 

appear as a clear band at a region corresponding to its molecular weight. 

 

2.13 Glycol Methacrylate (GMA) 

GMA embedding is an immunohistochemistry technique to look at the pathological 

features of relatively sized specimen such as bronchial biopsies. It involves firstly an 

embedding process to preserve the structure and pathological status of the specimen, 

followed by sectioning of the specimen and immuno-staining process to mark the 

feature of interest for further assessment (393). 7,8-dihydro-8-oxodeoxyguanosine (8-

oxo-dG) is an oxidised derivative of guanine, one of the four DNA-forming units, and 

was therefore used as an indicator of oxidative DNA damage (394). 

 

2.13.1 Embedding 

Bronchial biopsies were collected from human airways using bronchoscopy and were 

processed within 2 h. The biopsies were first immersed in 2 mM PMSF/Acetone/20 mM 

iodoacetamide at -20ºC overnight. They were then fixed in acetone followed by methyl 
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benzoate, each at room temperature for 15 min. Afterwards the biopsies were embedded 

in processing solution [125 µl methyl benzoate, 2.75 ml Solution A of ABComplex Mix 

(Vectastin Elite, Vector Laboratory, Peterborough, U.K.)] at 4ºC for 2 h. This 

embedding step was repeated twice. Each biopsy was then put into a TAAB capsule 

(Agar Scientific, Essex, U.K.) and embedded with 1 ml embedding solution [10 ml 

SolutionA, 250 µl Solution B, 70 mg benzoyl peroxide (Sigma)]. The capsules were left 

in an airtight box with silicon beads at 4ºC for 48 h before storing at -20ºC. 

 

2.13.2 Staining 

2 µm sections of each biopsy were cut using a microtome (Leica Microsystems, Milton 

Keynes). One uncoated microscopic slide was used for capturing 2 biopsy sections. The 

sections were first inhibited with 0.1% sodium azide/0.3% H2O2 at room temperature 

for 30 min. The slides were then washed thoroughly in 1x TBS. 1x TBS was used as the 

washing buffer and the diluent. The sections were probed with 8-oxo-dG primary 

antibody (1:250 dilution) (Abcam, Cambridge, UK) or its isotype control (Dako, 

Cambridge, UK) at room temperature overnight. After washing, sections were probed 

with a secondary biotinylated antibody (1:5000 dilution) at room temperature for 2 h. 

After washing, ABComplex mix (Vectastain Elite) was applied onto the sections, and 

the slides were left at room temperature for 2 h. AEC substrate (MenaPath, Berkshire, 

U.K.) was then applied onto the slides at room temperature for 10 min. The slides were 

washed under running water for 5 min, left in Mayer’s haematoxylin for 10 min, in still 

water for 1 min, and finally mounted with SuperMount (BioGenex, Fremont CA, USA). 

The slides were left in the dark at room temperature overnight before use. 
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2.13.3 Semi-quantification 

Positive 8-oxo-dG staining was observed within the nuclei. The staining intensity was 

quantified using a semi-quantitative method. Semi-quantitative index was assigned as 

the following: no staining=0, very low=1, low=2, moderate=3, high=4, and very high=5. 

 

2.14 Statistical Analysis 

2.14.1 Sample sizes 

When determining sample sizes for the experiments, power calculation was performed 

using the following equation: 

N = [t2 ^ p (1-p)] / m2 

where N is sample size, t equals to the confident level at 95% (1.95), p equals to the 

clinical significance, and m equals to the margin error of 5% (0.05). However, the 

required sample sizes were not achieved with the time available due to the high 

variations between donors, whilst the availability of donors was restricted. Experiments 

were repeated as many times as the number of samples available. This affected the 

power of the results. It also affected the sample sizes of the follow-up experiments that 

used the samples collected from previous studies. 

 

2.14.2 Categorising asthmatic patients into subgroups 

The initial approach to the recruitment of asthma patients was pooled – asthmatic 

subjects with different phenotypes and/or inflammatory profiles were all included in the 

initial studies. While asthma is a heterogeneous disease, it is believed that different 

pathogenic pathways are involved in different subgroups of asthma. For example, 

different studies in the literature have already shown that asthma subgroups have 

differential response to current therapies (24, 25). It is plausible that a certain stimulus 
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may have an effect on a specific subgroup, whilst the effect could be masked by the 

presence of other subgroups if the data were pooled together. It is of particular 

importance when exploring the maximum benefit a potential therapeutic compound that 

could offer to specific asthmatic subgroups. Therefore, as the studies progressed, the 

asthmatic subjects were divided into subgroups based on their inflammatory profiles for 

more in depth analyses. 

 

2.14.3 Data analysis 

All data were analysed using GraphPad Prism 5.0 (San Diego, CA). Data was presented 

as mean± standard error of mean (SEM). If the data set was not linear, log scales 

transformation was carried out before a statistical analysis was performed. T-tests were 

used for normally distributed data – paired data points were compared using paired t-

tests; non-paired data points, such as healthy controls versus asthmatics, were compared 

using un-paired t-tests. For non-parametric data, Mann-Whitney U tests were used as 

the statistical analysis. One-way ANOVA with Tukey post-tests were used for time-

course analysis. For correlation analysis, Pearson and Spearman tests were performed 

for parametrically and non-parametrically distributed data respectively. Statistical 

analysis was performed after normalisation. 



Chapter 2. 
Materials and Methods 

 81 

Reagents Ingredients (Source) 
Working Concentrations / 
v/v% or volume 

Bronchial 
Epithelial Growth 
Medium (BEGM) 

Bronchial Epithelial Basal Medium (BEBM) (Lonza) 500 ml bottle 
BEGM SingleQuots Supplements Lonza) 9 vials 
Antibiotic/Antimycotic (Gibco) 1% 
Fungizone® Antimycotic (Gibco) 0.3% 

Air-Liquid-
Interface (ALI) 
medium 

BEBM (Lonza) 50% (250ml) 
DMEM (with L-glutamine) (Gibco) 50% (250ml) 
BEGM SingleQuots Supplements (Lonza) 9 vials 
Antibiotic/Antimycotic (Gibco) 1% 
Fungizone® Antimycotic (Gibco) 0.2% 
Retinoic acid (Sigma) 100 nM 

M199 medium (pH 
7.3) 

M199 medium (with HEPES) (Gibco) 500 ml bottle 
Antibiotic/Antimycotic (Gibco) (if with antibiotics) 2.5% 

Acrylamide gel 
(10% / 12%) 

30% Acrylamide Mix (ProtoFLOWGel) 1.7 ml / 2.0 ml 
1.5 M Tris pH 8.8 1.3 ml 
10% Sodium dodecyl sulfate (SDS) (Fisher 
Scientific) 50 µl 

10% ammonium persulfate (APS) (Fisher Scientific) 55 µl 
TEMED (Sigma) 2.5 µl 
dH2O 1.9 ml / 1.6 ml 

5% Stacking gel 

30% Acrylamide Mix (ProtoFLOWGel) 670 µl 
1.5 M Tris pH 8.8 (Fisher Scientific) 500 µl 
10% SDS (Fisher Scientific) 40 µl 
10% ammonium persulfate (APS) (Fisher Scientific) 40 µl 
TEMED (Sigma) 4 µl 
dH2O 2.7 µl 

10x Tris buffered 
saline (TBS) 

Tris base  (Fisher Scientific) 0.2 M 
Sodium Chloride (Fisher Scientific) 1.37 M 
pH adjusted to 7.6 with HCl  - 
Dissolved in dH2O  - 

4x Sample Buffer 

Tris-HCl pH 6.8 (Fisher Scientific) 0.25 M 
SDS (Fisher Scientific) 0.139 M 
Bromophenol blue (Fisher Scientific) 0.03 mM 
Glycerol (Sigma) 0.4% 
β-Mercaptoethanol (Sigma) 10% 

10x Tris-Glycine 
Tris base (Fisher Scientific) 0.25 M 
Glycine (Fisher Scientific) 1.9 M 
Dissolved in dH2O  

Running Buffer 
(Western Blot) 

10x Tris-Glycine 1x 
SDS (Fisher Scientific) 0.1% 
Diluted in dH2O  

Or TGS, BioRad n/a n/a 
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Reagents Ingredients (Source) 
Working Concentrations / 
v/v% or volume 

Semi-dry transfer 
buffer (Western 
Blot) 

10x Tris-Glycine 1x 
SDS (Fisher Scientific) 0.02% 
Methanol (Fisher Scientific) 20% 
Diluted in dH2O  

Stripping Buffer 

Tris pH 6.8 (Fisher Scientific) 62.5 mM 
SDS (Fisher Scientific) 2% 
β-Mercaptoethanol (Sigma) 100 mM 
Dissolved in dH2O  - 

6x Restriction 
Enzyme Loading 
Buffer 

Glycerol 50% 
EDTA 0.1 M 
SDS 1% 
Bromophenol blue 1.5 mM 
Xylene cyanol 1.86 mM 
Dissolved in dH2O  

2% Agarose gel 
Agarose 2% 
Tris-Acetate EDTA – Tris-acetate 0.04 M 
                                 – EDTA  0.001 M 

 
Table 2.1 Reagent recipes for primary cell culture and experiments.  
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Figure 2.1 Procedures of scraping method followed by video-microscopy. The ciliated culture 
was scored into sections using a sterile spatula (i), and then scraped off from the apical surface of the 
Transwell insert (ii). Cell strips were resuspended in 1 ml of M199 (with antibiotics) medium (iii). 100 µl 
of cell suspension was added into the chamber slide (iv). Using x100 oil-immersion microscopy and high-
speed camera, videos of epithelial side profiles were recorded (v).  

38.1%C%Heated%
pla.orm%

x100%oil5immersion%

Normal cilia; Index 1! Static cilia; Index 2! Dyskinetic cilia; Index 3!

(i) 

(ii) (iii) 

(iv) 

(v) 
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Figure 2.2 Mechanism of real-time polymerase chain reaction (qPCR). Real-time PCR is also 
known as quantitative PCR (qPCR). If RNA is used as the input material, reverse transcriptase qPCR 
(RT-qPCR) is performed to convert the RNA to complementary DNA (cDNA) (box) If single- (ss-) or 
double-stranded (ds-) DNA is used as the input material (such as bacterial and fungal DNA), it can be 
used directly for the qPCR. qPCR starts with the denaturation step whilst any ds-DNA material is split 
into ss-DNA. Primers then anneal to the specific location on the ss-DNA material with matching 
sequence as the primers. The second strand of DNA material is then elongated from the site of the primer. 
SYBR Green is a specific cyanine dye that binds only to ds-DNA. Upon the binding, SYBR Green can be 
excited at 497 nm and emits green light at 520 nm. The intensity of the green light is directly proportional 
to the amount of ds-DNA material present in the reaction mix at the end of each amplification cycle, and 
is indirectly proportional to the reported C(t) value. The smaller the C(t) value, the more ds-DNA there is 
in the reaction mix (392). 
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Figure 2.3 The signalling cascade of the PyroGene rFC endotoxin detection systems. The 
PyroGene rFC endotoxin detection system (box) uses the same signalling cascade as the tradition 
endotoxin detection assay, the Limulus Amebocyte Lysate (LAL) assay. rFC is a modified mimic of 
Factor C in the LAL cascade. It releases measurable fluorescence upon the reaction with LPS in the 
sample and therefore, it bypasses the downstream enzyme and substrate addition steps where fault 
positive arises (383). 

 
 
 

 
Figure 2.4 Hydrogen peroxide-induced DCF-DA molecule transition during the DCF-DA 
assay. The DCF-DA molecule can penetrate through plasma membrane (PM) to the cytoplasm of a cell. 
DCF-DA molecule then reacts with intracellular esterases to become PM-impermeable molecule DCFH. 
DCFH interacts with intracellular hydrogen peroxide, and is oxidised to the fluorescent DCF molecule. 
Fluorescent DCF molecule is PM-permeable (390). 
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3. Epithelial Ciliary Function 
in Asthma  
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3.1 Chapter Overview 

This chapter focuses on the use of primary human airway epithelial cells as the tool to 

study the relationship between airway epithelium and asthma. The aims include:  

 

1) To study the baseline characteristics of the epithelial cells in vitro and the potential 

relationship with epithelial dysfunction in asthma; 

2) To determine whether ciliary dysfunction in asthma is primary or secondary; 

3) To explore the epithelial function in response to asthma sputum stimulation. 

 

Primary human airway epithelial basal cells (HAEBC) and air-liquid-interface (ALI) 

cultures were assessed in terms of their baseline synthetic capacity, gene expression, 

and the mechanical ciliary function of ciliated ALI cultures. The findings were in line 

with my hypothesis that the altered phenotype observed in asthma could be due to the 

presence of environmental factors. There was also a small indication that intrinsic 

factors may also play a role in this abnormal phenotype.  
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3.2 Introduction 

Mucociliary clearance within the normal airway is important for clearing any foreign 

airborne substances, including allergenic particles and pathogens, that are inhaled and 

subsequently come into contact with the airway wall. The presence of healthy and 

mature cilia is pivotal in efficient mucociliary clearance. Mature cilia beat in the 

periciliary fluid in a continuous, organised fashion to propel the mucus with trapped 

particulates up and out of the airways. 

 

Defective mucociliary clearance was first described in asthma in 1943, where abnormal 

cilia were found and a reduced rate of clearance was detected (395). An increased rate 

of infection has been found to be correlated to asthma exacerbation (242, 246), which 

could be partly due to the insufficient clearance of pathogens in the airways. 

Improvement in technology nowadays allows ciliary dysfunction to be properly 

quantified. Thomas et al. obtained fresh epithelial cell strips from bronchoscopy using 

bronchial brushes to enable their immediate experimental and/or clinical use (210). By 

using the videomicroscopy methodology, Thomas and his team showed that the 

asthmatic epithelial cell strips had a reduced ciliary function, which was correlated to 

disease severity. However, the mechanism underlying this abnormality has yet to be 

explored. Currently literature points toward a role of an environmental factor: exposure 

of ciliated epithelium to microbial materials reduced CBF in vitro (34, 255), and 

asthmatic sputa have been shown to induce ciliary immotility (396). Other studies, as 

revealed by gene expression studies (8, 180), suggest that the epithelium in asthmatic 

airways could be intrinsically abnormal. These factors could directly (e.g. disruption of 

the ATP/Ca2+ pathway) or indirectly (e.g. up-regulation of inflammation leading to 
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enhanced activation of the epithelium) affect the regulation of ciliary function. Based on 

this collective evidence, I tested the following hypotheses: 

(i) The ciliary dysfunction in asthmatic epithelial cell is not due to a differential 

synthetic capability (in terms of cytokines and chemokines) of the epithelial cells at 

baseline compared to healthy controls 

(ii) The ciliary dysfunction in asthmatic epithelial cells is not due to a differential 

gene expression of the epithelial cells at baseline 

(iii)  The ciliary dysfunction as observed in vivo persists in differentiated epithelial 

cultures derived from asthmatic subjects. 

 

Differentiating epithelium in vitro is a recent and popular cell culture model for 

studying the role of epithelial cells in diseases (377). Epithelial basal cells could be 

differentiated in vitro to fully ciliated, mucus-secreting structures that highly resemble 

the epithelium in vivo. Stimuli of interest could then be added to these cultures in a 

controlled fashion to study their individual roles in disease development and/or 

progression. This model provides an invaluable tool for studying the role of airway 

epithelium in asthma.  
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3.3 Methodology 

HAEBC obtained from airway epithelial cell donors were grown in BEGM; ALI 

cultures were differentiated from HAEBC using ALI medium with L-glutamine (Table 

2.1). Only heavily ciliated ALI cultures (>14 d after the first visible beating cilium) 

were used for experiments. TEER measurement was kindly performed by Dr Rob Hirst. 

 

Sandwich ELISA is a single protein quantification technique that utilises specific 

antibodies and measureable colour changes (luminescence reporter) (385). Whilst an 

MSD multiplex assay uses a similar sandwiching principle, it can detect multiple 

proteins simultaneously and uses electrochemically-stimulated SULFO-TAG labels as 

the measureable reporter (386). The mediators in the MSD assays were chosen based on 

the currently available evidence in literature that showed a linkage with asthma 

pathogenesis (148, 150, 181, 182, 397). Both techniques were used for studying the 

baseline synthetic response of HAEBC and ALI cultures. 

 

MSD assays were done in GlaxoSmithKline Stevenage, U.K. Conditioned culture 

medium from HAEBC and ALI cultures was collected 24 h after refreshment and stored 

at -80ºC before use. Sandwich ELISA kits were used for measuring CCL5 (R&D 

systems; Abingdon; UK), and IFN-β (Pestka Biomedical Laboratories; Piscataway; 

USA). Samples were used neat. 0.1% Tween-20-PBS was used as the wash buffer. 

Limits of detection for the CCL5 and IFN-β ELISAs were 31.2 to 1000 pg/ml and 25 to 

2000 pg/ml respectively. 

 

Human genome microarrays measure the expression quantities of 50,000 genes 

simultaneously by using total RNA as the input materials. The “anti-sense”, single-
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stranded RNA is converted to “sense”, single-stranded genetic materials that can 

hybridise with specific genes on a GeneChip and releases readable fluorescence of 

which the intensity is directly proportional to the quantity of the input RNA (316, 391). 

  

Human genome microarrays were used to study the baseline gene expression in 

HAEBC from health (n=5) and asthma (n=6). Total RNA was extracted using RNeasy 

mini kit plus DNaseI digestion (Qiagen). Only pure (A260/280 ratio ≈2) and intact (RIN 

≈<10) total RNA samples were used for the microarrays (Figure 3.2). 250 ng total RNA 

was used as the input material. Freezing steps were minimised to prevent sample 

degradation. 

 

The efficiency of mucociliary clearance could be reflected by the ciliary function of 

ciliated epithelium; ciliary function of ciliated ALI cultures developed from healthy and 

asthmatic subjects were assessed. The ciliary function of ALI cultures could be 

measured by the overhead method, which gave CBF and amplitude measurements (376), 

and by the scraping method, which gave CBF and beat pattern measurements (377). The 

baseline ciliary function measurement, using the overhead method, was kindly 

performed by Dr Rob Hirst. The ciliary beat pattern is more likely to have a significant 

effect on the overall ciliary function, thus the scraping method was used for the rest of 

the studies. 

The ciliary function of the ALI cultures was measured at an un-stimulated (baseline) 

status and at a stimulated status after inoculating the cultures with fresh asthmatic sputa. 

To do that, heavily ciliated ALI cultures were incubated in either normal or antibiotic-

free ALI medium for 48 h prior to the start of the experiment (at 0 h). Fresh, 

unprocessed asthmatic sputum plugs were diluted 1:4 in PBS. 200 µl diluted sputum or 
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PBS alone was added into the apical chamber. At baseline (0 h), 1 h, 4 h and 24 h, 

samples of apical chamber fluid (ACF) and baseolateral supernatant (ALI S/N) were 

collected and stored at -20ºC for further experiments (see Chapter 4). The scraped 

ciliated cell strips were used for ciliary function analysis. At the end of the study, the 

remaining cell strips were centrifuged at 10,000 rpm for 5 min and preserved in 

RNAlater (Qiagen) (1:0.2 PBS) at -80ºC for further experiments (see Chapter 4). To 

control the asthmatic sputum inoculation study, the repeatability of ciliary function 

measurement over 24 h was evaluated. The potential effect of antibiotics alone on the 

ciliary function was also evaluated by incubating the ALI cultures in an antibiotic-free 

ALI medium for 48 h prior to the reintroduction of antibiotics for another 48 h. The 

antibiotics herein consist of penicillin, gentamycin and amphotericin B. Ciliary function 

was measured at 48 h and 96 h.  
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3.4 Results 

3.4.1 Overall subject characteristics 

For better explanation, clinical characteristics and measurements of subjects were 

recorded according to the experiments they took part in each chapter. They were 

recorded detailing patient’s physical status, lung function (predicted % of FEV1, 

FEV1/FVC ratio), blood total IgE and eosinophil levels, and atopy; airway 

responsiveness (PC20), treatments, age of disease onset and sputum differential cell 

counts were covered when applicable. 

 

Within the entire asthmatic population used in this thesis, there were 41 mild-moderate 

and 49 severe asthmatic subjects. Apart from the gender and blood IgE level, all the 

other parameters including lung function and blood eosinophils, showed correlation 

with disease severity. More severe subjects are likely to be older and atopic. More 

severe patients had higher doses of inhaled corticosteroid intakes. There was no 

significant difference in sputum eosinophil and neutrophil counts between the groups 

with mild-to-moderate and severe asthma. 

 

3.4.2 The morphology of the cells changes from human airway epithelial basal cells 

(HAEBC) and Air-Liquid-Interface (ALI) ciliated cells 

3.4.2.1 Morphological changes from HAEBC to ALI ciliated cells 

HAEBC could be grown from the cells obtained by bronchoscopy. Ciliated epithelial 

cell strips were initially collected from bronchial brushes. The strips adhered to the 

collagen-coated surface within 24 h and only the cells with the cobblestone-shaped 

features expanded in BEGM (Figure 3.1A, Day 0). It was not clear whether the ciliated 

cells underwent de-differentiation or died. These cobblestone-shaped cells were also 
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double positive with epithelial basal cell markers cytokeratin-5/14 (375) (Figure 3.1B), 

suggesting that these cells were indeed HAEBC. The morphology of both healthy and 

asthmatic HAEBC were similar and remained unchanged up to passage stage 3 (P3). 

The cells then started to go flat, granular, and eventually became squamous. Therefore, 

HAEBC up to P2 were used for ALI culture differentiation and HAEBC at P3 was used 

for monoculture if the morphology was good. 

 

ALI cultures were developed from HAEBC in Transwell® inserts (Corning). The 4 µm 

porous membrane allowed penetration of nutrients from the culture medium, located in 

the bottom baseolateral chamber, for cell settlement and growth. Only when the 

submerged culture has reached >99% confluence with no visible gaps would the cells be 

emerged to the air-liquid-interface. As soon as 1 day after exposing the apical surface to 

air, differentiating cells could be observed (Figure 3.1A). Mucus could be found from 

Day 9, indicating the differentiation of HAEBC to secretory cells. Only after this point 

would cells further differentiate into ciliated cells. On average, the first beating cilium 

could be observed on approximately Day 25. Approximately 2 weeks afterwards the 

cultures would become heavily ciliated. The trans-apical epithelial electrical resistance 

(TEER) reading of a normal healthy culture was 1,160±56 Ω/cm2, and this would 

reduce in the presence of excess mucus (357±17 Ω/cm2) (Figure 3.1C). The term 

“excess mucus” here means that the volume of the mucus layer found on the apical 

surface was sufficient enough to be removed by simply pipetting. In comparison, 

“normal mucus” means that despite of the presence of a thick mucus layer, it required 

an addition of 200 µl PBS in order to wash the mucus away. Differentiated ALI cultures 

would generally remain confluent and ciliated for over 100 days. It showed no 

observable morphological differences between healthy control- and asthmatic-derived 
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ALI cultures using light microscopy. There was also no substantial difference in the 

amount of observable ciliated cells between the subject groups.  
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Figure 3.1 Morphological changes from HAEBC to ALI ciliated cells during cell 
differentiation. A shows the immunofluorescence staining of HAEBC for cytokeratins-5+/14+ (green); 
cell nuclei stained with DAPI (blue). B shows the change of epithelial cell morphology of a 
differentiating epithelial culture of a healthy control. The morphology was observed using light 
microscopy: (Day 0) basal cells with cobblestone-shaped feature; (Day 9) presence of secretory cells; 
(Day 23-28) presence of ciliated cells. C shows the trans-apical epithelial electrical resistance (TEER) 
expressed as mean±SEM of fully differentiated ALI cultures developed from healthy controls.  
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3.4.3 Baseline synthetic response in human airway epithelial cells showed little 

difference between health and asthma 

To evaluate if an abnormal mediator synthetic capacity is the primary cause of ciliary 

dysfunction in asthma, the baseline secretion of different pro-inflammatory mediators 

from HAEBC and ALI cultures was measured using MSD assays and ELISA. 

 

Clinical'Details' Healthy'(n'='16)' Asthmatic'(n'='17)' p8values'

Gender!(F)! 6!(10)! 9!(8)! 0.37*!

Age,!yr.! 39!(4)! 46!(3.6)! 0.17!

Pack!yr! 1!(1)! 4!(3)! 0.24!

%!Predicted!FEV1! 104!(3)! 92!(5)! 0.054!

%!FEV1/FVC! 84!(2)! 75!(2)! 0.0004'

PC20!FEV1,!mg/ml!†! >16! 1.7!(1.0I3.0)! <0.0001'

Blood!Total!IgE,!kU/ml! 257!(142)! 992!(485)! 0.33!

Blood!eosinophils,!kU/ml! 0.09!(0.02)! 0.41!(0.10)! 0.02'

Treatment!(mcg/24!BDP!eqv.)! n/a! 813!(181)! n/a!

Atopy,!%! 25! 60! 0.07*!

Age!of!Disease!Onset,!yr! n/a! 39!(7)! n/a!

Sputum&Characterization& & & &

Total!cell!count!(x10
6!
cells/ml)! n/a! 3.4!(1.0)! n/a!

Eosinophils,!%!‡! n/a! 5.8!(1.4I15)! n/a!

Neutrophils,!%!‡! n/a! 43!(26I61)! n/a!

Macrophages,!%!‡! n/a! 33!(12I47)! n/a!

Epithelial!cells,!%!‡! n/a! 1.0!(0.0I5.3)! n/a!

†!geometric!mean!(95%!CI)!‡!median!(interquartile!range);!*!Chi!Square!test,!p<0.05.!

 
Table 3.1 Clinical details of the subjects for the baseline epithelial synthetic response 
experiment. Data are expressed as mean (SEM) unless otherwise indicated. Statistical differences were 
assessed using unpaired t-tests, p<0.05, unless otherwise indicated. 

 

A total of 16 healthy controls and 17 asthmatic subjects were used for this experiment 

(Table 3.1). A total of 13 cytokines and chemokines released from un-stimulated 

HAEBC (n=17) and ALI cultures (n=21) were measured. The level of mediators 

measured was normalised with the number of cells and presented as pg/ml/106 cells. 

Mann-Whitney test was the statistical analysis performed after the normalisation. The 

pattern of release was significantly different between the two epithelial cell types, 
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including IFN-β, IL-1β and CCL2 (Table 3.2A). Interestingly, the difference in the 

baseline mediator release was not identified between health and asthma in either types 

of epithelial cell cultures (Table 3.2B). Therefore, the mediators measured here were 

not likely to be the cause of ciliary dysfunction in asthmatic epithelial cells. However, it 

does not exclude the possibility that these mediators may be involved in the 

pathogenesis of the dysfunction at a stimulated state (181, 182).  
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A.   

Mediators 
Constitutive Levels (pg/ml/106 cells) 

p-value Bronchial Basal 
(n = 17) 

ALI 
 (n = 21) 

IFN-β 60.7 (28.8 – 127.6) 13.9 (12.5 – 15.1) 0.0004 
CCL5 12.4 (8.9 – 17.2) 22.7 (13.3 – 38.5) 0.35 
IL-1β 216.1 (81.4 – 573.9) 20.5 (7.5 – 56.2) 0.002 

CXCL8 11205.0 (5367.0 – 23391.0) 12316.0 (8792.0 – 17251.0) 0.99 
CCL2 60.3 (29.9 – 121.6) 460.7 (150.3 – 1468.0) 0.003 

CCL13 416.7 (139.2 – 1248.0) 1037.0 (611.2 – 1761.0) 0.13 
CCL4 23.3 (9.1 – 59.8) 53.9 (20.3 – 143.2) 0.07 
TNF-α 146.9 (64.5 – 334.5) 121.5 (41.8 – 353.4) 0.74 
CCL22 967.3 (534.5 – 1751.0) 1529.0 (965.0 – 2424.0) 0.16 
CCL17 302.3 (108.3 – 844.4) 460.0 (205.2 – 1031.0) 0.31 
CCL26 3137.0 (723.8 – 13594.0) 3533.0 (1842.0 – 6776.0) 0.19 

CXCL10 440.5 (145.9 – 1330.0) 520.4 (230.6 – 1175.0) 0.83 
CCL11 229.6 (128.5 – 410.1) 218.3 (81.0 – 588.4) 0.49 

 
B.     
Mediators HAEBC 

p-value 
ALI cultures 

p-value (pg/ml/106 
cells) 

Healthy 
(n=7) 

Asthma 
(n=10) 

Healthy 
(n=10) 

Asthma 
(n=11) 

IFN-β 73.4 
(35.0 – 154.2) 

53.0 
(14.5 – 192.7) 0.19 12.6 

(12.6 – 12.7) 
14.7 

(12.5 – 17.3) 0.33 

CCL5 12.2 
(7.3 – 23.4) 

11.2 
(7.7 – 17.5) 0.96 25.2 

(11.1 – 75.5) 
14.6 

(8.7 – 27.5) 0.33 

IL-1β 287.5 
(63.1 – 1310.0) 

177.0 
(38.7 – 808.8) 0.81 8.1 

(1.3 – 48.7) 
44.5 

(14.1 – 140.4) 0.18 

CXCL8 17666.0 
(5930 – 52630) 

8147 
(2665 – 24903) 0.42 12303 

(6678 – 22666) 
12326 

(7846 – 19365) 0.81 

CCL2 122.1 
(50.6 – 294.8) 

35.5 
(12.8 – 98.6) 0.06 449.8 

(47.7 – 4244.0) 
487.0 

(125.6 – 1888) 0.72 

CCL13 854.4 
(401.0 – 1820) 

243.2 
(33.9 – 1746.0) 0.35 1143.0 

(455.9 – 2865) 
956.8 

(457.3 -2002) 0.67 

CCL4 38.8 
(7.7 – 194.5) 

15.9 
(3.9 – 61.5) 0.33 47.2 

(6.8 – 326.8) 
60.3 

(19.2 – 189.4) 0.82 

TNF-α 219.5 
(61.7 – 780.8) 

110.9 
(31.6 – 389.6) 0.42 93.1 

(10.6 – 820.8) 
151.6 

(47.2 – 487.1) 0.67 

CCL22 1434.0 
(692.4 – 2972) 

719.8 
(269.1 – 1925) 0.66 1622.0 

(750.8 – 3503) 
1457.0 

(747.0 – 2840) 0.92 

CCL17 586.6 
(286.6 – 1201) 

183.9 
(29.0 – 1168) 0.41 724.4 

(300.6 – 1746) 
315.0 

(78.9 – 1257) 0.31 

CCL26 8414.0 
(4393 – 16116) 

1497.0 
(103 – 21761) 0.28 2754.0 

(1374 – 5520) 
4348.0 

(1386 – 13646) 0.67 

CXCL10 958.7 
(441.7 – 2080) 

245.8 
(35.5 – 1750) 0.49 739.6 

(274.5 – 1993) 
388.8 

(98.6 – 1530) 0.45 

CCL11 321.1 
(132.3 – 779.5) 

178.5 
(71.5 – 445.4) 0.41 517.6 

(216.8 – 1236) 
106.3 

(19.6 – 577.3) 0.16 

 
Table 3.2 Baseline secretion of mediators from primary epithelial cells. The constitutive 
secretion of mediators over 24 h from primary human airway epithelial cells was investigated. Mediators 
CCL5 and IFN-β were measured by ELISA. The rest of the mediators were measured by MSD multiplex 
assay. Data are expressed as median (interquartile range). A shows the results from HAEBC (n=17) and 
ALI cultures (n=21). Statistical differences were assessed using Mann-Whitney U tests. B shows the 
results from the same set of data, with the samples divided into healthy controls and asthmatics: HAEBC 
(n=7 and n=10 respectively), ALI cultures (n=10 and n=11 respectively). Statistical differences were 
assessed using Mann-Whitney U tests.  
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3.4.4 Baseline gene expression in HAEBC 

With no differential secretion of pro-inflammatory mediators found in epithelial 

cultures at baseline, the investigation of any potential primary cause of abnormality in 

the asthmatic epithelium was extended to the genetic level. Genome microarrays were 

used to capture the maximum number of genes without bias. The latest human genome 

microarrays allow >54,000 genes to be assessed simultaneously. 

 

Clinical'Details' Healthy'(n'='5)' Asthmatic'(n'='6)' p8values'

Gender!(F)! 3!(2)! 3!(3)! 0.74*!

Age,!yr! 43!(5)! 52!(5)! 0.24!

Pack!year! 6!(5)! 4!(2)! 0.65!

%!Predicted!FEV1! 95!(6)! 76!(12)! 0.21!

%!FEV1/FVC! 81!(4)! 69!(8)! 0.20!

PC20!FEV1,!mg/ml!†! >16! 1.1!(0.1I8.4)! 0.002'

Blood!Total!IgE,!kU/ml! 17!(0.9)! 86!(31)! 0.18!

Blood!eosinophils,!kU/ml! 0.16!(0.04)! 0.38!(0.12)! 0.16!

Treatment!(mcg/24!BDP!eqv.)! n/a! 1667!(262)! n/a!

Atopy,!%! 50! 67! 0.21*!

Age!of!Disease!Onset,!yr! n/a! 37!(9)! n/a!

Sputum&Characterization& & & &

Total!cell!count(x10
6!
cells/ml)! n/a! 3.7!(2.5)! n/a!

Eosinophils,!%!‡! n/a! 1.8!(0I40)! n/a!

Neutrophils,!%!‡! n/a! 84!(23I87)! n/a!

Macrophages,!%!‡! n/a! 14!(9I34)! n/a!

Epithelial!cells,!%!‡! n/a! 1.5!(0.6I3.9)! n/a!

†!geometric!mean!(95%!CI)!‡!median!(interIquartile!range);!*!Chi!square!test,!p<0.05.!

 
Table 3.3 Clinical details of the subjects for the baseline gene expression experiment. Data 
are expressed as mean (SEM) unless otherwise indicated. Statistical differences were assessed using 
unpaired t-tests, p<0.05, unless otherwise indicated. 

 

A total of 11 arrays were performed using 5 healthy controls and 6 asthmatics (Table 

3.3). All 11 arrays passed the quality controls (Figure 3.2). The median of percentage 

(%) present was 54.1%. Using the common 2-fold difference as the cut-off (316, 398), 

only 5 genes were found significantly lower, and 7 genes significantly higher, in the 

asthmatic group. With this subtle difference in baseline gene expression, the cut-off was 
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therefore reduced to 1.6-fold, which was chosen because it was within the range of cut-

off values (1.1-fold to 2-fold) that have previously been published (29, 180). This 

reduced cut-off threshold resulted in a total of 59 genes of which the expression levels 

were significantly different between healthy and asthmatic HAEBC (Table 3.4A). Their 

potential roles in asthma included cell survival and development (e.g. CST6, EDN1, 

NEAT1, RGS2, TUBE1), inflammation (e.g. EGLN3, C1S, HMGB2, IRAK3, PTPRD, 

PI3), and oxidative handling (e.g. CYBRD1, CYP4F3 and CYP4F11, EGLN3, LOX, 

PLCB1). A low false discovery rate (18%) suggested that there was little variation 

between samples among each group. Some genes were specifically present (n=≥50%) or 

absent in asthmatic HAEBC, which are included in Appendix 7.2. Table 3.4 highlights 

the genes that have known functions and may result in disease-related outcomes. They 

include cell behaviour (LGALS4, EMP1, CAPN5, MKI67, PCNA and KRT75), oxidative 

balance (NOX4, GST and CYP gene families, HSDL2), inflammation and signalling (CD 

gene families, TNFRSF4, CLEC4M, and FAM gene family), and ion transports (ABC, 

SLC and TMEM gene families). Some of these genes (CHL1, LOX, HMGB2 and EMP1) 

have been shown to be important in HAEBC differentiation (398). These results 

therefore suggest that some of these genes could be the intrinsic causes that are directly 

or indirectly involved in the development of ciliary dysfunction. However, the low 

sample size reduced the power of this statement, and further investigation of these genes 

in HAEBC by repeating the experiment, and eventually repeats using ALI cultures 

and/or fresh airway ciliated cells would be required. This could be done using cheaper 

and more routine techniques, such as RT-qPCR. 
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Figure 3.2 Samplequality controls for human genome microarrays. The quality control of RNA 
samples was done using RNA 6000 Nano Kit (Agilent). A shows the image of the ladder after 
electrophoresis. B shows an intact RNA sample with RNA Integrity Number (RIN) close to 10. C and D 
show an unfragmented and a fragmented aRNA sample respectively. 

A! B!

C! D!
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A. Genes differentially expressed in HAEBC by microarray analysis in subjects with asthma (n=6) compared with healthy controls (n=5). 
 ≥ 1.6 fold up (+) / down (-) regulated in asthma, p <0.05 with presence calls ≥ 100% unless indicated (*). 

False discover rate of 1000 permutation 18%. 
Affymetrix ID Gene Symbol Gene Name Entrez Gene ID Fold Difference P value 
211080_s_at NEK2 NIMA (never in mitosis gene a)-related kinase 2 4751 2.39 0.036 
204469_at PTPRZ1 protein tyrosine phosphatase, receptor-type, Z polypeptide 1 5803 2.38 0.024 
221530_s_at BHLHE41 basic helix-loop-helix family, member e41 79365 2.07 0.022 
219806_s_at C11orf75 chromosome 11 open reading frame 75 56935 2.05 0.014 
215446_s_at LOX lysyl oxidase 4015 2.04 0.028 
213375_s_at N4BP2L1 NEDD4 binding protein 2-like 1 90634 2.03 0.044 
206515_at CYP4F3 l P450, family 4, subfamily F, polypeptide 3 4051 2.02 0.035 
223687_s_at LY6K lymphocyte antigen 6 complex, locus K 54742 2.00 0.025 
213222_at PLCB1 phospholipase C, beta 1 (phosphoinositide-specific) 23236 1.99 0.023 
208808_s_at HMGB2 high-mobility group box 2 3148 1.96 0.025 
226181_at TUBE1 tubulin, epsilon 1 51175 1.95 0.050 
217889_s_at CYBRD1 cytochrome b reductase 1 79901 1.94 0.015 
1555229_a_at C1S complement component 1, s subcomponent 716 1.93 0.044 
235709_at GAS2L3 growth arrest-specific 2 like 3 283431 1.88 0.043 
202375_at SEC24D SEC24 family, member D (S. cerevisiae) 9871 1.86 0.017 
209846_s_at BTN3A2 butyrophilin, subfamily 3, member A2 11118 1.86 0.050 
205773_at CPEB3 cytoplasmic polyadenylation element binding protein 3 22849 1.86 0.027 
221911_at ETV1 ets variant 1 2115 1.84 0.042 
227379_at MBOAT1 membrane bound O-acyltransferase domain containing 1 154141 1.82 0.028 
220034_at IRAK3 interleukin-1 receptor-associated kinase 3 11213 1.81 0.026 
201853_s_at CDC25B cell division cycle 25 homolog B (S. pombe) 994 1.80 0.030 
212503_s_at DIP2C DIP2 disco-interacting protein 2 homolog C (Drosophila) 22982 1.79 0.024 
206153_at CYP4F11 cytochrome P450, family 4, subfamily F, polypeptide 11 57834 1.78 0.042 
1552546_a_at LETM2 leucine zipper-EF-hand containing transmembrane protein 2 137994 1.77 0.043 
215342_s_at RABGAP1L RAB GTPase activating protein 1-like 9910 1.76 0.032 
202007_at NID1 nidogen 1 4811 1.74 0.040 
212230_at PPAP2B phosphatidic acid phosphatase type 2B 8613 1.74 0.038 
206683_at ZNF165 zinc finger protein 165 7718 1.72 0.045 
227910_at XPNPEP3 X-prolyl aminopeptidase (aminopeptidase P) 3, putative 63929 1.70 0.017 
220334_at RGS17 regulator of G-protein signaling 17 26575 1.70 0.010 
205542_at STEAP1 six transmembrane epithelial antigen of the prostate 1 26872 1.69 0.023 
223253_at EPDR1 ependymin related protein 1 (zebrafish) 54749 1.67 0.045 
215942_s_at GTSE1 G-2 and S-phase expressed 1 51512 1.65 0.037 
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Affymetrix ID Gene Symbol Gene Name Entrez Gene ID Fold Difference P value 
214774_x_at TOX3 TOX high mobility group box family member 3 27324 1.65 0.042 
203354_s_at PSD3 pleckstrin and Sec7 domain containing 3 23362 1.65 0.044 
203799_at CD302 CD302 molecule 9936 1.65 0.019 
214043_at PTPRD protein tyrosine phosphatase, receptor type, D 5789 1.64 0.003 
220615_s_at FAR2 fatty acyl CoA reductase 2 55711 1.63 0.040 
1564630_at EDN1 endothelin 1 1906 -1.62 0.049 
219895_at FAM70A family with sequence similarity 70, member A 55026 -1.63 0.023 
238933_at IRS1 insulin receptor substrate 1 3667 -1.63 0.044 
226145_s_at FRAS1 Fraser syndrome 1 80144 -1.63 0.026 
224454_at ETNK1 ethanolamine kinase 1 55500 -1.63 0.025 
229004_at ADAMTS15 ADAM metallopeptidase with thrombospondin type 1 motif, 15 170689 -1.67 0.000 
206595_at CST6 cystatin E/M 1474 -1.67 0.049 
207065_at KRT75 keratin 75 9119 -1.68 0.039 
222847_s_at EGLN3 egl nine homolog 3 (C. elegans) 112399 -1.69 0.027 
223544_at TMEM79 transmembrane protein 79 84283 -1.70 0.036 
235309_at RPS15A ribosomal protein S15a 6210 -1.71 0.034 
1554026_a_at MYO10 myosin X 4651 -1.71 0.008 
215729_s_at VGLL1 vestigial like 1 (Drosophila) 51442 -1.74 0.048 
224566_at NEAT1 nuclear paraspeckle assembly transcript 1 (non-protein coding) 283131 -1.74 0.038 
233030_at PNPLA3 patatin-like phospholipase domain containing 3 80339 -1.78 0.033 
239562_at MTHFD2L methylenetetrahydrofolate dehydrogenase (NADP+ dependent) 2-like 441024 -1.79 0.029 
203819_s_at IGF2BP3 insulin-like growth factor 2 mRNA binding protein 3 10643 -1.89 0.022 
1554966_a_at FILIP1L filamin A interacting protein 1-like 11259 -1.89 0.024 
223210_at CHURC1 churchill domain containing 1 91612 -1.91 0.025 
202388_at RGS2 regulator of G-protein signaling 2, 24kDa 5997 -2.16 0.033 
239552_at VWDE von Willebrand factor D and EGF domains 221806 -2.31 0.034 
219232_s_at EGLN3 egl nine homolog 3 (C. elegans) 112399 -2.37 0.036 
203691_at PI3 peptidase inhibitor 3, skin-derived 5266 -2.46 0.005 
41469_at PI3 peptidase inhibitor 3, skin-derived 5266 -2.51 0.006 
204135_at FILIP1L filamin A interacting protein 1-like 11259 -2.67 0.018 
226736_at CHURC1 churchill domain containing 1 91612 -2.92 0.027 
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B. Genes present in ≥3 asthmatics compared to 0 healthy controls 
Affymetrix ID Gene Symbol Gene Name Entrez Gene ID 
204272_at LGALS4 lectin, galactoside-binding, soluble, 4 3960 
204418_x_at GSTM2 glutathione S-transferase mu 2 (muscle) 2946 
204683_at ICAM2 intercellular adhesion molecule 2 3384 
205439_at GSTT2 glutathione S-transferase theta 2 2953 
206637_at P2RY14 purinergic receptor P2Y, G-protein coupled, 14 9934 
206916_x_at TAT tyrosine aminotransferase 6898 
208023_at TNFRSF4 tumor necrosis factor receptor superfamily, member 4 7293 
208462_s_at ABCC9 ATP-binding cassette, sub-family C (CFTR/MRP), member 9 10060 
209324_s_at RGS16 regulator of G-protein signaling 16 6004 
209423_s_at PHF20 PHD finger protein 20 51230 
210457_x_at HMGA1 high mobility group AT-hook 1 3159 
210836_x_at PDE4D phosphodiesterase 4D, cAMP-specific (phosphodiesterase E3 dunce homolog, Drosophila) 5144 
212020_s_at MKI67 antigen identified by monoclonal antibody Ki-67 4288 
212080_at MLL Myeloid/lymphoid or mixed-lineage leukemia (trithorax homolog, Drosophila) 4297 
213672_at MARS methionyl-tRNA synthetase 4141 
214105_at SOCS3 suppressor of cytokine signaling 3 9021 
215070_x_at RABGAP1 RAB GTPase activating protein 1 23637 
215217_at IGKC Immunoglobulin kappa constant 3514 
216325_x_at RTEL1 regulator of telomere elongation helicase 1 51750 
217889_s_at CYBRD1 cytochrome b reductase 1 79901 
219525_at SLC47A1 solute carrier family 47, member 1 55244 
219559_at SLC17A9 solute carrier family 17, member 9 63910 
219773_at NOX4 NADPH oxidase 4 50507 
220288_at MYO15A myosin XVA 51168 
220306_at FAM46C family with sequence similarity 46, member C 54855 
222121_at SGEF Src homology 3 domain-containing guanine nucleotide exchange factor 26084 
224044_at RHOT1 ras homolog gene family, member T1 55288 
225654_at NSD1 nuclear receptor binding SET domain protein 1 64324 
226610_at CENPV centromere protein V 201161 
227007_at TMCO4 transmembrane and coiled-coil domains 4 255104 
227890_at TMEM198 transmembrane protein 198 130612 
228875_at FAM162B family with sequence similarity 162, member B 221303 
230664_at H2BFM  H2B histone family, member M /// H2B histone family, member X, pseudogene 286436 /// 767811 
230802_at ARHGAP24 Rho GTPase activating protein 24 83478 
230949_at SLC23A3 solute carrier family 23 (nucleobase transporters), member 3 151295 
231164_at ABCA17P ATP-binding cassette, sub-family A (ABC1), member 17 (pseudogene) 650655 
231794_at CTLA4 cytotoxic T-lymphocyte-associated protein 4 1493 
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Affymetrix ID Gene Symbol Gene Name Entrez Gene ID 
232912_at GPR180 G protein-coupled receptor 180 160897 
234818_at TMEM108 transmembrane protein 108 66000 
235339_at SETDB2 SET domain, bifurcated 2 83852 
236195_x_at PRKCG protein kinase C, gamma 5582 
238564_at FAM171B Family with sequence similarity 171, member B 165215 
241995_at DGUOK deoxyguanosine kinase 1716 
242946_at CD53 CD53 molecule 963 
243301_at COL22A1 collagen, type XXII, alpha 1 169044 
244225_x_at LMNA Lamin A/C 4000 
244691_at SETD5 SET domain containing 5 55209 
1552281_at SLC39A5 solute carrier family 39 (metal ion transporter), member 5  283375 
1555447_at GPR114 G protein-coupled receptor 114 221188 
1564796_at EMP1 epithelial membrane protein 1 2012 
1568830_at IRAK3 interleukin-1 receptor-associated kinase 3 11213 
1569504_at LILRB4 Leukocyte immunoglobulin-like receptor, subfamily B (with TM and ITIM domains), member 4 11006 
204591_at CHL1 cell adhesion molecule with homology to L1CAM (close homolog of L1) 10752 
211100_x_at LILRA2 leukocyte immunoglobulin-like receptor, subfamily A (with TM domain), member 2 11027 
215108_x_at TOX3 TOX high mobility group box family member 3 27324 
224262_at IL1F10 interleukin 1 family, member 10 (theta) 84639 
229849_at WIPF3 WAS/WASL interacting protein family, member 3 644150 
235518_at SLC8A1 solute carrier family 8 (sodium/calcium exchanger), member 1 6546 
237144_at LTBP3 latent transforming growth factor beta binding protein 3 4054 
1552787_at HELB helicase (DNA) B 92797 
1554396_at UEVLD UEV and lactate/malate dehyrogenase domains 55293 
1555063_at USP6 ubiquitin specific peptidase 6 (Tre-2 oncogene) 9098 
1555078_at ZNF843 zinc finger protein 843 283933 
1557223_at RBPMS  RNA binding protein with multiple splicing /// succinate dehydrogenase complex, subunit A, flavoprotein 

pseudogene 2 
11030 /// 727956 

1559128_at HSDL2 hydroxysteroid dehydrogenase like 2 84263 
242762_s_at FAM171B family with sequence similarity 171, member B 165215 
1563318_s_at MAGIX MAGI family member, X-linked 79917 
205885_s_at ITGA4 integrin, alpha 4 (antigen CD49D, alpha 4 subunit of VLA-4 receptor) 3676 

 
C. Genes present in ≥3 healthy controls compared to 0 asthmatics 
Affymetrix ID Gene Symbol Gene Name Entrez Gene ID 
205708_s_at TRPM2 transient receptor potential cation channel, subfamily M, member 2 7226 
205752_s_at GSTM5 glutathione S-transferase mu 5 2949 
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Affymetrix ID Gene Symbol Gene Name Entrez Gene ID 
207004_at BCL2 B-cell CLL/lymphoma 2 596 
207095_at SLC10A2 solute carrier family 10 (sodium/bile acid cotransporter family), member 2 6555 
207309_at NOS1 nitric oxide synthase 1 (neuronal) 4842 
207995_s_at CLEC4M C-type lectin domain family 4, member M 10332 
208147_s_at CYP2C8 cytochrome P450, family 2, subfamily C, polypeptide 8 1558 
211909_x_at PTGER3 prostaglandin E receptor 3 (subtype EP3) 5733 
216260_at DICER1 dicer 1, ribonuclease type III 23405 
217400_at PCNA proliferating cell nuclear antigen 5111 
91703_at EHBP1L1 EH domain binding protein 1-like 1 254102 
225449_at RDH13 retinol dehydrogenase 13 (all-trans/9-cis) 112724 
226292_at CAPN5 calpain 5 726 
227222_at FBXO10 F-box protein 10 26267 
236274_at EIF3B eukaryotic translation initiation factor 3, subunit B 8662 
238453_at FGFBP3 fibroblast growth factor binding protein 3 143282 
239607_at GPR156 G protein-coupled receptor 156 165829 
244819_x_at PSPH phosphoserine phosphatase 5723 
1552804_a_at TIRAP toll-interleukin 1 receptor (TIR) domain containing adaptor protein 114609 
1552912_a_at IL23R interleukin 23 receptor 149233 
1552980_at HAS3 hyaluronan synthase 3 3038 
1558732_at MAP4K4 mitogen-activated protein kinase kinase kinase kinase 4 9448 
212803_at NAB2 NGFI-A binding protein 2 (EGR1 binding protein 2) 4665 
213338_at TMEM158 transmembrane protein 158 25907 
215769_at TRD@ T cell receptor delta locus 6964 
220663_at IL1RAPL1 interleukin 1 receptor accessory protein-like 1 11141 
237210_at NFRKB nuclear factor related to kappaB binding protein 4798 
240063_at LOC441046 glucuronidase, beta pseudogene 441046 
1553175_s_at PDE5A phosphodiesterase 5A, cGMP-specific 8654 
1555082_a_at NEK11 NIMA (never in mitosis gene a)- related kinase 11 79858 
1556144_at DHX30 DEAH (Asp-Glu-Ala-His) box polypeptide 30 22907 
1564386_at TXNDC8 thioredoxin domain containing 8 (spermatozoa) 255220 
216755_at OSBPL10 oxysterol binding protein-like 10 114884 
204795_at PRR3 proline rich 3 80742 

 
Table 3.4  Baseline gene expression in HAEBC in health and asthma. The HAEBC gene expression profile was compared between health (n=5) and asthma (n=6). A shows the gene 
differentially expressed at baseline with ≥1.6-fold significant difference, p<0.05 with presence calls ≥100%. False discovery rate of 1000 permutations is 18.0%. B highlights the genes that are 
present in ≥3 asthmatics compared to 0 healthy control, and are relevant in this thesis. C highlights the genes that are present in ≥3 healthy controls compared to 0 asthmatics, and are relevant in 
this thesis. 
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3.4.5 Baseline ciliary function of ALI cultures was similar between health and 

asthma 

Abnormal ciliary function is believed to be one of the causes of the impaired 

mucociliary clearance in asthmatic airways (210). By using ciliated ALI cultures as a 

tool, it was considered whether this dysfunction persisted in in vitro primary cultures 

and represented an altered epithelial cell phenotype. 

 

Clinical'Details' Healthy'(n'='17)' Asthmatic'(n'='31)' p8values'

Gender&(F)& 10&(6)& 17&(14)& 0.61*&

Age,&yr& 43&(5)& 45&(2)& 0.56&

Pack&year& 3&(3)& 3&(2)& 1.00&

%&Predicted&FEV1& 102&(3)& 88&(2)& 0.002'

%&FEV1/FVC& 85&(3)& 74&(2)& 0.0002'

PC20&FEV1,&mg/ml&†& >16& 0.8&(0.4H1.6)& <'0.0001'

Blood&Total&IgE,&kU/ml& 106&(57)& 515&(247)& 0.35&

Blood&eosinophils,&kU/ml& 0.11&(0.01)& 0.43&(0.07)& 0.001'

Treatment&(mcg/24&BDP&eqv.)& n/a& 1412&(120)& n/a&

Atopy,&%& 50& 73& 0.19*&

Age&of&Disease&Onset,&yr& n/a& 35&(4)& n/a&

Sputum&Characterization& & & &

Total&cell&count(x10
6&
cells/ml)& n/a& 2.2&(0.3)& n/a&

Eosinophils,&%&‡& n/a& 1.6&(0.2H11)& n/a&

Neutrophils,&%&‡& n/a& 46&(29H84)& n/a&

Macrophages,&%&‡& n/a& 28&(12H49)& n/a&

Epithelial&cells,&%&‡& n/a& 2.0&(0.8H6.9)& n/a&

†&geometric&mean&(95%&CI)&‡&median&(interHquartile&range);&*Chi&Square&test,&p<0.05.&

 
Table 3.5 Clinical details of the subjects in the baseline ciliary function experiment. Data are 
expressed as mean (SEM) unless otherwise indicated. Statistical differences were assessed using unpaired 
t-tests, p<0.05, unless otherwise indicated. 

 

17 healthy controls and 31 asthmatic samples were used in this experiment (Table 3.5). 

Ciliary function of ALI cultures was firstly assessed by two methods. The overhead 

method recorded videos of the ciliary tips, leaving the ALI cultures undisturbed. The 

scraping method recorded videos of surface side profiles of the ALI cells that were 

scraped off and re-suspended in culture medium (Figure 3.3). Example representative 
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videos can be found in the disc attached as Appendix 7.1. The scraping method also 

allows the assessment of ciliary beat patterns, which was shown to be equally important 

as the CBF in normal mucociliary clearance (125, 126). There was no significant 

difference in mean±SEM CBF regardless the method used (scraping method, 9.5±0.8 

Hz versus 9.4±1.0 Hz, p=0.92; overhead method, 12.7±1.4 Hz versus 13.5±0.6 Hz, 

p=0.58) (Figure 3.4A). There was also no significant difference across disease severity 

(scraping method, p=0.65; overhead method, p=0.42). The CBF obtained by overhead 

method was significantly higher than that obtained by scraping method in asthmatic 

cells (13.5±0.6 Hz versus 9.4±1.0 Hz, mean difference [95% CI] -4.2 [-6.4 to -1.9] Hz, 

p=0.001), which might be explained by the “injury” introduced to the cells during 

scraping. This “injury” however may not explain the similarity in the CBF between 

health and asthma since it was a variable that existed among all the “scraped” samples. 

Similar to the CBF observation, beat patterns were similar in healthy and asthmatic 

groups. They included the % of normal cilia (Figure 3.4B, health versus asthma, 48±8 

% versus 41±5 %, p=0.48), the % of dyskinetic cilia (Figure 3.4C, 43±7 % versus 50±4 

%, p=0.35) and the % of static cilia (Figure 3.4D, 9±3 % versus 8±2 %, p=0.69). 

Similarity in the levels of ciliogenesis in culture (Figure 3.4E, 60±7 % versus 62±3 %, 

p=0.78) and surface morphology (Figure 3.4F, 1.6±0.1 versus 1.7±0.1, p=0.57) 

suggests asthmatic cells had no deficiency in differentiation. 

 

These data suggest that the abnormal ciliary function observed in vivo was not 

maintained when the cells were in culture. This phenomenon was also observed in other 

studies using differentiated nasal epithelial cultures (377, 399). 
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To further validate this experimental approach, the repeatability of the ciliary function 

over 24 h and long-term culture was evaluated. CBF, beat patterns, the level of 

ciliogenesis, and surface morphology were measured and no difference was observed, 

suggesting that the scraping method was repeatable (Figure 3.5). The observation was 

similar with long-term culture for up to 126 d, with no significant difference in any 

ciliary function parameter between the two time points. These results suggest that by 

using the Glenfield Hospital protocol, differentiated primary ALI cultures may last for 

up to 126 d after the first cilium was observed. 

 

 

 
 
Figure 3.3 Side profiles of different ciliated epithelial surfaces observed. 
A shows a side profile with a smooth surface and no cell protrusion, which is categorised as morphology 
index 1. It also shows the bended tips of normally beating cilia. B shows a side profile with a relatively 
smooth surface with some cell protrusion, which is categorised as index 2. It also shows the presence of 
static cilia. C shows an uneven surface with cell protrusion, which is categorised as index 3. It also shows 
the presence of dyskinetic cilia. D shows single cells with ciliated surfaces (for fresh cells only); this is 
categorised as index 4.  

A

C D

B
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Figure 3.4 Baseline ciliary function of ciliated human primary epithelial cell cultures. 
Ciliary function was assessed using the parameters ciliary beat frequency (CBF) (healthy controls n=16, 
asthmatics n=32) and ciliary beat patterns (healthy controls n=9, asthmatics n=11). The data are presented 
as mean±SEM. (A) CBF of ciliated epithelial cells from controls (circles), mild asthmatics (squares), 
moderate asthmatics (triangles) and severe asthmatics (inverted triangles). CBF analyzed by scraping 
method (closed) or overhead viewing method (open), followed by high-speed video-microscopy. Ciliary 
beat patterns were expressed as a % of normally beating cilia (B), a % of dyskinetic cilia (C), and a % of 
static cilia (D). The level of ciliogenesis (E) and the ciliated surface (F) were also determined. 
Morphology index 1 to 3 represented smooth ciliated surfaces to uneven surfaces with cell protrusion. 
Statistical differences were assessed using unpaired t-tests, p<0.05.  

C
BF

 / 
H

z!
p = 0.57!

Controls! Asthmatics!

%
 N

or
m

al
 C

ilia
!

Controls! Asthmatics!

%
 S

ta
tic

 C
ilia
!

Controls! Asthmatics!

%
 D

ys
ki

ne
tic

  C
ilia
!

Controls! Asthmatics!

M
or

ph
ol

og
y 

In
de

x!

Controls! Asthmatics!

%
 C

ilia
te

d 
Su

rfa
ce
!

A! B!

C! D!

E! F!

p = 0.28!

p = 0.63!

p = 0.51!

p = 0.16!

p = 0.64!

p = 0.92!

Controls!

Asthmatics!

Asthmatics!

100!

75!

50!

25!

0!

100!

75!

50!

25!

0!

100!

75!

50!

25!

0!

100!

75!

50!

25!

0!

0!

1!

2!

3!

25!

20!

15!

5!

0!

10!

Controls!



Chapter 3. 
Epithelial Ciliary Function 

 112 

 

Figure 3.5 Ciliary function repeatability over 24 h. The repeatability of ciliary function analysis 
approach was assessed to support the sputum inoculation study. Reading 1 was taken at time zero (dots); 
reading 2 was taken 24 h later (squares). The data was presented in mean±SEM. Ciliary function was 
using the parameters CBF (A) and beat patterns, represented by a % of normal cilia (B), a % of dyskinetic 
cilia (C) and a % of static cilia (D). Culture surface quality was presented as % of ciliated surface (E) and 
surface morphology (F). Statistical differences were assessed using paired t-tests, p<0.05.  
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3.4.6 Asthmatic sputum induced ciliary dysfunction in asthmatic ALI cultures 

The loss of ciliary dysfunction in asthmatic ciliated cultures implicates that an altered 

environment surrounding the cilia may more important to the epithelial ciliary function 

than expected. To test if the environment factor plays a role in ciliary dysfunction in 

asthma, fresh and un-processed asthmatic sputa were used as the tool to provide an 

asthma-specific microenvironment to the ALI cultures. 

 

Study' Sputum'inoculation'study'epithelial'cell'donors' & Sputum'donors'

Clinical'Details' Healthy'(n'='5)' Asthmatic'(n'='6)' p8values' ' Asthmatic'(n'='11)'

Gender&(F)& 1&(4)& 2&(4)& 0.62*& & 4&(7)&

Age,&yr& 38&(7)& 44&(7)& 0.55& & 54&(6)&

Pack&year& 0& 0.8&(0.8)& 0.36& & 0.5&(0.3)&

%&Predicted&FEV1& 101&(8)& 97&(6)& 0.71& & 76&(7)&

%&FEV1/FVC& 85&(2)& 75&(3)& 0.03' & 69&(4)&

PC20&FEV1,&mg/ml&†& >16& 2.2&(0.7H7.6)& 0.0007' & n/a&

Blood&Total&IgE,&kU/ml& 253&(230)& 52&(15)& 0.17& & 359&(234)&

Blood&eosinophils,&kU/ml& 0.10&(0.03)& 0.3&(0.1)& 0.13& & 0.57&(0.11)&

Treatment&(mcg/24&BDP&eqv.)& n/a& 700&(309)& n/a& & 1662&(143)&

Atopy,&%& 50& 83& 0.26' & 75*&

Age&of&Disease&Onset,&yr& n/a& 39&(9)& n/a& & 23&(7)&

Sputum&Characterization& & & &
&

&

Total&cell&count(x10
6&
cells/ml)& n/a& 3.2&(0.9)& n/a& & 9.4&(4.7)&

Eosinophils,&%&‡& n/a& 2.8&(1.3H8.5)& n/a& & 1.7&(0.001H12.3)&

Neutrophils,&%&‡& n/a& 47&(35H78)& n/a& & 72&(51H96)&

Macrophages,&%&‡& n/a& 36&(15H55)& n/a& & 10&(3H16)&

Epithelial&cells,&%&‡& n/a& 1.8&(1.0H12.4)& n/a& & 8.0&(0.3H12.3)&

†&geometric&mean&(95%&CI)&‡&median&(interHquartile&range)&*&Chi&Square&p<0.05.&

 
Table 3.6 Clinical details of subjects in sputum-inoculation experiment. This table shows the 
details of the subjects of which the ALI cultures were developed from (Sputum inoculation study 
epithelial cell donors), and the sputa were collected from (Sputum donors). Data are expressed as mean 
(SEM) unless otherwise indicated. Statistical differences were assessed using unpaired t-tests, p<0.05, 
unless otherwise indicated. 

 

5 healthy controls and 6 asthmatic ALI cultures, and 11 asthmatic sputa were used in 

this experiment (Table 3.6). At baseline, there was no significant difference in CBF 

between the presence (8.2±0.8 Hz) and absence (8.2±1.0 Hz) of antibiotics among all 

samples (n=11). This remained not significant when they were divided into their healthy 
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and asthmatic groups (Figure 3.6A and B). At 1 h with the presence of antibiotics, an 

acute significant increase in CBF in response to asthmatic sputa (Figure 3.6A) was 

observed in the epithelial cells derived from subjects with (mean difference [95% CI] 

4.2 [1.6 to 8.6] Hz, p=0.01) and without asthma (2.6 [0.05 to 5.1] Hz, p=0.05) (Figure 

3.6C). This increase was not likely to be induced simply by the physical contact 

between the sputum materials and the cilia, because this phenomenon was lost in the 

absence of antibiotics (Figure 3.6B). In contrast, 24 h sputum inoculation without 

antibiotics significantly reduced CBF in subjects with asthma (5.4±1.3 Hz) compared to 

health (10.1±1.4 Hz; -4.7[-9.0 to -0.39] Hz, p=0.04; Figure 3.6D). This reduction was 

very similar to the in vivo observations in severe asthma (210). To look at the difference 

between health and asthma in response to the 24 h sputum inoculation, the area under 

curve (AUC) of Figure 3.6A and Figure 3.6B were calculated. The AUC values were 

similar between the subject groups with antibiotics (Figure 3.6E). In the antibiotic-free 

group, AUC was significantly lower in the asthmatic donors compared to healthy 

controls (-2.4±1.6 Hz versus 1.9±0.8 Hz, 4.3[-8.6 to 0.1] Hz; p=0.03) (Figure 3.6F). 

The repeatability of ciliary function measurement was excellent (Table 3.8), with an 

interclass correlation coefficient >0.99 within a single observer and >0.99 across 

observers. 

 

As for the ciliary beat patterns, the sputum inoculation with antibiotics caused an acute 

reduction in the % of static cilia in all samples at 1 h (5±1 %) from baseline (9±3 %, 

p=0.04), which was not observed when antibiotics were absent in the culture medium. 

After dividing the samples into subject groups (Figure 3.7A and B), this acute decrease 

was only observed in the asthmatic ALI cells (9.1±1.6 % to 3.9±1.3 %, -5.2 [-9.8 to -0.4] 

%, p=0.04) (Figure 3.7C). With antibiotics, sputum inoculation increased the % of 
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static cilia in a non-significant, time-dependent manner (Figure 3.7A) that was not 

significantly different between health and disease at any time-point (Figure 3.7E). 

However without antibiotics, the sputum inoculation dramatically increased the % of 

static cilia in the asthmatic group from 1 h (14±9 %) to 24 h (36±14 %, p=0.01) (Figure 

3.7B), and was significantly different from the controls at 24 h (6±3 %, p=0.02) (Figure 

3.7D). Without antibiotics, the % static cilia AUC for asthmatic donors was 

significantly increased (27±13 %, p=0.03), and was significantly higher compared to the 

controls (-2±5 %, p=0.03) (Figure 3.7F). Table 3.7 includes the results of other ciliary 

function parameters. Results from both healthy controls and asthmatics were combined 

(n=11) due to the lack of differences between the two subject groups. The % of normal 

cilia reduced in response to asthmatic sputum in the absence of antibiotics (Table 3.7A), 

but was not differentially difference between subject groups. There was no difference in 

the % of dyskinesia between subject groups in response to sputum inoculation, with or 

without antibiotics. There was no significant difference in the % of ciliated surface and 

the surface morphology between subject groups (Table 3.7B). The agreement within 

single observer was excellent (r<0.78, Table 3.8). There were no differences in ciliary 

function between subject groups inoculated with PBS at any time-point. 

 

Furthermore, this reduction in ciliary function was not caused by the absence of 

antibiotics. The removal of antibiotics for 48 h did not induce any differential difference 

between healthy and asthmatic ALI cultures using any parameters of the ciliary function 

(CBF, p=0.55; % normal cilia, p=0.49; % dyskinetic cilia, p=0.38; % static cilia, p=0.70; 

% ciliated surface, p=0.08; morphology, p=0.48). There was also no difference between 

the subject groups after the re-introduction of antibiotics for another 48 h. The ciliary 

dysfunction was therefore not likely to be caused by any low profile infection embedded 
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within the asthmatic cells that became high profile when the cells in an antibiotic-free 

environment. 
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Figure 3.6 Effect of sputum inoculation with/(out) antibiotics on CBF over 24 h. Ciliated 
epithelial cells were first pre-incubated in medium with (+, left panel) or without (-, right panel) 
antibiotics. Cells were then inoculated with fresh asthmatic sputa for 0 h (baseline), 1 h, 4 h and 24 h. At 
the end of each time point, cells were scraped off and video-microscopy was performed. Heavily ciliated 
ALI cultures developed from healthy controls (n=5, closed symbols) and asthmatics (n=6, open symbols) 
were used. The data are presented as mean±SEM. A and B show the CBF changes upon sputum 
inoculation. C shows the acutely induced CBF increase in subject groups with the presence of asthmatic 
sputa and exogenous antibiotics at 0-1 h. D shows the sputum-induced CBF reduction at 1-24 h without 
antibiotics. E and F show the area under curve (AUC) of A and B. * indicates comparison with baseline 
using paired t-tests, p<0.05. # indicates comparison between subject groups using Mann-Whitney U test, 
p<0.05. § indicates comparison of AUC using Wilcoxon test compared with no change, p<0.05.  
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Figure 3.7 Effects of sputum inoculation with/(out) antibiotics on the % of static cilia over 24 
h. Ciliated epithelial cells were first pre-incubated in medium with (+, left panel) or without (-, right panel) 
antibiotics. Cells were then inoculated with fresh asthmatic sputa for 0 h (baseline), 1 h, 4 h and 24 h. At 
the end of each time point, cells were scraped off and video-microscopy was performed. Heavily ciliated 
ALI cultures developed from healthy controls (n=5, closed symbols) and asthmatics (n=6, open symbols) 
were used. The data are presented as mean±SEM. A and B show the changes in the % of static cilia upon 
sputum inoculation. C shows the acutely induced reduction in the % of static cilia in subject groups with 
the presence of asthmatic sputa and exogenous antibiotics at 0-1 h. D shows the sputum-induced elevation 
in % of static cilia at 1-24 h without antibiotics. E and F show the area under curve (AUC) of A and B. * 
indicates comparison with baseline using paired t-tests, p<0.05. # indicates comparison between subject 
groups using Mann-Whitney U tests. § indicates comparison of AUC using Wilcoxon tests with no 
change, p<0.05.  
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A. 
Mean (SEM) All Samples (n=11) 

Normal 
Cilia / % 

With 
antibiotics 

Baseline PBS 1 h PBS 4 h PBS 24 h 
55 (5.4) 

 
58 (5.2) 
p = 0.53 

62 (4.4) 
p = 0.23 

53 (5.2) 
p = 0.69 

 SPU 1h SPU 4h SPU 24 h 
58 (3.3) 
p = 0.54 

60 (6.2) 
p = 0.35 

46 (8.4) 
p = 0.14 

Without 
antibiotics 

Baseline PBS 1 h PBS 4 h PBS 24 h 
55 (7.7) 

 
62 (7.7) 
p = 0.41 

62 (6.0) 
p = 0.54 

56 (6.3) 
p = 0.86 

 SPU 1h SPU 4h SPU 24 h 
50 (8.7) 
p = 0.58 

53 (9.0) 
p = 0.78 

32 (7.7) 
p = 0.003 

Dyskinetic 
Cilia / % 

With 
antibiotics 

Baseline PBS 1 h PBS 4 h PBS 24 h 
35 (5.2) 

 
38 (4.9) 
p = 0.62 

30 (4.6) 
p = 0.44 

33 (6.0) 
p = 0.85 

 SPU 1h SPU 4h SPU 24 h 
38 (3.1) 
p = 0.56 

36 (5.5) 
p = 0.94 

32 (5.7) 
p = 0.59 

Without 
antibiotics 

Baseline PBS 1 h PBS 4 h PBS 24 h 
37 (6.9) 

 
32 (8.0) 
p = 0.54 

32 (6.0) 
p = 0.60 

34 (5.3) 
p = 0.40 

 SPU 1h SPU 4h SPU 24 h 
36 (6.0) 
p = 0.88 

29 (7.0) 
p = 0.34 

45 (8.1) 
p = 0.40 

 
B. 

Mean (SEM) All Samples (n=11) 

Ciliated 
Surface / % 

With 
antibiotics 

Baseline PBS 1 h PBS 4 h PBS 24 h 
64 (5.3) 

 
63 (5.1) 
p = 0.93 

70 (4.6) 
p = 0.17 

61 (4.3) 
p = 0.82 

 SPU 1h SPU 4h SPU 24 h 
75 (4.8) 

p = 0.004 
68 (4.5) 
p = 0.25 

63 (3.8) 
p = 0.80 

Without 
antibiotics 

Baseline PBS 1 h PBS 4 h PBS 24 h 
65 (5.5) 

 
66 (6.5) 
p = 0.88 

66 (4.5) 
p = 0.66 

64 (4.7) 
p = 0.62 

 SPU 1h SPU 4h SPU 24 h 
62 (7.8) 
p = 0.72 

64 (7.0) 
p = 0.76 

54 (7.3) 
p = 0.01 

Surface 
Morphology 

/ index 

With 
antibiotics 

Baseline PBS 1 h PBS 4 h PBS 24 h 
1.8 (0.1) 

 
1.7 (0.1) 
p = 0.77 

1.9 (0.1) 
p = 0.67 

2.2 (0.1) 
p = 0.10 

 SPU 1h SPU 4h SPU 24 h 
1.7 (0.1) 
p = 0.71 

1.9 (0.1) 
p = 0.66 

1.9 (0.1) 
p = 0.65 

Without 
antibiotics 

Baseline PBS 1 h PBS 4 h PBS 24 h 
2.1 (0.14) 

 
1.8 (0.17) 
p = 0.04 

2.0 (0.17) 
p = 0.41 

2.2 (0.18) 
p = 0.79 

 SPU 1h SPU 4h SPU 24 h 
1.7 (0.1) 
p = 0.03 

1.8 (0.1) 
p = 0.16 

2.0 (0.2) 
p = 0.74 

 
Table 3.7 Effects of sputum inoculation with/(out) antibiotics on the ciliary beat patterns and 
surface quality over 24 h. These tables show the results on the rest of the parameters on ciliary function 
analysis. Data are presented as mean (SEM). Results from both healthy controls and asthmatics were 
combined (n=11) due to the lack of differences between the two subject groups. A shows the change in 
the % of normally beating cilia and the % of dyskinetic cilia in response to asthmatic sputum inoculation 
with and without antibiotics. B shows the ciliated surface quality as the % of ciliated surface and surface 
morphology (index). Statistical differences were assessed using paired t-tests, p<0.05, compared with 
baseline.  
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A. 
Intra-Observer 
Correlation 

CBF / 
Hz 

% Normal 
Cilia 

% Dyskinetic 
Cilia 

% Static 
Cilia 

% Ciliated 
Surface 

Morphology 
Index 

Correlation coefficient 
(r) 0.981 0.756 0.673 0.584 0.982 0.912 

p-value <0.0001 0.005 0.017 0.046 0.001 <0.0001 
Interclass correlation 
coefficient 
(Cronbach’s Alpha) 

0.990 0.853 0.783 0.736 0.992 0.928 

p-value <0.0001 0.002 0.009 0.018 <0.0001 <0.0001 
 
B.  
Cross-Observer Correlation CBF 
Correlation Coefficient (r) 0.981 
p-value <0.0001 
Interclass correlation coefficient 
(Cronbach’s Alpha) 

0.991 

p-value <0.0001 
 
Table 3.8 Repeatability of ciliary function measurement. The intra-observer (A) and cross-
observers (B) correlations on ciliary function analysis using linear correlation coefficient (r) and intra-
class correlation coefficient (Cronbach’s alpha), p<0.05.  
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3.5 Discussion 

In this chapter it has been shown that heavily ciliated ALI cultures were successfully 

grown at Glenfield hospital from both healthy and asthmatic subjects across different 

disease severity, which would remain confluent and ciliated for over 100 d. In 

comparison to the ALI cultures studies in literature (400-402), the ALI cultures at 

Glenfield Hospital took longer to become fully ciliated. This could be due to the 

differences in culture protocols, ingredients in the ALI medium, geographical location 

and source of the cells. Using the light microscopy, there was no observable difference 

in morphology between healthy- and asthma-derived HAEBC or the ALI cultures. 

Evidence in literature has shown that asthmatic epithelium has a loss of TJs and loss of 

cilia, with goblet cell hyperplasia and mucus hypersecretion (64, 194). To further 

investigate these pathological features as well as the robustness of cell differentiation, 

paraffin embedded tissue would be required on which immunofluorescence and/or 

immunohistochemical staining could be conducted. 

 

The results from MSD assays and ELISAs supported the null hypothesis that the ciliary 

dysfunction in asthmatic epithelial cells is not likely to be due to a differential synthetic 

capability, in terms of pro-inflammatory mediators, between healthy and asthmatic 

epithelial cultures. In asthmatic airways, the epithelium plays a major role in 

contributing to persistent inflammation. It is evident in literature that the asthmatic 

epithelium is persistently active even at a resting state, with an increased baseline 

secretion of mediators such as CXCL8 and IL-6 (29, 180). However, these 

abnormalities were not observed in the current MSD results. This result was supported 

by some studies (403, 404), but not by others (180, 182). The deficiency in type I and 

III interferons following a viral infection has been reported to be a fundamental 



Chapter 3. 
Epithelial Ciliary Function 

 122 

impairment in the innate immune response in asthma that promotes the persistence of a 

viral infection and the development of an exacerbation (181, 182). This impairment is 

not revealed at an un-stimulated status in HAEBC as reported here. As mentioned in the 

Methodology section, the mediators investigated here were based on literature reviews 

(148, 150) as well as the technical constraints from the manufacturer. The results shown 

here may not necessarily and inclusively represent all the pro-inflammatory mediators 

involved in the innate immune system.  Other cytokines such as IL-33, TSLP, and IL-25 

(405), were shown to play significant roles in asthma pathogenesis, and therefore could 

be investigated. Apart from cytokines and chemokines, other components such as 

antimicrobial products β-defensins and Toll-like receptors (TLRs) also play important 

roles in mediating innate response, and were shown to be involved in chronic airways 

diseases (78, 406). Their involvement in asthma is discussed in Chapter 4. On the other 

hand, the results here supported the current view that different epithelial subtypes have 

differential functions within the epithelium (77, 407, 408). For example, the high 

constitutive level of IFN-β in progenitorial basal cells may help with a rapid activation 

of the anti-microbial immunity, and any required apoptosis, upon viral infection (64). 

 

The result from human genome microarrays weakly opposed the null hypothesis that 

differential HAEBC gene expression at baseline was found between health and asthma. 

Differential gene expression between health and asthma at an un-stimulated level has 

been reported previously (8, 180). At the time of the experiment, there was no report in 

literature suggesting any specific genes that were responsible for the regulation of 

ciliary function. The genes that were found differentially expressed from the current 

microarrays are involved in a range of cellular functions, such as cell survival and 

development, inflammation and signalling, oxidative handling, and ion transports. 
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Specifically, some of these genes may be involved in HAEBC differentiation, such as 

TUBE1 that encodes tubulin is for cilia formation (398), and RGS2 that encodes a 

protein for regulating [Ca2+]i and thus CBF (116), and therefore might contribute to the 

abnormal ciliary function. Interestingly, some of the results challenge current literature. 

For example, the gene of cell cycle marker Ki67 was present in ≥3 asthmatic HAEBC 

but absent in healthy HAEBC, and vice versa for PCNA. This is in agreement with some 

studies showing a dysregulated, fast epithelial cell proliferation (178, 180), but 

contradicts the others (409). However the low sample size restricted the power of these 

results, which was due to the high running cost of the microarrays. This low sample size 

also did not allow further dissection of the samples into asthma subtypes that seem to 

have different underlying mechanisms (25, 334). Another limitation was that no ciliated 

samples were used for the microarray analysis. Gene polymorphisms had also not been 

taken into account in the current analysis (338, 339). 

 

To address the limitation on sample size and the cell type used, I compared the 

microarray result here a recent study reported by Woodruff et al. (8). They compared 

the gene expression in fresh bronchial brushes obtained from healthy controls (n=28), 

asthmatics (n=42) and smokers (n=16) using Affymetrix microarrays (8). They used a 

cut-off value of 1.1-fold change. Among the top ten genes that were shown 

differentially expressed in fresh brushes between health and asthma in Woodruff’s study, 

none of which showed up in this microarray result. However, more similarities could be 

found when comparing healthy controls herein and smokers in Woodruff’s dataset. For 

example, CYP4F3 and CYP4F11 gene expression were found upregulated in the disease 

groups of both studies; AKR1C2, ABCC gene family and SLC gene family were up-

regulated in Woodruff’s smoker group, whilst they were expressed in ≥3 out of 6 
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asthmatics in the asthmatic group used here. The similarity between the healthy 

controls/asthmatic dataset herein and Woodruff’s healthy controls/smokers dataset 

might be explained by the similarity in the subject characteristics – the lung function of 

this asthma subject group was worse than Woodruff’s asthma, but was similar to their 

smoker group; ex-smokers were included in this asthma subject group. This comparison 

here further illustrated that gene expression profile could be sample-dependent (77), and 

it changes as the basal cells differentiate into fully ciliated cells(398). 

 

Mucociliary clearance is essential in pulmonary defence (101) and is impaired in 

asthma (395, 410). My group has previously demonstrated that CBF and beat pattern are 

abnormal in asthma and are related to disease severity (210). These abnormalities were 

determined in subjects without radiological evidence of bronchiectasis (210), but 

importantly bronchiectasis is present in 40% of severe asthmatics (411) suggesting that 

ciliary dysfunction in asthma may be underestimated. It was reported here that the 

ciliary dysfunction did not persist in ciliated cultures differentiated in vitro, but could be 

re-introduced only in the asthmatic ALI cultures by inoculating the cells with fresh, un-

processed asthmatic sputa. The loss in ciliary dysfunction in the asthmatics cells could 

be due to the controlled, sterile growing environment in vitro, which further implies the 

importance of the presence of an asthma-specific microenvironment in driving the 

abnormal clinical phenotypes. This was further supported by the result from the sputum 

inoculation study. Sputa consist of materials that are present on the surface of the 

airway epithelium, including structural cells, inflammatory cells and trapped inhaled 

materials (243, 412), and thus they provide a cell profile that is specific to the asthmatic 

individual. Therefore, the asthmatic sputa were likely to be introducing an asthma-

specific environment to the ALI cultures. Ciliary dysfunction was re-introduced only to 
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the asthmatic ALI cultures by exposing the cells to fresh, un-processed asthmatic sputa 

in the absence of antibiotics. In fact, it has been shown that asthmatic sputa could 

induce ciliary immotility (396). The materials in the asthmatic sputa were therefore very 

likely to be related to the induced ciliary dysfunction in asthmatic ALI cultures. The 

ciliary dysfunction of the asthmatic ALI cultures was only revealed in an antibiotic-free 

environment, implicating the potential role of microbial colonisation/infection in the 

induction of ciliary dysfunction. As a result, these results opposed the null hypothesis 

that the ciliary dysfunction persists in epithelial cultures derived form asthmatic subjects. 

This abnormality is likely to be associated with the asthma-specific microenvironment.   
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3.6 Criticism 

There are several limitations present in the studies in this chapter: 

 

Limitation 1 – The lack of quality control on HAEBC differentiation into ALI 

cultures 

One of the main limitations in the current chapter was the lack of quality control on the 

robustness and consistency on HAEBC differentiation into ALI cultures up to the point 

where they were used for experiment. These quality controls may include the expression 

level and the localisation of proteins such as β-tubulin (cilium-specific marker), mucins 

MUC5AC (goblet cell marker), cytokeratin 5/14 (basal cell marker), α-smooth muscle 

actin (marker for epithelial-mesenchymal transition), Ki67 (cell proliferation marker) 

and Bcl (cell apoptosis marker). This quality control was not performed because the 

paraffin embedding technique was still under optimisation at the time of the experiment. 

  

Nevertheless, cilia were developed from cells collected from human airways that were 

characterised as epithelial basal cells. These cells were able to grow and differentiate in 

a serum-free medium specific for bronchial epithelial cells (Lonza), but not in serum-

supplemented medium (data not shown). This strongly suggested that my ALI cultures 

used in this thesis were indeed airway epithelial cells. Furthermore, these ALI cultures 

were grown for a much longer time than those reported in literature before being used 

for experiments (400, 401). Performing quality control on these samples would be 

beneficial, but was not performed due to the technical limitation as mentioned above. In 

spite of this, ciliary function was found stable for over 100 days, suggesting that the 

ALI cultures were healthy for these experiments. Pyrtherch et al. (413) reported that the 

cell layers became less compact with large inter-cellular gaps observed within the 
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structure 36 days after ALI (18 days after cilia were visible). However, the primary cells 

they used were bought commercially (414), as well s them being frozen/thawed. The 

cell handling and cell differentiation protocols could also be different. These differences 

may explain the difference in ALI cultures between the two sites. 

 

Limitation 2 – Amplitude of beating cilia has been shown to be important in ciliary 

function, but was not assessed in these studies 

To date there are 3 parameters to measure an overall ciliary function – CBF, beat 

patterns, and “amplitude” (378, 415). The most common interpretation of “amplitude” 

is the distance travelled by a cilium from one end to another. In literature, amplitude has 

been shown to be important, with its role in ciliary function independent from CBF (104, 

376). Apart from CBF, the overhead method can be used for assessing beat amplitude. 

This approach was tested in the sputum inoculation study using 1 healthy and 1 

asthmatic sample. As shown in Figure 3.8A, tips of cilia could be focused on when 

there was only PBS present in the apical chamber of a Transwell®. However, the density 

and the viscosity of the diluted sputum, although homogenised, made the focusing very 

difficult (Figure 3.8B). Another problem was the choice of cilia. In vitro basal cells 

within a Transwell® differentiated at different rate. The maturity of each cilium is 

different, thus resulting different cilia lengths. The resolution of the image captured by 

the camera allowed the ease in focusing on a normal cilium with bendable tip. 

Dyskinetic and static cilia could therefore be easily neglected. This might explain the 

high CBF readings recorded in both control (Figure 3.8C) and asthma (Figure 3.8D) 

that did not resemble the patterns observed using the scraping method. The overhead 

method was therefore not established as the regular protocol for ciliary function analysis.  
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Figure 3.8 Ciliary function assessment using overhead method versus scraping method. Since 
the overhead method gave a different ciliary function analysis outcome from scraping method, a 
comparison was performed using healthy (n=1) and asthmatic (n=1) ALI cultures. A shows that with the 
presence of PBS in the apical chamber, tips of cilia could be focused for functional analysis (arrow). B 
shows that with the presence of asthmatic sputum in the apical chamber, focusing became difficult. 
Arrows show the presence of viscous sputum. C and D show the difference in CBF measurement using 
different method in a healthy and an asthmatic ALI culture respectively. Grey-scaled bars represent PBS-
inoculated samples; red-scaled bars represent sputum-inoculated samples.  
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Limitation 3– Effect of asthmatic sputum on ciliary function might be over-/under- 

estimated 

In the sputum inoculation study, only 1 sputum concentration was used. To confirm the 

role of asthmatic sputum in inducing asthmatic ciliary dysfunction in asthmatic cells, it 

would be beneficial to do a titration on sputum concentration to see if the induced 

ciliary dysfunction is retained with highly diluted sputum. It would also be beneficial if 

the sputum samples from healthy controls could be obtained to see if they have a similar 

effect on the asthmatic cells. However, this is problematic as healthy controls produce 

little-to-no sputum even after sputum induction. Meanwhile, the supply of asthmatic 

sputum samples varies over the year. The availability of fully differentiated ALI 

cultures was also very limited. As a result, these supporting experiments could not be 

performed in my project. 

 

Limitation 4 – The lack of follow-up on the microarrays results 

Apart from the lack of ALI culture samples, another major limitation of the current 

microarrays was the lack of follow-up on the ‘hits’ identified. 

The result from the microarrays suggested that the baseline gene expression was fairly 

similar between healthy and asthmatic HAEBC, but only if a 2-fold threshold was used. 

The difference became more prominent if the threshold was reduced to 1.6-fold (Table 

3.4A), which was also an acceptable cut-off for interpreting microarray results (29, 180). 

Besides, long lists of genes were found predominantly expressed in either subject 

groups (Table 3.4B and C). With such an enormously long list of genes, it would be 

difficult to prioritise which ones to test without a thorough literature reviews. The 

restricted time frame of my PhD limited any further investigation on these ‘hits’, which 
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would be essential in understanding the full profile of airway epithelium and its role in 

asthma pathogenesis.   
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3.7 Summary 

Epithelial cells could be fully differentiated in vitro, which highly resemble the structure 

in vivo. The ALI cultures at Glenfield Hospital were able to stay healthy for over 100 

days and remain experimentally compatible. This provides for researchers a convenient 

and yet reliable model to study the role of the epithelium in asthma. 

 

MSD data revealed that epithelial basal cells and differentiated cells have different pro-

inflammatory mediator secretion profiles, but the profiles were surprisingly similar 

between health and asthma. The microarrays result embedded with the limitation of low 

sample number, but revealed some differential HAEBC gene expression between health 

and asthma, including TUBE1, EDN1 and CST6, and those predominantly found in 

asthmatic HAEBC such as NOX4, TNFRSF and FAM. It would be interesting to look 

into whether this intrinsic abnormality contributes to asthmatic ciliary dysfunction, 

despite the message was weak due to the low sample sizes. 

 

By using ciliated epithelial cells differentiated in vitro, it has been demonstrated that the 

ciliary dysfunction evident in asthma does not persist in ex vivo. This suggests that the 

asthmatic airway environment is critical in the development and maintenance of this 

abnormality. Interestingly, this ciliary dysfunction could be re-introduced by the 

addition of asthmatic sputa whilst the antibiotics were absent in the culture environment. 

This phenomenon was, however, only observed in the asthmatic ALI cultures and not in 

healthy controls. It was also not caused by the absence of antibiotics itself. In addition, 

this observation was not caused by the artefacts of the cell model such as the length of 

culture and the scraping procedure before videomicroscopy. These findings support the 

hypothesis that ciliary dysfunction is caused by an asthma-specific microenvironment. 
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Additionally, the results from the microarrays suggest a weak link between ciliary 

dysfunction and intrinsic genetic defects that might result in higher cell susceptibility to 

injury. To dissect the underlying mechanism of this asthmatic abnormality, the role of 

infection and innate immunity of the epithelium and the role of the oxidative stress are 

respectively investigated and discussed in detail in Chapter 4 and 5. 
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4.1 Chapter Overview 

In Chapter 3 it has been demonstrated that the asthmatic sputum-induced ciliary 

dysfunction was induced only with an absence of exogenous antibiotics, suggesting that 

microbes may be important in the dysfunction. This could be resulted from microbial 

colonisation/infection, microbial cytotoxicity and/or the presence of an abnormal innate 

immunity of the epithelium that facilitates microbial growth. Therefore, the aims of this 

chapter were 1) to explore the relationship between microbes and asthmatic ciliary 

dysfunction, 2) to assess the presence of any defects in anti-microbial activity in the 

asthmatic epithelium and, 3) to investigate if the asthmatic sputum contributed any 

bacterial cytotoxic effect to the induced ciliary dysfunction. 

 

The contents of the asthmatic sputum, including bacteria, fungi and bacterial toxin, were 

quantified. Human β-defensins are potent anti-microbial peptides predominantly 

secreted by airway epithelium and were thus evaluated. The results suggested that these 

elements were likely to be the exogenous factors that initiated the abnormal ciliary 

function in asthmatic epithelium. However, they did not explain the higher 

susceptibility of the asthmatic cells to injuries such as pathogenic colonisation/infection.  
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4.2 Introduction 

A normal microbiota is important for the host defence system. The beneficial effect 

could be due to the counter balance between the TH2 response, which is triggered by the 

allergen, and the TH1 response, which is triggered by the low profile microbial 

colonisation (416). It could also be simply because of a physical barrier function of the 

local commensals against the settlement of allergens and other pathogenic colonisation. 

A lack of commensal has been shown to cause a deficiency in allergen-induced 

inflammation (240). An altered microbiota community has also been shown to be 

pathogenic. The microbiota in asthmatic airways has been found abnormal, with a 

reduction in microbial diversity and an elevation in microbial load (243, 244). In stable 

asthmatics, mucus containing trapped stimuli persists in the airway lumen (249, 250), 

which is likely to be the consequence of mucus hypersecretion as well as a defective 

mucociliary clearance (417). This is likely to prolong the exposure time of these stimuli, 

such as excessive microbes and their pathogenic factors, to the epithelium and thus may 

increase the chance of colonisation and infection. This may explain the associated 

between infection and asthma exacerbation (241, 242, 246). 

 

In Chapter 3, it was reported that asthmatic sputum-induced ciliary dysfunction in 

asthmatic ALI cultures was revealed only when there was an absence of exogenous 

antibiotics. These antibiotics included penicillin, gentamycin and amphotericin, which 

target both bacteria and fungi but not viruses. This implies that bacterial/fungal 

colonisation/infection might play a role in asthmatic ciliary dysfunction. It has been 

shown that asthmatic airways are exposed to increased pathogenic bacterial contents 

(243, 244, 418) and fungal contents (260, 264), and have defective in innate response 
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(181, 182). Viable microbes as well as their products have also been shown to directly 

affect CBF (252, 254, 255).  

Meanwhile, the antimicrobial activity of the airway epithelium may be defective in 

asthma. Gene polymorphisms in toll-like receptors (214) and anti-microbial peptide 

encoding gene (406), and deficiency in IFN secretion (181, 182), have been reported in 

the literatures. For instance, airway epithelium secretes different antimicrobial proteins 

such as human β-defensins (hBDs) and cathelicidins (419), whilst single nucleotide 

polymorphisms (SNPs) on DEFB1, the gene that encodes hBD-1, have been reported to 

associate with asthma diagnosis (406). hBDs has a broad-spectrum of anti-microbial 

capacity against Gram-positive and Gram-negative bacteria, fungi and viruses (165, 167, 

168). A deficiency in hBD secretion from the airway epithelium may therefore facilitate 

microbial growth that impacts ciliary function. 

 

In addition, the rapid effect of the asthmatic sputa on ciliary dysfunction (~1 h) suggests 

that asthmatic sputa are cytotoxic (420). Both bacteria and fungi are capable of 

producing toxins and pathogenic molecules that are cytotoxic. Toxins are able to 

directly reduce CBF and induce ciliary immotility (34, 254). There is an increasing 

amount of evidence that supports the role of Gram-negative bacteria in asthma 

development and exacerbation (246, 249). Endotoxin (LPS) present on the cell walls of 

these bacteria is a PAMP that binds to TLR-2 and TLR-4 (Table 1.3). It triggers 

downstream signalling pathways and induces a rapid innate response. Whilst airway 

epithelial cells express both TLR homologues (133, 258), it is plausible that LPS may 

play a role in induced ciliary dysfunction. 

 

Based on the above evidence, I tested the following hypotheses: 
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(i) Bacterial colonisation/infection is the cause of the asthmatic ciliary dysfunction, 

that antimicrobial treatments would improve ciliary function. 

(ii) Fungal colonisation/infection is the cause of the asthmatic ciliary dysfunction, 

that antimicrobial treatments would improve ciliary function. 

(iii) Bacterial cytotoxicity is the cause of the asthmatic ciliary dysfunction, that 

antimicrobial treatments would improve ciliary function. 

(iv) Asthmatic epithelium facilitates microbial growth that leads to ciliary 

dysfunction. 

 

The surface of airway epithelium contains materials such as airway structural and 

inflammatory cells, materials (e.g. mediators) from these cells, and any trapped inhaled 

particulates such as microbes (243, 412). These materials can be collected alongside the 

induced sputa (22, 379), and thus can be evaluated using the appropriate qualitative and 

quantitative methods for the target of interest. In this chapter, fresh sputa collected from 

healthy and asthmatic subjects, as well as the ACF, ALI S/N and the preserved ALI cell 

strips collected from the sputum inoculation study in Chapter 3, were used as the tools 

to evaluate the microbial and innate immunity profiles in health and asthma and their 

potential correlation with asthmatic ciliary dysfunction.  
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4.3 Methodology 

Sputum samples from a total of 10 healthy controls and 12 asthmatic subjects were 

collected for evaluating any differences between healthy and asthmatic subjects in 

microbial profiles, namely the bacterial and fungal contents. Sputum filtrates were used 

for numerating bacterial culture to colony forming unit (cfu) measurement. Unprocessed 

sputum plugs were used for fungal culture and species identification based on the 

published morphology criteria (381). The remaining sputum materials were used for 

qPCR quantification. 

 

qPCR is a sensitive quantitative method that allows low input materials to be used. Here 

it used the total DNA extracted from sputum cells as the input material. A specific 

sequence of DNA is amplified and is reported the number of amplification cycles it 

takes for the emitted fluorescence to be above the threshold (C(t)), which is indirectly 

proportional to the input DNA quantity (Figure 2.2) (392). Bacterial load was 

quantified by measuring the non-specific bacterial 16S copies (380); A. fumigatus was 

quantified by measuring specifically the A. fumigatus mitochondria (AfMITO) gene 

(382). The qPCR cycles are stated in Table 4.1. Bacterial 16S qPCR was performed 

using the remaining sputum samples from the culture above, as well as the ACF, ALI 

S/N and the preserved cell strips collected from the sputum inoculation study in Chapter 

3. A. fumigatus qPCR was performed using only the collectables from the sputum 

inoculation study. These experiments were kindly performed by Dr Kairobi Haldar and 

Dr Catherine Pashley. 
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Bacterial 16S 95ºC, 
15 min 

95ºC, 
20s 

60ºC, 
30s 

72ºC, 
20 s 

80ºC, 
20s 40 72ºC, 

60s 
72-

100ºC 4ºC 

AfMITO 50ºC,  
2 min 

95ºC, 
10min 

95ºC, 
15 s 

65ºC, 
1 min read 50 - - 4ºC 

 

Table 4.1 qPCR reaction conditions for bacterial 16S and A. fumigatus. 

 

hBD-1 and -2 were measured using sandwich ELISAs, a protein quantification assay 

that uses antibodies specifically targeting hBD-1 or hBD-2, and luminescence as the 

reporter (Peprotech) (385). 6 ACF samples (3 healthy and 3 asthmatics) and 6 ALI S/N 

samples (3 healthy and 3 asthmatics) collected from the sputum inoculation study in 

Chapter 3 were used as the input materials. Each sample was run in duplicate. 0.05% 

Tween-20-PBS was used as the wash buffer. At the end of the assay, TMB liquid 

substrate solution (BD Biosciences, Oxford, U.K.) was used for 15 min colour 

development. Without stopping the colour development sodium hydroxide, plates were 

read every 10 min for a 45 min period at wavelength 405 nm. The set of absorbance 

readings that gave a top standard below 1.2 U and a zero control above 0.3 U was 

chosen for each assay. 

 

In addition, the quantity of bacterial endotoxin was quantified using Endotoxin 

Recombinant Factor C (rFC) detection system (Lonza). It utilises the Limulus blood 

coagulation cascade by using a recombinant Factor C that emits a quantifiable 

fluorescence after interacting with bacterial endotoxin (Figure 2.3) (383, 384). The 

assay was performed following the manufacturer’s protocol. It was first optimized for a 
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suitable sample dilution factor and microplate reader setting. 6 ACF samples (3 healthy 

and 3 asthmatics) and 6 ALI S/N samples (3 healthy and 3 asthmatics) collected from 

the sputum inoculation study in Chapter 3 were used as the input material. Each sample 

was run in duplicate.  



Chapter 4. 
Infection and Ciliary Function 

 141 

4.4 Results 

4.4.1 The elevated microbial quantity was not likely to be the direct cause of ciliary 

dysfunction in asthma 

It was reported in the previous chapter that asthmatic sputum contents might play a role 

in inducing ciliary dysfunction in asthma. To consider if asthmatic cultures facilitate a 

microenvironment that leads to ciliary dysfunction, the microbial quantities in fresh 

asthmatic sputa and those used in the sputum inoculation study were evaluated. 

 

Clinical'Details' Healthy'(n'='10)' Asthmatic'(n'='12)' p8values'

Gender&(F)& 4&(6)& 6&(6)& 0.64*&

Age,&yr& 37&(4)& 38&(4)& 0.97&

Pack&year& 3&(2)& 2&(1)& 0.54&

%&Predicted&FEV1& 96&(5)& 78&(7)& 0.049'

%&FEV1/FVC& 82&(2)& 68&(4)& 0.005'

PC20&FEV1,&mg/ml&†& n/a& n/a& n/a&

Blood&Total&IgE,&kU/ml& n/a& 214&(98)& n/a&

Blood&eosinophils,&kU/ml& n/a& 0.28&(0.04)& n/a&

Treatment&(mcg/24&BDP&eqv.)& n/a& 1500&(261)& n/a&

Atopy,&%& 50& 58& 1.0*&

Age&of&Disease&Onset,&yr& n/a& 21&(4)& n/a&

Sputum&Characterization& & & &

Total&cell&count(x10
6&
cells/ml)& n/a& 1.8&(0.7)& n/a&

Eosinophils,&%&‡& n/a& 1.0&(0.5H3.8)& n/a&

Neutrophils,&%&‡& n/a& 67&(55H79)& n/a&

Macrophages,&%&‡& n/a& n/a& n/a&

Epithelial&cells,&%&‡& n/a& n/a& n/a&

†&geometric&mean&(95%&CI)&‡&median&(interquartile&range);&*&Chi&Square&test&p<0.05.&

 
Table 4.2 Clinical details of the sputum donors for the baseline microbiology analysis. Data 
are expressed as mean±SEM unless otherwise indicated. Statistical differences were assessed using 
unpaired t-tests, p<0.05, unless otherwise indicated. 

 

Table 4.2 shows the clinical details of 10 healthy sputum donors and 12 severe 

asthmatics sputum donors. The bacterial load assessment using the bacterial culture 

methodology was expressed as cfu count. Since the data was skewed, it was 

transformed to a log10 scale prior to the statistical analysis using unpaired t-tests to 
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compare the healthy and asthmatic groups. The result showed that asthmatic sputa had a 

bacterial load (106.5 [5.9 to 7.2] cfu/ml) significantly higher than that of healthy controls 

(105.8 [5.5 to 6.1] cfu/ml, mean difference [95% CI] 100.8 [-0.06 to 1.5] cfu/ml; p=0.05) (Figure 

4.1A). The bacterial load was not biased towards the amount of inhaled corticosteroid 

intake (r=0.08, p=0.81) and oral corticosteroid intake (r=0.14, p=0.67) of these subjects. 

 

Bacterial quantity was also measured using qPCR for bacterial 16S expressed as 

copies/ml. Figure 4.1B and Figure 4.1C show the standard curve of the 16S qPCR and 

the melting curves of the qPCR product with peaks at 84ºC. Since the 16S copies data 

points were not normally distributed, it was transformed to a Log10 scale prior to the 

corresponding statistical analyses. Among the severe asthmatic sputa used for the 

sputum inoculation study, the bacterial 16S load was not different between those used 

on the healthy ALI cultures (109.8 [7.4 to 12.2] copies/ml) and on the asthmatic ALI cultures 

(108.5 [6.8 to 10.1] copies/ml) (Figure 4.1D). Inoculating sputa on the ALI cultures 

increased the bacterial 16S load, which was significantly higher with the absence of 

antibiotics (1010.2 [9.5 to 10.9] copies/ml) versus with the presence of antibiotics (109.0 [8.2 to 

9.9] copies/ml) (p=0.03) (Figure 4.1E). However, this increase in bacterial load was not 

specific to asthmatic epithelial cells among the antibiotic-free group (Figure 4.1F). This 

observation was not likely to be biased towards the use of inhaled corticosteroid (r=0.12, 

p=0.77) and oral corticosteroid (r=0.07, p=0.86) among the sputum donors. This is also 

not biased towards the use of inhaled corticosteroid (with antibiotics, spearman r=0.44, 

p=0.38; without antibiotics, spearman r=0.73, p=0.10) among the epithelial cell donors 

after 24 h inoculation despite the small sample numbers being used. None of the 

epithelial cell donors took oral corticosteroids. The bacterial load in the ALI S/N and 
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within ALI cells were also assessed. The quantities were below detection limit and did 

not increase overtime (Table 4.3). 

 
 
Figure 4.1 Bacterial load in fresh sputa, and the apical chamber fluid (ACF) samples from 
the sputum inoculation. Bacterial load (in cfu count) in fresh sputa was first investigated using samples 
from health (n=10) and asthma (n=12). Statistical difference was assessed using an unpaired t-test, p<0.05. 
Bacterial load represented by 16S copies was quantified by qPCR using the collectables from the sputum 
inoculation study. B shows standard curve generated from E coli standard DNA. C shows the 
amplification curve of bacterial 16S qPCR. D shows the 16S load present in the asthmatic sputa used for 
the inoculation study. E shows the change in 16S load in the ACF samples (n=8) with sputum inoculation 
over the 24 h, with the presence (dots) or absence (squares) of antibiotics. F shows in the absence of 
antibiotics, the change in 16S load in health (n=4, closed squares) and asthma (n=4, open squares) over 
the 24 h inoculation.  * indicates comparison with baseline using One-way ANOVA with Tukey post-
tests, p<0.05. # indicates comparison between subject groups using unpaired t-tests, p<0.05. 
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A.  With antibiotics Without antibiotics 
ALI S/N Sputum Cell 1 h 24 h Cell 1 h 24 h 

Healthy (n=4) 109.8 [7.4-12.2] 107.1 [6.7-7.5] 107.1 [6.5-7.6] 107.1 [6.5-7.7] 107.1 [6.7-7.5] 109.0 [7.1-10.9] 107.1 [6.6-7.7] 

Asthmatic (n=6) 108.5 [6.8-10.1] 107.2 [6.8-7.7] 107.3 [6.8-7.7] 107.3 [6.8-7.7] 107.0 [6.7-7.3] 107.0 [6.6-7.4] 107.1 [6.7-7.4] 

 
B. With antibiotics 

(n=1, duplicate) 1 h 24 h 

Cells 107.5 [6.7-8.3] 107.5 [7.5-7.7] 
ACF 107.6 [5.6-9.6] 107.5 [6.5-8.4] 
ALI S/N 107.5 [7.4-7.6] 107.6 [6.8-8.4] 

 
Table 4.3 Bacterial 16S load in the collectables from the sputum inoculation study. Bacterial 
16S load (by qPCR) was investigated in the collectables from healthy and asthmatic cultures in the 
sputum inoculation study. Data are expressed as mean [95% CI]. A shows the 16S load in the baseolateral 
supernatants (ALI S/N) samples from health (n=4) and asthma (n=6). B shows the 16S load in the 
collectables from the PBS-inoculated asthmatic ALI cultures. ‘Cells’ represents the DNA extracted from 
ciliated cell strips preserved in RNAlater.  
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4.4.2 Fungi were not likely to be the cause of ciliary dysfunction 

Amphotericin is an antibiotic specifically targets fungi. Since it was one of the 3 

antibiotics involved in the sputum-induced ciliary dysfunction in ALI cultures reported 

in the previous chapter, the quantity of fungi, particularly A. fumigatus, was assessed in 

asthmatic sputa and the collectables from the sputum inoculation study. 

 

The result from the fungal culture showed that 60% of the severe asthmatic sputa were 

fungal positive, but was not significantly different from healthy controls, which was 

50% positivity (p=0.67, Table 4.4). In fact, the high level of fungi in healthy airways 

was not surprising because of the endogenous colonisation reported previously (421, 

422). Meanwhile, 33% of the asthmatic sputa were A. Fumigatus positive compared to 

the 0% in the healthy sputa (p=0.07), which was also consistent with a previous finding 

(264). However, using qPCR targeting AfMITO, none of the severe asthmatic sputa 

used for the sputum inoculation in Chapter 3 was A. fumigatus positive, which was in 

disagreement with a previous study (423). Furthermore, A. fumigatus was not identified 

in the ACF samples collected after the inoculation study. Figure 4.2 shows that the lack 

of detectable A. fumigatus was not due to any artefact in the reaction. In fact, this could 

be due to the methodological approach on microbial DNA extraction (424). It could also 

be due to the lack of A. fumigatus-sensitization among these sputum donors. In fact, 

only 3 of the 11 donors were A. fumigatus-IgE-sensitized patient, and none of them 

were atopic to Aspergillus species. Unfortunately, the limited sample volumes and 

sputum supply made it difficult to validate this finding. Further repeats would be 

required to draw a conclusive result. 
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Fungal Contents Healthy (n=8) Asthmatic (n=12) p-value 
Fungal positive 50% 60% 0.67 
   - Aspergillus 0% 33% 0.07 
   - yeast 100% 56% 0.82 
   - other moulds 0% 22% 0.34 

 
Table 4.4 Fungal contents in fresh sputa collected from health and asthma. Fungal growth 
was tested in fresh sputa collected from health (n=8) and asthma (n=12). Sputum cells were cultured for 
fungal mycology assessment. Data are expressed as a % of presence. Statistical differences were assessed 
using Chi-square tests, p<0.05. 

 

 

 
 
Figure 4.2 Aspergillus fumigatus qPCR graphs. These graphs show that the absence of 
detectable A fumigatus was not due to the artefact of the reaction. A shows the standard group generated 
from the amplification data as shown on B. The irregular line suggests a contamination of that particular 
reaction.  
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4.4.3 The human β-defensin secretion was similar in healthy and asthmatic 

cultures 

To evaluate if the asthmatic epithelium provided an environment that facilitated 

bacterial growth, antimicrobial protein hBD-1 and hBD-2 secretion from the epithelial 

cells was quantified. Figure 4.3A and Figure 4.3B illustrate the secretion patterns of 

hBD-1 and hBD-2 respectively from different types of epithelial collectables at an un-

stimulated status. hBD-1 was constitutively secreted by HAEBC (250±99 pg/ml), and 

by ALI cultures both basolaterally (ALI S/N, 1124±261 pg/ml) and apically (ACF, 

996±278 pg/ml) (Figure 4.3A). In comparison, the baseline secretion of hBD-2 level 

was lower in all samples (Figure 4.3B). hBD-2 secretion was low or undetectable in 

HAEBC, and was low in ALI S/N (36±16 pg/ml) and in ACF (137±46.4 pg/ml). Both 

hBDs were measurable in all healthy controls and asthmatic samples with no 

differences between two subject groups. 

 

6 ACF samples (3 healthy and 3 asthmatics) collected from the sputum inoculation 

study in Chapter 3 were used for measuring hBD1/2 quantities. This small sample size 

was due to the limited number of samples available after the microbial quantification 

experiments. It therefore limited the power of the statistical comparison, and thus the 

datasets from healthy controls and asthmatics were combined as shown in Figure 4.4. 

Both hBDs were detectable in the asthmatic sputa used for the sputum inoculation study 

in Chapter 3 (Figure 4.4A). The constitutive hBD-1 secretion in the apical surface of 

ALI cultures could be induced by asthmatic sputa, but not by PBS (Figure 4.4B). This 

sputum-induced increase was in a time-dependent but insignificant manner. This effect 

was similar between the presence (8869±2533 pg/ml) and the absence (12130±3460 

pg/ml) of exogenous antibiotics. Similarly, asthmatic sputa induced the secretion of 
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hBD-2 in a time-dependent manner (Figure 4.4C), but with no significantly difference 

between the presence (458±352 pg/ml) and the absence  (655±211 pg/ml) of antibiotics. 

Despite the low sample size in each subject group, paired t-tests were performed, and it 

showed no significant difference between health and asthma. Inhaled corticosteroid 

intake was not correlated to hBD-1 level (r=0.19, p=0.76), and to hBD-2 level (r=0.05, 

p=0.94), in the sputa. Therefore these results were not likely to be biased towards the 

use of steroid among the sputum donors or the epithelial cell donors despite the small 

sample numbers being used. 

The basolateral secretion of hBD-1 and hBD-2 were also evaluated using 6 ALI S/N 

samples (3 healthy and 3 asthmatics) from the sputum inoculation study. Both defensins 

were also detectable in all ALI S/N samples (Table 4.5), which further supports the role 

of the airway epithelium in facilitating adaptive immunity via hBDs as reported 

previously (174). There was no difference in hBD levels in ALI S/N between health and 

asthma.  
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Figure 4.3 Baseline secretion of human β-defensins (hBD)-1 and -2 from human airway 
epithelial cells. hBD-1 and hBD-2 secretion were measured in HAEBC conditioned medium (n=12), ALI 
culture baseolateral supernatant (ALI S/N) (n=12) and apical chamber PBS wash (ACF) (n=8), from 
health (closed symbols) and asthma (open symbols), by single ELISAs. Closed and open symbols 
represent healthy and asthmatic samples respectively. Data are expressed as mean±SEM. 

 

 

 
Figure 4.4 Human β-defensin (hBD)-1 and hBD-2 secretion on apical surfaces of ALI 
cultures upon 24 h PBS/sputum inoculation. Apical chamber fluid (ACF) samples collected from 
healthy (n=2-3, closed symbols) and asthmatic (n=3, open symbols) samples in the sputum inoculation 
study were used for this experiment. Data are expressed as mean±SEM. A shows the hBDs present in 
diluted sputa at baseline. B and C show the levels of hBD-1 and hBD-2, respectively, detected in ACF 
samples upon PBS or asthmatic sputum inoculation, with (+) or without (-) antibiotics. Statistical 
differences were assessed using One-way ANOVA with Tukey post-tests, p<0.05.  
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A.       
hBD-1 All (n=6) p-value* p-value§ Healthy (n=3) Asthmatics (n=3) p-value# 
Baseline + 1077±708  -  - 1590±1159 307±9  0.20 
PBS 1h + 201±74 0.06 - 161±115 241±113 1.00 
SPU 1h + 493±335 0.44 - 136±90 851±652 0.70 
PBS 24h + 1610±844 0.63 - 1975±1687 1245±761 1.00 
SPU 24h + 1867±750 0.81 - 1402±1167 2332±1111 0.40 
       
Baseline - 629±272 - 0.63 850±425 299±119 0.40 
PBS 1h - 185±72 0.13 0.69 95±58 276±121 0.27 
SPU 1h - 177±81 0.13 0.22 58±28 296±135 0.51 
PBS 24h - 1505±1156 0.31 0.59 349±152 2661±2307 0.70 
SPU 24h - 1122±536 1.00 0.59 1296±942 948±718 0.70 

 
B.       
hBD-2 All (n=6) p-value* p-value§ Healthy (n=3) Asthmatics (n=3) p-value# 
Baseline + 8.0±2.6  -  - 10.8±3.6 3.9±0.0 0.20 
PBS 1h + 4.2±0.3 0.50 - 4.5±0.6 3.9±0.0 0.42 
SPU 1h + 17.3±12.2 0.75 - 28.7±24.8 5.8±1.0 1.00 
PBS 24h + 12.5±5.2 0.75 - 10.9±7.0 14.1±9.2 0.64 
SPU 24h + 31.4±10.5 0.13 - 21.0±12.5 41.8±16.8 0.04 
       
Baseline - 5.5±1.6  - 0.50 6.6±2.7 3.9±0.0 0.42 
PBS 1h - 5.7±1.8 0.37 1.00 3.9±0.0 7.4±3.5 0.42 
SPU 1h - 4.9±0.7 1.00 0.50 4.4±0.5 5.4±1.5 1.00 
PBS 24h - 15.8±9.5 1.00 0.88 8.2±2.9 23.5±19.6 1.00 
SPU 24h - 53.6±16.8 0.06 0.56 42.4±3.3 64.8±35.7 1.00 

 
Table 4.5 Human β-defensin (hBD) secretion in the baseolateral supernatants of ALI culture 
(ALI S/N) upon 24 h PBS/sputum inoculation. ALI S/N samples collected from healthy (n=3) and 
asthmatic (n=3) samples, with (+) and without (-) antibiotics, in the sputum inoculation study were used 
for this experiment. Data are expressed as mean±SEM. A and B show the results of hBD-1 and hBD-2 
respectively. * indicates comparison with baseline using Wilcoxon rank tests. § indicates comparison 
with the corresponding antibiotics control using Mann-Whitney U tests, p<0.05. # indicates comparison 
between subject groups using Mann-Whitney U tests, p<0.05.  
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4.4.4 Bacterial endotoxin was not likely to be the direct cause of ciliary dysfunction 

in asthma 

Whilst the bacterial load has increased in the ACF samples during the sputum 

inoculation study, it is expected that bacterial endotoxin level may have increased as 

well. To evaluate the potential role of bacterial endotoxin in sputum-induced ciliary 

dysfunction, endotoxin quantity in the asthmatic sputa was measured using rFC assay. 

The assay was first optimized by obtaining a net Log [relative fluorescence unit (RFU)] 

value at ~3.5 for the standard concentration at 1 endotoxin unit (EU)/ml (Figure 4.5A). 

This could be adjusted by changing the sensitivity of the plate reader (determined by 

“Gain” value, repeatedly tested) (Figure 4.5B). According to U.S. Food and Drug 

Administration (FDA) (425), 1 EU is equivalent to 100-200 pg of endotoxin, and is 

equivalent to approximately 105E coli. EU is preferred as the standard unit because the 

potency can be defined and standardised across different endotoxin assays and in clinic. 

Sample dilution factor was first tested in some sputum PBS supernatants. The 

preliminary result suggested a dilution factor ranging from 1:200 to 1:500, which gave 

acceptable spike recovery ranging from 50% to 200% (Figure 4.5C). This dilution 

factor was adjusted later to 1:450 for the ACF from the PBS-inoculated cells and 1:5000 

for the ACF from the sputum-inoculated cells (Figure 4.5D). 

 

Bacterial endotoxin was present in a log10 scale because the data points were not 

normally distributed; statistical analysis using linear regression was performed after the 

data transformation. The endotoxin level in severe asthmatic sputa was at 102.4 [1.8 to 3.1] 

EU/ml (Figure 4.6A), a level that is compatible with the cfu count previously found 

(106.5 [5.9 to 7.2] cfu/ml, Figure 4.1) and with other studies (32). In parallel to the result 

from the bacterial 16S qPCR, the level of endotoxin in the ACF increased from -0.5±0.5 
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-fold change at 1 h to 0.6±0.2-fold change at 24 h in the antibiotics-present group (linear 

regression coefficient r=0.44, p=0.07), and from -1.4±1.4-fold change at 1 h to 1.5±0.8-

fold change at 24 h in the antibiotics-free group (linear regression coefficient r=0.46, 

p=0.05) (Figure 4.6B). Unlike the result from the 16S qPCR, the endotoxin level at 24 

h showed no response to the effect of antibiotics. There was no difference in the ACF 

endotoxin levels between health and asthma. The result was not biased towards the use 

of inhaled corticosteroids (r=0.43, p=0.39), nor the use of inhaled corticosteroids 

(r=0.69, p=0.13), among the corresponding sputum donors.  
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B.          
 Log [net RFU] at Gain (G) 
Endotoxin 
EU/ml 

G1550 G1575 G1600 G1650 G1700 
1 2 1 2 1 2 1 2 1 

10 4.19 4.12 4.24 4.19 4.30 4.24 4.39 4.29 4.49 
1 3.45 3.36 3.52 3.43 3.57 3.48 3.67 3.52 3.77 
0.1 2.52 1.51 2.54 1.65 2.62 1.41 2.68 2.61 2.79 
0.01 2.23 1.01 2.37 1.44 2.51 1.22 2.7 1.69 2.87 
 
C.  
 Spike Recovery % 
Dilution Factor Sample 1 Sample 2 Sample 3 
1:100 118.9 45.2 199.1 
1:200 123.6 192.7 241.9 
1:500 233.6 220.7 236.4 
 
D.    
 Spike Recovery % 
Dilution Factor Sputum ACF of spu sample ACF of pbs samples 
1:400 -282.8 -284.7 127 - 196 
1:450  -  - 102 - 174 
1:5000 102.0 69.2 - 
 
Figure 4.5 Bacterial endotoxin (rFC) assay optimization. A shows the endotoxin standard curve 
in the rFC assay. B shows the optimization of plate reader sensitivity by choosing the gain that gives a net 
RFU ~3.5 for the 1 EU/ml standard. C and D show the optimization of the sample dilution factors. C 
shows the result from the preliminary test. D shows the results using some samples collected from the 
sputum inoculation study (spu, sputum-inoculated sample; pbs, PBS-inoculated sample).  
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Figure 4.6 Endotoxin quantity in sputum or ACF samples before and after inoculation with 
ALI cultures. A shows the level of bacterial LPS present in the cell-free supernatant of asthmatic sputa 
before the inoculation with ALI cultures. B shows the fold change of bacterial endotoxin present in the 
ACF from the antibiotic-present group (n=6, close dots) and from the antibiotic-free group (n=5-6, open 
dots) of the sputum inoculation study. Statistical differences were assessed using linear regression, p<0.05.  
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4.5 Discussion 

The current results did not support the null hypotheses that bacteria were the cause of 

ciliary dysfunction in asthma. In Chapter 3, it was reported that the use of exogenous 

antibiotics prevented the induction of ciliary dysfunction caused by sputum inoculation, 

suggesting bacterial load and its effects upon the local milieu are important in the 

development of ciliary dysfunction. However no differential bacterial quantity was 

found between healthy and asthmatic ACF samples among the antibiotic-free group. 

These finding therefore could not explain the difference in ciliary function between 

asthmatic and healthy cells.  

 

Interestingly, the bacterial level in the severe asthmatic sputa was comparable to the 

sputa from COPD patients (380) – 36% of asthmatic samples arose a bacterial growth of 

≥107 cfu/ml compared to 0% in healthy controls (p=0.03). The relationship between 

COPD pathogenesis and bacterial colonisation has been well documented (426, 427). 

This result suggests that the role of bacterial infection/colonization should not be 

underestimated in asthma.  

 

Apart from bacterial contents, an abnormal fungal colonization is common in chronic 

airway diseases such as cystic fibrosis (428) and asthma (260). In particular, A. 

fumigatus has been shown to correlate to the reduced lung function in asthma (264). The 

results reported here also showed a higher fungal culture and A. fumigatus positivity in 

the asthmatic sputa compared to those from healthy controls. It has been demonstrated 

that A. fumigatus metabolites may have ciliary inhibitory effect (429). However no A. 

fumigatus was detected in any of the severe asthmatic sputa used for the inoculation 

study. This was likely to be because of the lack of A. fumigatus allergy and sensitisation 
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among these sputum donors. Nevertheless, based on the results reported here, it did not 

support the null hypothesis that fungal content is a cause of asthmatic ciliary 

dysfunction. An increase in sample sizes will be required to draw a reliable conclusion. 

 

The similarity in hBD1 and hBD2 secretion between health and asthma did not support 

the null hypothesis that the asthmatic epithelium has a defective anti-microbial activity 

that facilitates microbial growth and leads to ciliary dysfunction. The airway epithelium 

secretes various anti-microbial peptides, including different homologues of hBDs and 

cathelicidins (419), to act against abnormal microbial colonisation/infection. hBD-1 and 

hBD-2 were specifically chosen because 1) both of them have been extensively 

reviewed; 2) single nucleotide polymorphisms (SNPs) on defensin β-1 locus (DEFB1), 

which encodes hBD-1, has been reported to associate with asthma diagnosis (406); 3) 

hBD-2 is an inducible defensin that is highly responsive to microbes (161, 166, 167); 

and 4) restricted assays for other hBD isotypes at the time of the study. DEFB genes 

encode different hBD isoforms (158), and gene polymorphism was reported in asthma, 

predominantly in female subjects (406). However, no deficiency in hBD secretion at 

baseline, in either the female subjects or in the asthmatic group, was reported here. 

Despite the small sample sizes, the secretion of hBD1/2 both at the baseline level and at 

a sputum-induced level were similar between health and asthma. These findings suggest 

that the hBD-1/2 quantity may not be the cause of ciliary dysfunction induced by 

asthmatic sputa, regardless the presence or absence of exogenous antibiotics. However, 

the involvement other deficiency that may lead to a defective innate response against 

microbes cannot be justified. 
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It is noteworthy that the asthmatic sputa contain a range of detectable components 

including inflammatory cells, microbes and molecules mediating innate and adaptive 

immune systems (379, 430). This includes a substantial amount of anti-microbial 

peptides such as hBD-1 and hBD-2 as shown in the result here. Although it has been 

shown that macrophages produce hBDs (431), it only counts towards 10-20% of the 

total sputum cell count and was comparable with previous studies (379, 432).  Similarly, 

the epithelial cells present in the sputum samples herein (~3-10%) were likely to be 

squamous or dead cells (26, 379), and thus may not contribute to the hBD generation 

detected in vitro. As a result, the presence of viable sputum inflammatory cells may not 

necessarily explain the substantial increase in hBDs present in ACF after 24 h 

inoculation. 

 

In addition, the result suggests that hBD-1 could be induced by asthmatic sputum 

inoculation, instead of simply being a constitutive antimicrobial peptide secreted by the 

airway epithelium. Furthermore, it has been previously shown that overexpressing hBD-

2 is cytotoxic to airway epithelium (433). Therefore, it is plausible that the 

overexpression of hBD-1 might have a similar effect. It is also noteworthy that ELISAs 

only quantified the level of hBD secretion and gave no indication on the activities of the 

proteins. Further investigation would be required to justify these. 

 

Apart from viable cells, microbial toxins such as Gram-negative bacterial endotoxin 

(LPS) (254) and A. fumigatus derived gliotoxin (429) may also affect ciliary function. 

The lack of detectable A. fumigatus and the lack of a reliable quantification assay for 

gliotoxin restricted these evaluations. Whilst a high level of bacterial 16S was measured 

in asthmatic sputa, it is plausible that the associated toxins, such a bacterial endotoxin, 
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may induce ciliary dysfunction. LPS are conserved structures that can be found on the 

surface of Gram-negative bacteria, which are common in asthmatic airways (243, 434). 

LPS has been shown to directly reduce CBF in airway epithelium, whilst their effects 

were independent from the bacterial viability (254, 255, 435). rFC assay was chosen 

over the traditional Limulus Amebocyte Lysate (LAL) assay for endotoxin 

quantification because of its simplicity, its wider range of standard concentrations and, 

most importantly, its low false positive rate (383, 384, 425). Unlike the result from the 

16S qPCR, the endotoxin level in the ACF samples increased overtime, but showed no 

difference between health and asthma at 24 h. The use of steroid was not correlated to 

the endotoxin level nor the bacterial level measured. Therefore bacterial endotoxin is 

not likely to have a direct contribution to the ciliary dysfunction in asthma. As a result, 

these findings did not support the null hypothesis that bacterial cytotoxicity is the cause 

of asthmatic ciliary dysfunction. However, the use of exogenous antibiotics did suppress 

the sputum-induced ciliary dysfunction in ALI cultures, suggesting that bacterial 

endotoxin could be an environmental trigger of the abnormality.  



Chapter 4. 
Infection and Ciliary Function 

 159 

4.6 Criticism 

Limitation 1: Sputum contents and differences between healthy and asthmatic 

samples were not dissected in detail 

The assessment of the sputum components was limited to the general bacterial load, 

fungal load, differential inflammatory cell counts and hBD-1/2 quantity. The viability of 

the microbes may be evident in the microbial cultures (cfu for bacteria; species 

identification for fungi). However, measuring bacterial 16S was a broad quantification 

approach that included both live and dead bacteria. This might mask the importance of 

certain low profile microbes that could be important to the induction of ciliary 

dysfunction. Asthma-specific microbial species have been identified previously (243, 

244). Identifying individual bacteria could be done using mass spectrometry-based 

proteomics, which allow the identification of a broad spectrum of bacteria 

simultaneously (436, 437). However, it demands time and specific sample processing, 

and thus it was not pursued in my project. Furthermore, differential inflammatory cell 

counts did not reflect the viability or the activity of these inflammatory cells. hBD 

ELISAs could only measure the quantity but not the anti-microbial activity of these 

peptides. Other contents that were present in the sputum and their activities are yet to be 

studied.  

 

Another limitation was that the sputum contents were not compared extensively 

between health and asthma. Some sputum samples (n=10) were successfully collected 

from healthy controls. Whilst some healthy sputum samples were collected after many 

attempts, the sample volumes were generally very low. There were not enough 

materials for both bacterial and fungal analysis. Collecting enough sputum volume for 

the sputum inoculation study would be even more difficult. Therefore, no further 
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comparison between healthy and asthmatic sputum samples were performed in this 

thesis.  

 

Limitation 2: The role of Aspergillus might be underestimated 

Fungal culture revealed that only 33% of the severe asthmatic sputum was A. fumigatus 

positive compared to 0% in health controls, but with a lack of significance (p=0.07). Of 

the sputa used for the sputum inoculation study, the sputum donors were coincidently 

all non-atopic to A. fumigatus. The majority of them were also non-sensitized to this 

fungal species. Therefore, the quantity of A. fumigatus in these sputa was already low to 

assert any effect on the ciliary function during the sputum inoculation period. 

Furthermore, recent findings have suggested an association between A. fumigatus 

colonisation and specific inflammatory profiles in asthma (263), although the aetiology 

was contentious. As a result, it would be beneficial to further investigate the role of 

fungi in asthmatic ciliary dysfunction by using sputum samples from specific groups of 

asthma including asthmatics with ABPA and/or with neutrophilia. 

 

Limitation 3: Colonisation versus Infection 

It is important to distinguish infection from colonisation. Colonisation is the growth of 

microbes without any clinical outcomes. It could refer to both a normal microbiota and 

a pathogenic microbial community. In comparison, infection is likely to be symptomatic 

and involves the presence of pathogenic factors. The techniques used in the project 

herein, such as microbial culture and qPCR, only revealed the quantity of the microbes, 

(colonisation) and may not reflect the case of infection. Therefore, the results reported 

here may only be used to conclude an association between microbial quantity and 

asthma. Incidence of infection may be assessed by real time clinical studies (438), or 
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using in situ immunohistochemistry in animal models, bronchial biopsies, ex vivo tissue 

(69) and cell models (439). However, more conclusive findings are needed before 

moving on to any in vivo studies, which can be achieved by increasing the sample sizes. 

 

Limitation 4: Small sample numbers may affect justifications 

As mentioned throughout this chapter, another major limitation that restricted a clear 

conclusion to be drawn was the small sample numbers in the experiments. Most of the 

experiments performed utilised the apical and basolateral fluids from the ALI cultures 

of the sputum inoculation study. Each of these collectables contained 200 µl and 700 µl 

in volume, which were very limited amount of samples. This resulted in the small 

sample numbers for some experiments including the hBDs and LPS assessments, and 

thus the donor-to-donor variation and the lack of significance. The conclusion being 

drawn so far on the similarity between health and disease subject groups may not be 

reliable. To justify that, increasing the sample numbers would be beneficial.   
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4.7 Summary 

In this chapter the roles of pathogens and epithelial innate immunity in driving 

asthmatic ciliary dysfunction have been evaluated. The absence of antibiotics provided 

an environment for pathogens in the asthmatic sputa to flourish, as reflected by the 

increase in bacterial load during the 24 h inoculation with epithelial ALI cultures. 

 

However, this bacteria-favoured environment may not be contributed from a defective 

secretion of human β-defensin 1 and 2 from the epithelial cells. The ciliary function of 

asthmatic ALI cultures responded negatively to asthmatic sputum within 1 h. Such a 

rapid response implies that the asthmatic sputa may have a cytotoxic effect on the ALI 

cultures. However, despite the elevated bacterial 16S copies and bacterial endotoxin 

during the 24 h sputum inoculation, there was no significant difference between health 

and asthma among the antibiotic-free subgroup. In the meantime, Aspergillus may not 

be involved in asthmatic ciliary dysfunction. 

 

Both bacterial load and LPS quantity were increased, which was in coherence with the 

absence of antibiotics and the presence of ciliary dysfunction. It is therefore reasonable 

to believe that bacteria may be an environmental factor that induced the ciliary 

dysfunction in asthmatic ALI cultures in the sputum inoculation study. Increase the 

sample sizes of the experiments will improve the conclusiveness of this finding. 
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5.1 Chapter Overview 

The results from Chapter 3 and Chapter 4 suggested that bacterial infection/colonisation 

was likely to be an environmental factor that was associated with the asthmatic sputum-

induced ciliary dysfunction, but was not directly correlated to the reduction in ciliary 

function. Whilst a cytotoxic effect from the asthmatic sputa could be the cause of ciliary 

dysfunction, data suggested it was not caused by bacterial endotoxin. In fact, there may 

be other cytotoxic factors such as oxidants that are present in the asthmatic sputum and 

could contribute to the asthmatic ciliary dysfunction. Therefore, the aims in this chapter 

were 1) to evaluate if abnormalities in oxidative handling are present in asthmatic 

epithelium, and 2) to evaluate if there is a link between these abnormalities and 

epithelial ciliary function. 

 

To do that, the presence of oxidative DNA damage was revealed using an 

immunohistological approach. Using HAEBC, an abnormal oxidative burden following 

stimulation was found using a ROS quantification assay. Expression of specific genes 

and proteins was quantified using qPCR and Western Blots, and it became evident that 

there may be an upregulation of NOX4 gene expression in asthma that may be 

associated with neutrophilic inflammation. Blocking NOX4 activity showed an 

improvement in intracellular oxidative burden in HAEBC, and an improvement in 

ciliary dysfunction in fresh asthmatic epithelial cells that was also associated with 

neutrophilic inflammation. These findings not only suggested that NOX4 may play a 

significant role in regulating ciliary dysfunction in asthma, but also that the role of 

NOX4 may be particularly prevalent in neutrophilic asthma. It opens new avenues with 

regards to research into potential novel therapeutic targets for treating corticosteroid-

insensitive asthmatic patients, the majority of whom have neutrophilic inflammation.  
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5.2 Introduction 

The link between age and oxidative stress (440), and between age and ciliary function 

(441), implies a possible relationship between oxidative stress and ciliary dysfunction. 

In fact, oxidative imbalance has been reported in diseased lung cells. Lung fibroblasts 

with excessive NADPH oxidase (NOX) 4 activity are associated with lung fibrosis 

(312). Airway smooth muscle cells from asthmatic airways show increased NOX4 gene 

expression that is associated with airflow obstruction in asthma (316). A direct 

application of H2O2 causing disruption of ciliated ependyma (252, 420) suggests a direct 

relationship between ROS toxicity and ciliary dysfunction. The association between 

bacteria and reactive species implies an altered oxidative balance in the host cells that 

leads to a cytotoxic effect. For instance, Streptococcus pneumoniae, a common 

pathogen found in the airways of patients with asthma and COPD, is able to generate 

ROS (252). On the other hand, the virulent factors of Pseudomonas aeruginosa, a 

common pathogen found in bronchiectasis patients, have been shown to activate the 

downstream signalling molecules in the oxidative pathways that cause ciliary immotility, 

which could be modulated by oxidants and antioxidants (34). Meanwhile, microbial 

colonisation/infection is thought to be associated with neutrophil activity in the airways 

(32, 263). Asthmatic subjects with infection-induced exacerbations may also be 

associated with an activated TH1 signalling pathway and neutrophil-dominant 

inflammatory profile (32, 142, 442, 443). Activated neutrophils generate an abundant 

amount of ROS during the oxidative burst associated with microbial phagocytosis. This 

could increase the oxidative burden in the surrounding environment. Moreover, the 

activity of reactive peroxynitrite has been found in asthmatic sputa (444). As a result, it 

is plausible that the asthmatic sputa itself can act as an oxidative stimulus due to the 

abundant bacterial and inflammatory cell contents, to induce ciliary dysfunction in 
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asthmatic cells as shown in Chapter 3. I therefore considered that oxidative stress might 

be important in increasing the susceptibility of asthmatic epithelial cells to develop 

ciliary dysfunction. 

 

Based on the above evidence, I tested the following sub-hypotheses: 

(i) Oxidative mishandling is not the cause of the asthmatic ciliary dysfunction, and 

that an anti-oxidative treatment would not improve ciliary function 

(ii) The anti-oxidative treatment has the same effect on ciliary function across 

different asthma subtypes  
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5.3 Methodology 

The presence of oxidative stress was assessed in the different types of airway epithelial 

cells using different approaches: an ex vivo approach using bronchial biopsies, and an in 

vitro approach using HAEBC. 

 

8-oxo-dG is an oxidised derivative of guanine, one of the four DNA-forming units, and 

is commonly used as an indicator of an oxidative DNA damage (394). The presence of 

8-oxo-dG in epithelial cells was assessed by staining the epithelium region of the GMA-

embedded bronchial biopsies with the anti-8-oxo-dG antibody or its isotype control, 

followed by a semi-quantification method (316). The 8-oxo-dG staining and analysis 

were kindly performed by Miss Camille Doe and Prof. Chris Brightling. 

 

The DCF-DA assay is a quantitative assay for measuring intracellular reactive oxygen 

species generation (iROS). The DCF-DA molecules penetrate the cell plasma 

membrane, and subsequently emit a quantifiable fluorescence that is directly 

proportional to the quantity of iROS present intracellularly (390). The DCF-DA assay 

was first optimised for sensitivity (Gain value at 1100) and sample dilution. The iROS 

level in healthy and asthmatic HAEBC was measured at an un-stimulated (baseline) 

status and a stimulated status. H2O2 at concentrations ranging from 50 mM to 50 µM 

were used as the stimulus. Black 96-well plates were specifically used to prevent 

fluorescence contamination across adjacent wells. Only the wells that reached ≥90% 

cell confluence were used for the assays. 

 

Coomassie Bradford assay is a quantification assay that measures protein levels in cell 

lysates. The assay reagent provides an acidic environment for the coomassie dye to 
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change from brown to blue upon protein binding, of which the intensity is in proportion 

to the protein quantity in the sample (387). It was performed to measure the HAEBC 

protein levels at the end of each DCF-DA assay 

 

NOX4 and SOD2 were potential players in the epithelial oxidative pathways in asthma 

(316), thus they were specifically measured using a genetic approach (RT-qPCR) and a 

protein approach (Western Blot). RT-qPCR is a two-step gene quantification method, 

where initial synthesis of cDNA from total RNA samples, followed by the amplification 

of the cDNA of interest. This amplification is measured by a fluorescent reporter 

(SYBR Green) of which the C(t) reading is indirectly proportional to the input RNA 

quantity (392). Samples of total RNA were prepared from HAEBC and ALI cultures: 

HAEBC were prepared in 6-well plates. After reaching >80% confluence 2 wells were 

combined as 1 sample; 50 to 100 % of a Transwell® of ALI culture was used as 1 

sample. Total RNA was extracted using Qiagen RNeasy mini kit plus DNaseI digestion. 

Only the RNA samples with an A260/A280 ratio ≈2 were used for the RT-qPCR. RT-

qPCR was performed following the manufacturer’s protocol. The primers and reaction 

conditions are stated in Table 5.2. The size and purity of the qPCR products were 

analysed using 2 % agarose gel electrophoresis. As for the data analysis, the C(t) value 

of each sample was first corrected with its own housekeeping gene (18S) C(t) value 

followed by a normalisation with a reference sample. This same reference sample was 

used for the normalisation of all RT-qPCR runs. Statistical analysis was performed after 

the normalisation. 

 

Western Blot is the one of the most common protein analytical assay that uses gel 

electrophoresis to first separate proteins according to their molecular weight, followed 
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by recognition of the protein of interest using a specific antibody which can be picked 

up fluorescently and can be quantified using densitometry (388, 389). Whole cell 

lysates were prepared from HAEBC and ALI cultures for protein samples. 10 % and 12 

% acrylamide running gels were used for resolving NOX4 and SOD2 proteins 

respectively. Table 5.1 shows the antibodies used for each target protein. A human 

airway smooth muscle cell (HASMC) lysates were used as a positive control. The 

intensity of each densitometry measurement was normalised with the corresponding 

housekeeping protein β-actin. 

 

Protein of 
Interest 

1° antibody Dilution 
factor 

2° antibody Dilution 
Factor 

Blot Development 

SOD2 Polyclonal rabbit 
anti-SOD2 
(ab13533, Abcam, 
Cambridge) 

1:5000 Anti-rabbit HRP-
conjugated 
(Cell Signaling 
Technology) 

1:3000 ECL (Amersham, Little 
Chalfont, U.K.) 

NOX4 Polyclonal rabbit 
anti-NOX4 
(ab60940, Abcam) 

1:1000 Anti-rabbit HRP-
conjugated (Cell 
Signaling 
Technology) 

1:3000 

UptiLightTM(Interchim, 
MontluconCedex, 
France) 

NOX4 Polyclonal rabbit 
anti-NOX4 
(NB110-58851, 
Novus Biological, 
Cambridge) 

1:500 Anti-rabbit HRP-
conjugated (Cell 
Signaling 
Technology) 

1:3000 

β-actin HRP-conjugated 
human anti-β-actin 
9 

1:20,000 - - ECL (Amersham) 

 
Table 5.1 Antibodies used for Western Blot for NOX4 and SOD2. One SOD2 antibody, and 
two NOX4 antibodies were used for detecting NOX4 protein in cell lysates from HAEBC and ALI 
cultures. β-actin was used as the housekeeping reference protein. Both SOD2 and β-actin were highly 
expressed thus ECL western blot analysis reagent was used for the blot development. NOX4 protein 
expression was low, thus a more sensitive, UptiLightTM reagent was used.  
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A.    

Gene Primers Volume in 
rxn mix Source 

NOX4 
4598-forward 
5’-TGGCTGCCCATCTGGTGAATG-3’ 1 µl Operon MWG 

Biotech 4878-reverse 5’-
GCATCGTTTATGGTCGGAAC-3’ 

1 µl 

SOD2 
Forward 
5’-CGACCTGCCCTACGACTAC-3’ 

0.4 µl 
PrimerDesign Reverse 

5’-AACGCCTCCTGGTACTTCTC-3’ 
0.4 µl 

18S 
Forward 
5’-GTTGGTTTTCGGAACTGAGG-3’ 

1 µl Operon MWG 
Biotech Reverse 

5’-GCATCGTTTATGGTCGGAAC-3’ 
1 µl 
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SOD2 qPCR 50ºC,  
2 min 

95ºC, 
20 s 

95ºC, 
20 s 

59ºC, 
30s 

72ºC, 
30 s read 36 - - 4ºC 

NOX4 qPCR 50ºC,  
2 min 

95ºC, 
20 s 

95ºC, 
20 s 

60ºC, 
30s 

72ºC, 
30 s read 37 - - 4ºC 

 
Table 5.2 RT-qPCR for NOX4, SOD2 and housekeeping gene 18S rRNA. A shows the 
primers used for the reactions. B shows the reaction conditions of qPCR for each target gene. 

 

To further investigate the role of NOX4 in oxidative handling in airway epithelial cells, 

NOX4 protein activity was blocked by GKT137831 (NOX4i), is a NOX1/NOX4 duo 

protein inhibitor donated from GenKyoTex, Switzerland (Figure 5.1). The inhibitory 

effect of GKT137831 in HAEBC and ciliated cultures was evaluated using the DCF-DA 

assay and ciliary function analysis respectively.  

 

To assess the effect of GKT137831 on oxidative handling in HABEC, the cells were 

incubated with 100 µl of the following reagents: GKT137831 alone (1 µM, 5 µM or 20 

µM.), H2O2 alone (at 10 mM, 1 mM), or GKT137831 (20 µM) plus H2O2 (at 10 mM, 1 
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mM). The incubation time was 0.5 h and 1 h. iROS generation was measured using the 

DCF-DA assay. After the assay protein levels were measured by Coomassie Bradford 

assays. Furthermore, the effect of NOX4i on HAEBC survival was evaluated using 

trypan blue to enumerate viable adherent cells. To do this, the supernatant was removed 

from each well at the end of the DCF-DA assay. 30 µl filtered, sterile trypan blue stain 

(diluted in PBS in 1:1 ratio) was added into each well for 2 to 6 min. The stain was then 

completely removed. Each well was refilled with 30 µl PBS. As illustrated in Figure 

5.2, a grid was placed at the bottom of the 96-well plate, dividing each well into 4 

regions of squares. 4 photos at x20 magnification were taken at the top left corner of 

each of the squares. Cells were categorized as healthy cell with negative staining, cells 

negatively stained but with abnormal morphology, and cells with positive staining. The 

known length of a square of a haemocytometer was photographed at the same 

magnification as the images and then measured using Image J software, in order to 

enable calculation of the area of the images in µm2. 

 

After the DCF-DA assay, the number of concentrations of GKT137831 was reduced to 

5 µM and 20 µM only for testing the effect of the compound on the ciliary function of 

fresh epithelial cell strips. Bronchial brushes (n=13) freshly obtained from the airways 

were used <1.5 h after bronchoscopy. Cell strips from each brush were resuspended in 2 

ml M199 medium by vigorous shaking. Each suspension was split into 99 µl or 198 µl 

aliquots depending on the original size of the tissue collected. Compounds were 

prepared in M199 medium with antibiotics and: GKT137831 at 500 µM and 2 mM; 

NAC at 500 mM as the positive control of GKT137831; equivalent DMSO as in 20 µM 

GKT137831 condition (NOX4i diluent) as the negative control. 1 µl or 2 µl of the 

compounds was added into the corresponding aliquots to give working concentrations 
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of GKT137831 at 5 µM and 20 µM; NAC at 5 mM. Incubation took place at 37°C for 

0.5 h or 1 h prior to side-profile video-microscopy. 

 

 
 
Figure 5.1 Structure of NOX inhibitors. A shows the structure of pyrazolopyridine dione core, 
the core of anti-NOX small molecules (370). B shows the molecular structure of NOX1/NOX4 inhibitor 
GKT137831 (320). 
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Figure 5.2 Illustration on cell viability assessment using trypan blue staining on adherent 
cells. A shows a schematic well from a 96-well plate with a grid place at the bottom. 4 pictures were 
taken per well as indicated by the red circles. B shows a sample picture of adherent HAEBC stained with 
trypan blue at x20 magnification. Each picture was divided into regions for accurate cell count. C shows a 
haemocytometer grid taken at x20 magnification using the same light microscope.  

Calibration bar (red) = 0.25 mm; Magnification x20 (Light microscope)!
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5.4 Results 

5.4.1 Oxidative mishandling is present in asthmatic epithelium 

Oxidative stress was found to be increased in the epithelial cells from asthmatics, but 

not in healthy controls. The bronchial biopsies from 9 healthy and 27 asthmatics (16 

mild-moderate, 11 severe) were used (Table 5.3A). Oxidative stress-induced DNA 

damage, as represented by 8-oxo-dG expression, was increased in the asthmatic 

epithelium (Figure 5.3A). Compared with isotype control (Figure 5.3A, left), the 

asthmatic epithelial biopsy showed a strong positively staining with 8-oxo-dG with 

different intensities (Figure 5.3A, middle and right). This DNA damage was correlated 

to disease severity (p=0.04) (Figure 5.3B). The 8-oxo-dG expression was also 

correlated to airflow obstruction (p=0.001) (Figure 5.3C) and the % of sputum 

neutrophils (p=0.02) (Figure 5.3D). This DNA damage is likely to be due to an 

abnormal oxidative handling in asthmatic epithelial cells. To confirm this, the DCF-DA 

assay was used to measure the iROS generation in HAEBC with or without H2O2 

stimulation. 

 

The DCF-DA assay was first tested using different reagents as the DCF-DA diluent 

because of the prolonged incubation/stimulation time. PBS is normally used as the 

diluent for the assay. However, HBSS contains essential ions that may help with 

maintaining cell survival and adjusting pH value (445). To test if HBSS would be a 

suitable diluent for the prolonged DCF-DA assays, it was used in a 2 h preliminary test. 

The result suggested that the use of HBSS resulted in an auto-fluorescence. Therefore, 

PBS remained as the diluent for the DCF-DA assay. The sensitivity of the microplate 

reader was also tested using Gain values ranging from 1000 to 1800. A Gain at 1100 
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gave a window that allowed the biggest changes in fluorescence, and thus it was used 

for the rest of the DCF-DA assay. 

 

Exogenous H2O2-induced oxidative stress was evaluated in HAEBC from 8 healthy and 13 asthmatics (4 
non-neutrophilic, 9 neutrophilic) (Table 5.3B). The asthmatic group was further divided into non-
neutrophilic and neutrophilic sub-groups because of the correlation between 8-oxo-dG staining and 
sputum neutrophil counts (Figure 5.3). At an un-stimulated level, there was no significant difference in 
iROS generation (i.e. fluorescence intensity, OD) between all subject groups (One-way ANOVA p=0.9, 
data not shown). H2O2 stimulation caused an increase in iROS generation in all subject groups ( 

Figure 5.4A). The mean [95% CI] EC50 was similar between health (0.04 [0.002 to 0.8] mM) and non-
neutrophilic asthma (0.1 [0.005 to 1.9] mM). The EC50 of the neutrophilic asthma subgroup (0.3 [0.1 to 
0.7] mM) was significantly higher than that of healthy controls (p=0.02), although this may be driven by 
an increase in the maximal response to H2O2 as the response to H2O2 at concentrations within the EC50 
range was not significantly different. Interestingly, when comparing the maximum dose effect of the 
H2O2 stimulation, only the neutrophilic asthma subgroup (3380±270 OD, n=9), but not the non-
neutrophilic subgroup (2542±398 OD, n=4), produced a significantly higher iROS compared to healthy 
controls (2371±252 OD, p=0.02, n=8) ( 

Figure 5.4B). This H2O2-induced maximum dose effect was associated with the % sputum neutrophil 
with a significant value at p=0.052 ( 

Figure 5.4C), and was in coherence with the correlation between 8-oxo-dG positivity 

and sputum neutrophil count (Figure 5.3E). Despite the lower n number for the non-

neutrophilic sub-group, these collective results provide strong evidence for the presence 

of abnormalities in ROS handling within the subpopulation of asthmatics with 

neutrophilic inflammation. 

 

In addition, H2O2 significantly reduced the protein levels in a concentration-dependent manner ( 

Figure 5.4D), which was likely to be due to the cytotoxic effect of the stimulus. The 

protein levels of the adherent cells were measured at the end of the DCF-DA assay 

using Bradford assay, because it was thought to provide an indirect assessment of cell 

viability. However adherent dead cells would have also been counted using this 
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approach. Furthermore, it has been shown previously that certain types of stimulation 

could increase intracellular protein expression (446, 447). The validation of Bradford 

assay and the reliability of the results will be discussed later.  
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A.' & & & &

Study' Bronchial'Biopsy'88oxo8dG'immunohistology''

Clinical'Details' Healthy'(n'='9)' Mild8Moderate'
Asthmatic'(n'='16)'

Severe'Asthmatic'
(n'='11)'

1way8ANOVA'
p8values'

Gender&(F)& 5&(4)& 6&(10)& 4&(7)& 0.62*&

Age,&yr& 42&(5)& 51&(3)& 51&(3)& 0.23&

Pack&year& 0.1&(0.1)& 3.3&(1.4)& 2.5&(1.1)& &

%&Predicted&FEV1& 94&(3)& 86&(6)& 79&(7)& 0.56&

%&FEV1/FVC& 83&(2)& 73&(2)& 74&(3)& 0.03'

PC20&FEV1,&mg/ml&†& >16& 0.8&(0.3H1.8)& 0.9&(0.3H2.7)& <'0.0001'

Blood&Total&IgE,&kU/ml& 23&(n/a)& 75&(24)& 67&(44)& n/a&

Blood&eosinophils,&kU/ml& 0.15&(0.05)& 0.26&(0.04)& 0.23&(0.03)& 0.25&

Treatment&(mcg/24&BDP&eqv.)& n/a& 594&(157)& 1251&(134)& n/a&

Atopy,&%& 33& 69& 73& 0.14*&

Age&of&Disease&Onset,&yr& n/a& 37&(9)& 54&(9)& n/a&

Sputum&Characterization& & & & &

Total&cell&count(x10
6&
cells/ml)& n/a& 2.5&(0.4)& 4.5&(1.0)& n/a&

Eosinophils,&%&‡& n/a& 1.0&(0.2H5.7)& 1.5&(0.3H8.6)& n/a&

Neutrophils,&%&‡& n/a& 58&(22H75)& 71&(52H88)& n/a&

Macrophages,&%&‡& n/a& 28&(16H59)& 24&(10H32)& n/a&

Epithelial&cells,&%&‡& n/a& 4.0&(0.3H6.9)& 1.0&(0.6H4.4)& n/a&

 
B.' & & & &

Study' DCF8DA'assay'(H2O2'stimulation)'

Clinical'Details' Healthy'(n'='8)' Non8neutrophilic'
Asthmatic'(n'='4)'

Neutrophilic'
Asthmatic'(n'='9)'

1way8ANOVA'
p8values'

Gender&(F)& 5&(2)& 3&(1)& 7&(2)& 0.96*&

Age,&yr& 46&(7)& 55&(5)& 57&(5)& 0.35&

Pack&year& 3&(3)& 30&(16)& 11&(5)& 0.08&

%&Predicted&FEV1& 105&(6)& 66&(8)& 80&(6)& 0.005'

%&FEV1/FVC& 79&(3)& 56&(7)& 66&(6)& 0.059&

PC20&FEV1,&mg/ml&†& >16& 1.2&(0)& 2.3&(0.1H69)& <0.0001'

Blood&Total&IgE,&kU/ml& 45&(31)& 65&(26)& 123&(54)& 0.44&

Blood&eosinophils,&kU/ml& 0.15&(0.03)& 0.25&(0.09)& 0.27&(0.07)& 0.39&

Treatment&(mcg/24&BDP&eqv.)& n/a& 1867&(133)& 1100&(217)& n/a&

Atopy,&%& 0& 33& 50& 0.44*&

Age&of&Disease&Onset,&yr& n/a& 41&(2)& 38&(7)& n/a&

Sputum&Characterization& & & & &

Total&cell&count(x10
6&
cells/ml)& n/a& 2.4&(1.2)& 5.3&(1.4)& n/a&

Eosinophils,&%&‡& n/a& 15.3&(3.7H25.3)& 1&(0.0H2.4)& n/a&

Neutrophils,&%&‡& n/a& 41&(30H52)& 84&(72H93)& n/a&

Macrophages,&%&‡& n/a& 10&(5H16)& 9&(3H17)& n/a&

Epithelial&cells,&%&‡& n/a& 4.4&(2.9H27.4)& 1.8&(0.6H4.5)& n/a&

†&geometric&mean&(95%&CI)&‡&median&(interHquartile&range);&*&Chi&Square&test&p<0.05.&

 
Table 5.3 Clinical details of the subjects in the oxidative stress assessment. A, the bronchial 
biopsy donors; B, epithelial cell donors for the DCF-DA assay with H2O2 stimulation. Data are expressed 
as mean±SEM unless otherwise indicated. Statistical difference were assessed using unpaired t-tests, 
p<0.05 unless otherwise indicated. 
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Figure 5.3 Epithelium positively stained with 8-oxo-7,8-dihydro- 2’-deoxyguanosine (8-oxo-
dG) in asthmatic bronchial biopsies. Oxidative DNA damage in the asthmatic epithelium in human 
bronchial biopsies was indicated by the presence of 8-oxo-dG positive staining in brown. A shows GMA-
embedded bronchial biopsies that were immuno-stained with isotype control (left) and 8-oxo-dG with 
medium intensity (middle) and high intensity (right). Semi-quantitative scoring (SQS) was used to assess 
8-oxo-dG staining intensity. B shows the SQS across asthma severity. Data are expressed as mean. 
Statistical analysis was performed using the Kruskal-Wallis test, p<0.05.C and D show the correlation 
between 8-oxo-dG staining intensity and airflow obstruction (C), and sputum neutrophil count (D), 
respectively. Statistical analysis was performed using Spearman correlation, p<0.05.  
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Figure 5.4 Intracellular reactive oxygen species (iROS) generation in response to hydrogen 
peroxide (H2O2) stimulation in HAEBC. To look at oxidative handling, HAEBC were stimulated by 
H2O2 ranging from 50 mM to 50 µM for 1 h. H2O2-induced iROS generation, reflected by the amount of 
fluorescence, was measured using the DCF-DA assay. Cells from healthy controls (n=8, dots), non-
neutrophilic (n=4, squares) and neutrophilic (n=9, triangles) asthmatics were used for this experiment. 
Data are expressed as mean±SEM. A shows the dose response and EC50 of iROS generation in the 
epithelial basal cells upon H2O2 stimulation. B shows the fluorescence in response to the maximum dose 
of H2O2 (sigmoid max.). Statistical differences were assessed using unpaired t-tests. C shows the sigmoid 
maximum dose correlated to the % sputum neutrophils. Statistical analysis was performed using 
Spearman correlation, p<0.05. D shows the % of HAEBC protein level after H2O2 stimulation. Statistical 
differences were assessed using paired t-tests, *** = p<0.05 compared to DCF-DA controls.  
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5.4.2 NOX4 may be involved in the asthmatic oxidative stress 

Despite the low sample size, the preliminary data of the microarrays from Chapter 3 

identified NOX4 as one of the few genes that may be differentially expressed in 

asthmatic HAEBC, and were related to oxidative handling. At normal condition, NOX4 

is likely to be involved in oxidative handling and was thus investigated further using 

protein and gene quantification. Because DNA damage and iROS mishandling in 

HAEBC were associated with the level of neutrophilic inflammation, the asthmatic 

group was subdivided into those with neutrophilic asthma and those with non-

neutrophilic asthma. 

 

NOX4 protein expression could not be quantified using Western Blot due to a technical 

issue. In spite of the clear and dense bands for NOX4 protein detected at the correct 

molecular weight in the HASMC samples using the Abcam antibody ab60940, in the 

epithelial samples it resulted in a number of non-specific bands in the low molecular 

weight region of the blot, but with none at 60 kDa corresponding to the molecular 

weight of NOX4. The experiment was repeated using another NOX4 antibody from 

Novus Biological (360, 448), but it gave a similar result. These bands were not likely to 

represent any NOX4 variants, whose the molecular weights range from 59 kDa to 64 

kDa (309).  
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A.' & & & &

Study' NOX4'gene'expression'(HAEBC)'

Clinical'Details' Healthy'(n'='7)' Non8neutrophilic'
Asthmatic'(n'='4)'

Neutrophilic'
Asthmatic'(n'='8)'

1way8ANOVA'
p8values'

Gender&(F)& 5&(3)& 1&(3)& 6&(2)& 0.25&

Age,&yr& 45&(5)& 51&(7)& 58&(5)& 0.26&

Pack&year& 4&(3)& 19&(16)& 13&(7)& 0.48&

%&Predicted&FEV1& 101&(7)& 58&(9)& 86&(8)& 0.01'

%&FEV1/FVC& 79&(3)& 55&(5)& 69&(5)& 0.02'

PC20&FEV1,&mg/ml&†& >16& 2.0&(0.0)&‡& 3.3&(0.6H11.6)&‡& 0.02'

Blood&Total&IgE,&kU/ml& 76&(36)& 60&(27)& 116&(55)& 0.69&

Blood&eosinophils,&kU/ml& 0.13&(0.03)& 0.32&(0.09)& 0.23&(0.06)& 0.18&

Treatment&(mcg/24&BDP&eqv.)& n/a& 1533&(291)& 967&(352)& n/a&

Atopy,&%& 0& 50& 33& 0.63&

Age&of&Disease&Onset,&yr& n/a& 32&(10)& 32&(10)& n/a&

Sputum&Characterization& & & & &

Total&cell&count(x10
6&
cells/ml)& n/a& 1.6&(1.0)& 5.3&(1.7)& n/a&

Eosinophils,&%&‡& n/a& 23.2&(2.5H48)& 1.0&(0.0H2.9)& n/a&

Neutrophils,&%&‡& n/a& 40&(35H54)& 88&(72H93)& n/a&

Macrophages,&%&‡& n/a& 39&(12H39)& 7&(1H13)& n/a&

Epithelial&cells,&%&‡& n/a& 2.5&(0.0H2.8)& 1.4&(0.6H4.4)& n/a&

 

B.' & & & &

Study' NOX4'gene'expression'(ALI)'

Clinical'Details' Healthy'(n'='7)' Non8neutrophilic'
Asthmatic'(n'='4)'

Neutrophilic'
Asthmatic'(n'='4)'

1way8ANOVA'
p8values'

Gender&(F)& 4&(3)& 3&(1)& 3&(1)& 0.77*&

Age,&yr& 54&(7)& 46&(10)& 54&(7)& 0.76&

Pack&year& 8&(6)& 0&(0)& 8&(3)& 0.47&

%&Predicted&FEV1& 103&(4)& 92&(7)& 95&(7)& 0.32&

%&FEV1/FVC& 80&(2)& 71&(5)& 65&(2)& 0.01'

PC20&FEV1,&mg/ml&†& >16& 2.1&(1H16)&‡& 7.2&(0.8H16)&‡& 0.08&

Blood&Total&IgE,&kU/ml& 140&(114)& 109&(79)& 162&(90)& 0.94&

Blood&eosinophils,&kU/ml& 0.11&(0.02)& 0.77&(0.29)& 0.27&(0.08)& 0.01'

Treatment&(mcg/24&BDP&eqv.)& n/a& 700&(473)& 850&(435)& n/a&

Atopy,&%& 2&(3)& 3&(1)& 1&(3)& 0.34*&

Age&of&Disease&Onset,&yr& n/a& 45&(9)& 30&(13)& n/a&

Sputum&Characterization& & & & &

Total&cell&count(x10
6&
cells/ml)& n/a& 2.6&(0.5)& 2.0&(1.0)& n/a&

Eosinophils,&%&‡& n/a& 10&(7H27)& 0&(0)& n/a&

Neutrophils,&%&‡& n/a& 37&(32H60)& 94&(91H96)& n/a&

Macrophages,&%&‡& n/a& 55&(12H56)& 2&(0.3H4.1)& n/a&

Epithelial&cells,&%&‡& n/a& 1.0&(1.0H1.0)& 0.9&(0.8H1.6)& n/a&

†&geometric&mean&(95%&CI)&‡&median&(interHquartile&range);&*&Chi&square&test&p<0.05.&

 
Table 5.4 Clinical details of the subjects in the NOX4 gene expression experiment. Data are 
expressed as mean±SEM unless otherwise indicated. Statistical differences were assessed using unpaired 
t-tests, and considered to be significant when p<0.05 unless otherwise indicated. 
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In comparison, NOX4 gene expression could be detected and quantified using RT-

qPCR. HAEBC from 8 healthy controls and 13 asthmatics (4 non-neutrophilic, 8 

neutrophilic) (Table 5.4A), and ALI cultures from 7 healthy controls and 8 asthmatics 

(4 non-neutrophilic, 4 neutrophilic) (Table 5.4B), were used. The C(t) value of the gene 

of interest was normalised with the corresponding C(t) value of the housekeeping gene, 

followed by a second normalisation with a reference healthy sample used across 

different qPCR runs. Because of relative quantity of NOX4 was not normally 

distributed, the data was transformed into log2 scale. Statistical analyses were performed 

after the normalisation and transformation. 

 

An efficiency curve was first performed using a healthy HAEBC sample. The efficiency 

was 94.9% using cDNA ranging from 1 ng to 50 ng (Figure 5.5A). The amount of 

cDNA used in subsequent reactions for both HAEBC and ALI cultures was therefore 

chosen at 10ng/reaction. The efficiency curve for 18S was performed using an input 

material ranging from 0.001 ng to 10 ng, and the result can be found in Figure 5.8B. It 

was not repeated using a higher range of input material as for NOX4 because the high 

18S expression in the cells limits the input cDNA quantity to 1ng/reaction. A quantity 

higher than 1ng/reaction is likely to push the C(t) values of 18S closer to 1, and thus it 

may arise unreliable results. The amplification curves showed low threshold cycle (C(t)) 

values for 18S rRNA and higher C(t) values for NOX4 (Figure 5.5B). The C(t) values 

for NOX4 were high for HAEBC samples and were even higher for some ALI cultures. 

The melting curves of the HAEBC samples gave clear single peaks (Figure 5.5C). 

Among the ALI samples, some of the melting curves contained double-peaks (Figure 

5.5D). These double-peaks could be caused by 1) RNA/cDNA contamination, and 2) 

primer dimerization due to a low RNA input. The latter one was more likely to be the 
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cause since all the RNA samples had the A260/A280 ratios at ~2, were always handled 

below 4°C, and have undergone minimal re-freezing steps. The apparatus and materials 

were also kept sterile throughout the process. Therefore, sample contamination and 

degradation were not likely to be the cause. A second efficiency curve was performed 

using a healthy ALI sample as the reference. The efficiency was 95.2 % using cDNA 

ranging from 10 ng to 100 ng/reaction (Figure 5.5E). The amount of cDNA used in 

subsequent reactions was therefore chosen at 20 ng/reaction for ALI cultures. The 

improvement in the shape of the melting curve supported the use of a higher cDNA 

quantity (Figure 5.5F). The amount of cDNA used for HAEBC samples was also 

increased to prevent any potential primer dimerisation. The available HAEBC samples 

allowed an increase to 25 ng/reaction. 

 

NOX4 gene expression has been found significantly higher in the asthma neutrophilic 

subgroup compared to healthy controls, but was only in the differentiated epithelial cells 

and not in the undifferentiated basal cells (HAEBC). In the HAEBC, the relative 

quantity (RQ) of NOX4 RNA in the neutrophilic asthmatics (n=8, 1.5±1.1 RQ) was not 

significantly different from the RQ in healthy controls (n=8, 0.00±0.6 RQ, p=0.51), but 

was significantly higher than the RQ in the non-neutrophilic asthmatics (n=4, -1.5±0.03 

RQ, p=0.046) (Figure 5.6A). The NOX4 RNA expression level among the neutrophilic 

asthma subgroup was more variable. This result is in coherence with the microarray 

result in Chapter 3: 1) there was no significant difference in the level of NOX4 gene 

expression between healthy and asthmatic HAEBC, and 2) NOX4 gene expression was 

not seen in healthy HAEBC, but was seen in some but not all asthmatic HAEBC. In 

comparison, ALI cultures developed from neutrophilic asthmatics expressed 

significantly higher NOX4 RNA (n=4, 2.1±0.5 RQ) compared to healthy controls (n=7, 
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0.0±0.3, mean difference [95% CI] 2.1 [0.8 to 3.3] RQ, p=0.02), but this was not 

significantly higher than the non-neutrophilic asthmatics (n=4, -0.4±0.5 RQ, p=0.06) 

(Figure 5.6B). Similar to the oxidative DNA damage shown by the 8-oxo-dG staining 

(Figure 5.3), this NOX4 RNA expression in ALI cultures was correlated to airflow 

obstruction (r=0.54, p=0.04) (Figure 5.6C). The consistent 18S expression level in 

HAEBC and ALI cultures in both subject groups confirmed the suitability of its use as a 

housekeeping gene (Figure 5.6D). The low sample size among the asthmatic subgroups 

may have reduced the power of the effect, thus this result should be treated as a 

preliminary data. Despite the high RNA input quantity (20ng/reaction) and the high C(t) 

values (~33) obtained for NOX4 gene expression, these factors are unlikely to have 

affected the reliability of the results presented here because 1) the maximum C(t) value 

allowed here was the number of amplification cycles, 37 cycles (449), and 2) increasing 

the amount of cDNA used in the reactions improved the quality of the qPCR 

performance (Figure 5.5). Agarose gel electrophoresis also confirmed the efficiency of 

the reaction and the purity of the target products (Figure 5.6E). The smear of one ALI 

culture sample, as shown on Lane 6, may suggest RNA degradation; the initial RNA 

quantity of this sample was pure but low. This sample was excluded from the analysis. 

Very fade bands could be seen towards the bottom of the gel. It is likely to be due to the 

colour of the dye. Clear bands can be seen in the RT negative controls of 18S qPCR 

products. It is likely to be due to the high level of this housekeeping gene present in the 

RNA samples. This gene was replicated extensively over the qPCR cycles and was 

picked up towards the end of the amplification. This however cannot be regarded as a 

fault positive.  
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Figure 5.5 RT-qPCR optimisation for NOX4 gene expression. RT-qPCR quality control and 
repeatability were measured by looking at efficiency curves, amplification curves and qPCR product 
melting curves. A shows the efficiency curve for NOX4 using a healthy HAEBC sample as the reference. 
B shows the amplification curves of 18S rRNA (left group) and NOX4 (right group) qPCR using 10ng 
RNA. C and D show the melting curves of 18S rRNA (~82°C) and NOX4 (~84°C) of HAEBC and ALI 
culture samples respectively. E shows the efficiency curve for NOX4 using an ALI culture as the 
reference. F shows the improved melting curves of ALI cultures using 20 ng RNA.  
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Figure 5.6 NOX4 gene expression in airway epithelial cells assessed by RT-qPCR. NOX4 gene 
expression was quantified in HAEBC (dots), non-neutrophilic asthmatics (square) and neutrophilic 
asthmatics (triangle), using RT-qPCR. Data are expressed as relative quantity (RQ) mean±SEM. A shows 
the NOX4 gene expression measured in HABEC from healthy controls (n=8), non-neutrophilic (n=4) and 
neutrophilic (n=8) asthma subgroups. B shows the expression in ALI cultures from healthy controls (n=7), 
non-neutrophilic (n=4) and neutrophilic (n=4) asthma subgroups. Statistical differences were assessed 
using Mann Whitney U tests, p<0.05, compared to healthy controls. C shows the correlation between 
NOX4 gene expression and airflow obstruction (% FEV1/FVC). Statistically differences were assessed 
using Spearman correlation, p<0.05. D shows the 18S mRNA expression relative to the reference healthy 
sample of HAEBC and ALI culture. E shows the products from NOX4 qPCR, with molecular weight 
marker (1), HAEBC NOX4 (2) and its negative control (3), HAEBC18S (4) and its negative control (5), 
ALI culture NOX4 (6) and its negative control (7), ALI culture 18S (8) and its negative control (9).  
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5.4.3 SOD2 is not likely to be involved in the asthmatic epithelial oxidative stress 

SOD2 is an antioxidant located in the mitochondria, which is responsible for 

dismutating O2
!–to H2O2. Despite the fact that SOD2 was not identified as differentially 

expressed in the microarrays in Chapter, its gene and protein expression in airway 

epithelial cells were assessed using the same approaches as for the NOX4 expression, as 

it may work in concert with NOX4 within the mitochondrial compartment (306, 307) to 

regulate the intracellular oxidative balance. 

 

Clinical'Details' Healthy'(n'='11)' Non8neutrophilic'
asthmatic'(n=4)'

Neutrophilic'
Asthmatic'(n'='8)'

One8way'ANOVA'
p8values'

Gender&(F)& 8&(4)& 2&(2)& 6&(2)& 0.69*&

Age,&yr& 45&(4)& 43&(11)& 62&(5)& 0.06&

Pack&year& 5&(3)& 17&(17)& 19&(7)& 0.25&

%&Predicted&FEV1& 103&(5)& 72&(11)& 82&(6)& 0.01'

%&FEV1/FVC& 79&(2)& 65&(8)& 66&(6)& 0.06'

PC20&FEV1,&mg/ml&‡& >16& 2.1&(2.0H2.1)& 7.2&(0.5H16)& n/a&

Blood&Total&IgE,&kU/ml& 39&(21)& 34&(4)& 99&(57)& 0.47&

Blood&eosinophils,&kU/ml& 0.16&(0.02)& 0.42&(0.13)& 0.38&(0.15)& 0.16&

Treatment&(mcg/24&BDP&eqv.)& n/a& 1000&(577)& 767&(285)& n/a&

Atopy,&%& 50& 50& 20& 0.64*&

Age&of&Disease&Onset,&yr& n/a& 26&(10)& 34&(8)& n/a&

Sputum&Characterization& & & & &

Total&cell&count(x10
6&
cells/ml)& n/a& 2.0&(1.0)& 4.0&(1.9)& n/a&

Eosinophils,&%&‡& n/a& 10&(2.5H48)& 0&(0.0H1.6)& n/a&

Neutrophils,&%&‡& n/a& 40&(32H54)& 91&(84H94)& n/a&

Macrophages,&%&‡& n/a& 39&(12H56)& 5&(2H13)& n/a&

Epithelial&cells,&%&‡& n/a& 1.0&(0.0H4.8)& 0.9&(0.6H4.2)& n/a&

†&geometric&mean&(95%&CI)&‡&median&(interHquartile&range);&*&Chi&square&test&p<0.05.&

 
Table 5.5 Clinical details of the subjects in the SOD2 expression experiment. Data are 
expressed as mean±SEM unless otherwise indicated. Statistical differences were assessed using One-way 
ANOVA, p<0.05, unless otherwise indicated. 

 

A total of 11 healthy controls and 12 asthmatics (4 non-neutrophilic asthmatics, 8 

neutrophilic asthmatics) were used for this experiment (Table 5.5). Using Western Blot, 

SOD2 protein expression was detected in both ALI cultures and HAEBC, and in both 

health (lanes 1) and asthma (lanes 2) (Figure 5.7A). The intensity of the bands were 
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measured using densitometry; the values of SOD2 were normalised with values the 

corresponding β-actin and presented as relative quantity (RQ). Mann-Whitney U test 

was performed after the normalisation to compare different subject groups. There was 

no difference in the SOD2 protein expression in HAEBC derived from healthy controls 

(n=8, 1.7±0.5 RQ), non-neutrophilic asthmatics (n=3, 1.2±0.2 RQ), and neutrophilic 

asthma (n=4, 1.7±0.5 RQ) (Figure 5.7B). There was also no significant difference in 

SOD2 expression in ALI cultures derived from healthy controls (n=3, 0.9±0.1 RQ) and 

neutrophilic asthmatic (n=3, 1.0±0.1 RQ) (Figure 5.7C). There were no non-

neutrophilic asthmatic ALI cultures available at the time of this study. Although in ALI 

cultures only n=3 was done in each subject group, the expression levels were very 

similar among the samples within each group. Therefore no repeats were performed. 

 

Meanwhile, SOD2 gene expression was quantified using RT-qPCR. Efficiency curves 

for SOD2 and 18S were first performed using a HAEBC sample. The efficiency was 

104.6 % for SOD2 using input material ranging from 0.01 ng to 10 ng per reaction 

(Figure 5.8A), and was 98.3 % for 18S rRNA using input material ranging from 

0.001ng to 10ng per reaction (Figure 5.8B). 1 ng RNA was therefore chosen as the 

input quantity per reaction. Similar to the NOX4 expression, the amplification curves 

showed two distinct populations (Figure 5.8C). The two distinct peaks of the melting 

curves for both genes reflected on the purity of the qPCR products and the efficiency of 

the reactions (Figure 5.8D). The relative quantity of SOD2 in relation to 18S rRNA 

expression was calculated followed by further normalisation using a reference healthy 

sample that was used across all qPCR runs. Mann-Whitney U test was then performed 

after the normalisations. The result showed that there was no significant difference in 

SOD2 gene expression between healthy controls, non-neutrophilic and neutrophilic 
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asthmatic subgroups in HABEC (Figure 5.8E) and in ALI cultures (Figure 5.8F). The 

limited ALI culture supply at the time restricted the sample size and thus no further 

repeats could be done. Therefore these results should be treated as preliminary data, and 

further repeats should be done to confirm this finding. All samples expressed a similar 

level of 18S rRNA (Figure 5.8G). The efficiency of the qPCR, and the purity of the 

qPCR products, was further confirmed by agarose gel electrophoresis (Figure 5.8H). It 

is noteworthy that the very faint band present in the 18S rRNA negative control (lane 5) 

was due to the excessive qPCR product obtained at the end of the amplification cycle, 

and was in keeping with its C(t) value approaching the maximum number of 

amplification cycle (37 cycles). This is a common phenomenon with housekeeping 

genes and thus was not classified as a contamination. Very fade bands could be seen 

towards the bottom of the gel, and are likely to be due to the colour of the dye. Some 

smear could be seen with ALI culture SOD2 positive samples. It was more likely to be 

due to the degradation of the qPCR product rather than a contamination since the 

melting curve of each sample was clean (Figure 5.8D). 
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Figure 5.7 SOD2 protein expression in airway epithelial cells. Expression of SOD2 protein (25 
kDa) and reference protein β-actin (42 kDa) were assessed by Western Blot. A shows that SOD2 protein 
was detectable using the Western blot approach, and was present in both healthy (1) and asthmatic (2) 
ALI cultures and HAEBC. The intensity of the bands was quantified using densitometry and the software 
ImageJ. Data are expressed as mean±SEM relative quantity (RQ) to housekeeping protein β-actin. B 
shows the SOD2 protein expression in HAEBC from healthy controls (n=8, dots) and non-neutrophilic 
(n=3, squares) and neutrophilic (n=4, triangles) asthma subgroups. C shows the SOD2 expression in ALI 
cultures from healthy controls (n=3) and neutrophilic asthma subgroup (n=3). Statistical differences were 
assessed using Mann-Whitney U tests, p<0.05.  
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Figure 5.8 SOD2 gene expression in airway epithelial cells assessed by RT-qPCR. RT-qPCR 
quality control and repeatability were measured by looking at efficiency curves, amplification curves and 
qPCR product melting curves. A and B show the efficiency curve for SOD2 and 18S using a healthy 
HAEBC sample as the reference. C shows the amplification curves of 18S rRNA (left group) and SOD2 
(right group) qPCRs using 1ng cDNA/reaction. D shows the melting curves of 18S rRNA (~82°C) and 
SOD2 (~87°C). SOD2 gene expression was quantified in HAEBC and ALI cultures. Data are expressed 
as relative quantity (RQ) mean±SEM. E shows the SOD2 gene expression measured in HAEBC as 
healthy controls (n=6, dots), non-neutrophilic asthmatics (n=3, squares) and neutrophilic asthmatics (n=5, 
triangles), using RT-qPCR. F shows the SOD2 gene expression measured in ALI cultures from healthy 
controls (n=3, dots), non-neutrophilic asthmatics (n=1, squares) and neutrophilic asthmatics (n=3, 
triangles). Statistical differences were assessed using Mann Whitney U tests, p<0.05, compared with 
healthy controls. G shows the 18S rRNA expression relative to the reference healthy sample of HAEBC 
and ALI culture. H shows the products from SOD2 qPCR, with molecular weight marker (1), HAEBC 
SOD2 (2) and its negative control (3), HAEBC 18S (4) and its negative control (5), ALI culture SOD2 (6) 
and its negative control (7), ALI 18S (8) and its negative control (9).  
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5.4.4 NOX4 inhibition using GKT137831 reduced intracellular ROS generation in 

HAEBC without affecting cell viability 

The preliminary data on NOX4 gene expression in ALI cultures suggested that NOX4 

might be involved in the abnormal oxidative pathway in asthma. To see if NOX4 plays 

a role in asthmatic epithelial cell ciliary dysfunction, NOX4 activity was inhibited using 

GKT137831, a NOX1/NOX4 specific inhibitor developed by GenKyoTex, Switzerland 

(320). With reference to past studies done by GenKyoTex and collaborators, 

GKT137831 at 20 µM, 5 µM and 1 µM were used as the starting concentrations for the 

experiments on airway epithelial cells. 

 

Clinical'Details' Healthy'(n'='3)' Non8neutrophilic'
Asthmatic'(n=3)'

Neutrophilic'
Asthmatic'(n'='3)'

One8way'
ANOVA'p8values'

Gender&(F)& 2&(1)& 2&(1)& 2&(1)& 1.0*&

Age,&yr& 43&(10)& 56&(5)& 57&(5)& 0.35&

Pack&year& 7&(7)& 3&(3)& 10&(3)& 0.57&

%&Predicted&FEV1& 101&(3)& 74&(18)& 89&(6)& 0.30&

%&FEV1/FVC& 85&(5)& 56&(9)& 68&(6)& 0.07&

PC20&FEV1,&mg/ml&†& n/a& n/a& n/a& n/a&

Blood&Total&IgE,&kU/ml& n/a& 112&(25)& 178&(128)& n/a&

Blood&eosinophils,&kU/ml& 0.13&(0.04)& 0.30&(0.16)& 0.31&(0.08)& 0.46&

Treatment&(mcg/24&BDP&eqv.)& n/a& 1533&(291)& 600&(200)& n/a&

Atopy,&%& 0& 33& 100& 0.15*&

Age&of&Disease&Onset,&yr& n/a& 45&(6)& 42&(2)& n/a&

Sputum&Characterization& & & & &

Total&cell&count(x10
6&
cells/ml)& n/a& 3.9&(1.6)& 1.1&(0.7)& n/a&

Eosinophils,&%&‡& n/a& 23&(7.3H23.5)& 0&(0.0H1.75)& n/a&

Neutrophils,&%&‡& n/a& 46&(35H65)& 94&(84H94)& n/a&

Macrophages,&%&‡& n/a& 12&(10H39)& 4.4&(0.4H14)& n/a&

Epithelial&cells,&%&‡& n/a& 2.5&(2.0H35)& 0.8&(0.0H8.8)& n/a&

†&Geometric&mean&(95%&CI)&‡&median&(interHquartile&range);&*&Chi&square&p<0.05.&

 
Table 5.6 Clinical details of the subjects in the DCF-DA assay experiments testing the effect 
of NOX4i. Data are expressed as mean±SEM unless otherwise indicated. Statistical differences were 
assessed using One-way ANOVA, p<0.05, unless otherwise indicated. 

 

HAEBC from 3 healthy controls and 6 asthmatics (3 non-neutrophilic and 3 

neutrophilic) were used this experiment (Table 5.6). The asthmatic group was split into 
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neutrophilic and non-neutrophilic subgroups because DNA damage and high NOX4 

expression were predominantly found in the neutrophilic subgroup. 

At an un-stimulated level, with GKT137831 at 5 µM and 1 µM there was a small but 

significantly reduction in iROS generation a 4 h time course (One-way ANOVA, 

p=0.02 and p=0.002 respectively) (Figure 5.9A). There was no concentration-

dependent difference between 20 µM and 5 µM. NAC (5 mM) was used as the positive 

control of GKT137831 due to its antioxidant activity. It also significantly reduced the 

baseline iROS generation (p=0.002). GKT137831 at 20 µM did not give any significant 

time-dependent effect compared to other GKT137831 concentrations, suggesting it 

could be regarded as the maximum dose of this compound. This is in line with other 

GenKyoTex in vitro studies in which GKT137831 at 20 µM was used as the maximum 

dose. Assessment of protein levels with the Coomassie Bradford assay showed that 

when compared to baseline, the protein levels were reduced slightly after 4 h, but not 

after 1 h (Figure 5.9B). A 1 h time course was therefore chosen for the next stage of the 

experiment. Whilst it was shown in Section 5.4.1 that the Coomassie Bradford assay 

might not truly reflect the viability of the adherent cells after the DCF-DA assays, 

trypan blue cell counts were performed on these adherent cells to confirm that they were 

alive. 3 asthmatic samples were used for this preliminary evaluation. Figure 5.9C 

shows a sample picture of the stained adherent HAEBC, with healthy cells that were 

negatively stained, dead cells that were positively stained, and cells that were negatively 

stained but with abnormal morphology. Abnormal cell morphology is regarded as 

squamous, non-cobblestone shaped or with disturbed and/or blebbing surface membrane. 

The total cell count showed no difference across different GKT137831 concentrations, 

NAC, and the corresponding diluents (Figure 5.9D). The differential viable cell count 
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also showed that none of these reagents caused any significant cell death compared to 

the DCF-DA control at 0.5 h (Figure 5.9E) and 1 h (Figure 5.9F). 

 

Having established the maximal dose of GKT137831 to be 20 µM and the optimum time points to be the 
0.5 h and 1 h incubation, these conditions were used for the rest of the experiments. To test the potential 
role of NOX4 in H2O2-induced iROS generation, HAEBC (n=9) were incubated for 0.5 to 1 h with a 
cocktail containing 20 µM GKT137831 plus 10 mM or 1 mM H2O2. The presence of GKT137831 
significantly reduced the 10mM H2O2 induced iROS generation at 0.5 h (mean difference [95% CI] 947 
[718 to 1176] OD, p<0.0001) and at 1 h (1159 [922 to 1396] OD, p<0.0001) (Figure 5.10A). 
GKT137831 showed a similar and significant effect on the cells stimulated with 1 mM H2O2 (Figure 
5.10B). NAC at 5 mM reduced iROS upon stimulation using 10 mM H2O2 (mean difference [95% CI] 
896 [700 to 1091] OD, p<0.0001) (Figure 5.10A) and 1 mM H2O2 (983 [757 to 1209] OD, p<0.0001) 
(Figure 5.10B). Its inhibitory effect on iROS generation was comparable to the effect of GKT137831 at 
20 µM. The H2O2-induced iROS was generally higher in the asthmatic samples, but was not significantly 
different from that of healthy controls (Figure 5.10C). This might be explained by the higher iROS 
generated in these cells in response to H2O2 ( 

Figure 5.4). The effect of GKT137831 and NAC on the H2O2-induced iROS reduction 

over time was further illustrated by looking at the AUC (Figure 5.10D). There was no 

significant difference in AUC between healthy controls (n=3), non-neutrophilic (n=3) 

and neutrophilic asthmatics (n=3) in any individual stimulation condition. NAC at 5 

mM was generally used as the maximum effective dose in the literature (450, 451). 

Interestingly, the inhibition on H2O2-induced iROS generation at 1 h seemed to be more 

effective using 20 µM GKT137831 compared to 5 mM NAC (Figure 5.10E). However 

the small sample size restricted the power of the statistical analysis. These results 

should therefore be regarded as preliminary data. Nevertheless, it would be difficult to 

directly compare their effects without looking into their pharmacokinetics.   
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Figure 5.9 Effect of NOX4 inhibition on iROS generation and cell viability in HAEBC at 
baseline. NOX4 protein in HAEBC (n=9) was inhibited using NOX1/NOX4 duo inhibitor GKT137831 
(NOX4i). Its effect on iROS generation (A) and protein level (B) were observed over a 4 h incubation 
period. Statistical differences were assessed using Tukey post-test, p<0.05, compared with time 0. The 
effect of GKT137831 on cell viability was also assessed using trypan blue viable cell count on adherent 
cells. C shows a sample picture of trypan blue stained-adherent HAEBC. D shows the total number of 
cells per one well of a 96 well plate after 0.5 h and 1 h GKT137831 incubation. Cells were categorised as 
negatively stained cells (-, expressed in dots), positively stained cells but with abnormal morphology ((-), 
expressed in squares) and positively stained cells (+, expressed in triangles). E and F show the viable cell 
count at 0.5 h and 1 h respectively.  
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C. 0.5 h 1 h 

Mean±SEM Health (n=3) Asthma 
(n=6) p-value Health (n=3) Asthma 

(n=6) p-value 

NOX4i (20 µM) + 10 mM H2O2 1213±141 1540±135 0.18 1129±142 1588±170 0.13 
NAC (5 mM) + 10 mM H2O2 1347±170 1640±207 0.39 1565±217 1906±221 0.37 
NOX4i (20 µM) + 1 mM H2O2 593±33 888±113 0.12 596±64 983±136 0.10 
NAC (5 mM) + 1 mM H2O2 784±177 1125±260 0.42 915±172 1429±261 0.24 

 

 
 
Figure 5.10 The effect of NOX4 inhibition on H2O2-induced iROS generation. The effect of 
NOX4 inhibition using NOX1/NOX4 duo inhibitor GKT137831 (NOX4i) on the oxidative handling of 
HAEBC (n=9) was investigated. Data are expressed as mean±SEM. H2O2 at 10 mM (A) and 1 mM (B) 
were used to stimulate iROS production. Statistical differences were assessed using paired t-tests, *** = 
p<0.001, compared with H2O2 stimulation. C compares the absolute fluorescence values (OD) between 
healthy (n=3) and asthmatic (n=6) HAEBC. Statistical differences were assessed using unpaired t-tests, 
p<0.05. D shows the area under curves (AUC) of A and B, but expressed as healthy (n=3), and non-
neutrophilic (n=3) and neutrophilic (n=3) asthma subgroups. Statistical differences were assessed using 
paired t-tests, * = p<0.05 compared with GKT137831 alone, # = p<0.05; ## = p<0.01; ### = p<0.001 
compared with H2O2 stimulation alone. E shows the absolute reduction in AUC fluorescence (subtracted 
from H2O2 stimulation-only group) upon GKT137831 or NAC treatment among the asthmatic subgroups. 
Statistical analysis was performed using paired t-tests.  
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5.4.5 NOX4 inhibition using GKT137831 improved ciliary dysfunction in fresh 

asthmatic epithelial cells 

To further explore the role of oxidative stress, and potentially NOX4, in epithelial 

function, fresh epithelial cell strips from asthmatic human airways were obtained by 

bronchial brushes and used for NOX4 inhibition using GKT137831. No fresh cell strips 

from healthy controls were tested in my project due to resources and time constraints.  

 

Inhibiting NOX4 using GKT137831 significantly improved ciliary dysfunction in 

asthmatic epithelium. At baseline, the asthmatic fresh epithelial cells possessed 

abnormal ciliary function as previously described (178, 210), including low CBF 

measurements (6.4±0.5 Hz), abnormal beat patterns with a low % of normal cilia (39±5 

%), a high % of dyskinetic cilia (47±4 %) and a high % of static cilia (14±2 %), and the 

presence of abnormal epithelial surface morphologies (morphology index 2.5±1). 

GKT137831 at 5 µM and 20 µM were used at the start of the study but there was no 

concentration-dependent response. This suggests GKT137831 at 5 µM may be 

approaching the maximum dose effect. Whilst the epithelial cell strips consist of 

multiple layers of cells, to ensure the effect of NOX4 inhibition was distributed across 

different cell layers, GKT137831 at 20 µM was used as the single concentration for the 

rest of the experiment.  
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Clinical'Details' Non8neutrophilic'
Asthmatic'(n'='10)'

Neutrophilic'
Asthmatic'(n'='3)' p8values'

Gender&(F)& 3&(7)& 1&(2)& 0.91*&

Age,&yr& 57&(2)& 68&(8)& 0.08&

Pack&year& 0.9&(0.8)& 19&(12)& 0.01'

%&Predicted&FEV1& 71&(7)& 61&(11)& 0.49&

%&FEV1/FVC& 63&(3)& 51&(9)& 0.18&

PC20&FEV1,&mg/ml&†& n/a& n/a& n/a&

Blood&Total&IgE,&kU/ml& n/a& n/a& n/a&

Blood&eosinophils,&kU/ml& 0.32&(0.07)& 0.31&(0.13)& 0.93&

Treatment&(mcg/24&BDP&eqv.)& 1460&(158)& 1267&(371)& 0.59&

Atopy,&%& n/a& n/a& n/a&

Age&of&Disease&Onset,&yr& 36&(4)& 59&(10)& 0.02'

Sputum&Characterization& & & &

Total&cell&count(x10
6&
cells/ml)& 3.5&(0.8)& 5.6&(2.1)& 0.27&

Eosinophils,&%&‡& 10&(4.3H23.3)& 2&(0.3H2.8)& 0.08&

Neutrophils,&%&‡& 46&(38H52)& 80&(78H87)& 0.0002'

Macrophages,&%&‡& 35&(21H50)& 14&(12H17)& 0.07&

Epithelial&cells,&%&‡& 4.5&(2.4H8.8)& 1.8&(0.5H3.8)& 0.35&

†&geometric&mean&(95%&CI)&‡&median&(interHquartile&range);&*&Chi&square&test&p<0.05.&

 
Table 5.7 Clinical details of the fresh bronchial brush donors. Data are expressed as 
mean±SEM unless otherwise indicated. Statistical differences were assessed using unpaired t-tests, 
p<0.05, unless otherwise indicated. 

 

Fresh epithelial strips from a total of 13 asthmatic donors were used in this experiment 

(Table 5.7). 20 µM GKT137831 at 1 h significantly increased the CBF (10.9±0.6 Hz) 

compared to the GKT137831 diluent (8.9±0.9 Hz) (mean difference [95% CI] 2.0 [0.6 

to 3.4] Hz, p=0.01) (Figure 5.11A). Although the GKT137831 diluent significantly 

increased the CBF compared to baseline (2.5 [0.9 to 4.1] Hz, p=0.005), the magnitude 

was substantially lower than the effect of GKT137831. NAC also significantly 

increased the CBF compared to its control at 1 h (1.6 [0.4 to 2.9] Hz, p=0.01). Using 20 

µM GKT137831 the % of normal cilia increased from 28±5 % (GKT137831 diluent) to 

45±5 % (20 µM GKT137831) (mean difference [95% CI] 17 [6 to 27] %, p=0.01) at 1 h 

(Figure 5.11B), and the % of dyskinetic cilia reduced from 57±4 % (GKT137831 

diluent) to 50±5 % (20 µM GKT137831) (-7 [-14 to 0.3] %, p=0.04) at 0.5 h (Figure 

5.11C). The improvement in CBF in response to NOX4 inhibition was in fact due to the 
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reduction in cilia immotility: NOX4 inhibition significantly reduced the % of static cilia 

at 0.5 h (2±1.0 %) and 1 h (2±0.6 %) compared to GKT137831 diluent at 0.5 h (11±4%) 

(mean difference [95% CI] -9 [-16 to -2] %, p=0.01) and 1 h (17±7 %) (-15 [-29 to -0.6] 

%, p=0.04) (Figure 5.11D). Remarkably, the sputum neutrophil count was correlated to 

the GKT137831 -induced improvement in the % of normal cilia (Pearson’s correlation 

coefficient r=0.55, p=0.05, Figure 5.11E). The GKT137831-induced improvement in 

the % of static cilia was not normally distributed, thus was expressed to a log10 scale 

before performing a Pearson correlation test. The sputum neutrophil count was also 

correlated to the improvement in the % of static cilia (r=0.61, p=0.03, Figure 5.11F). 

The improvements in ciliary function in the presence of GKT137831 were 

predominantly found in the fresh cells from neutrophilic asthmatics (Figure 5.11G), 

suggesting the oxidative stress could be a pathophysiological pathway specific to this 

asthma subtype. It is noteworthy that despite a sample size of n=13 was used to produce 

this data; the variation among human samples suggests that it should be regarded as 

preliminary data. Further repeats should be done to validate this finding.  
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Figure 5.11 The effect of NOX4 inhibition on the ciliary function of fresh asthmatic epithelial 
cells. The effect of 20 µM GKT137831 (NOX4i) on the ciliary function was assessed using fresh 
asthmatic epithelial strips (n=13) obtained from bronchoscopy. The effect was assessed following 
incubation with GKT137831 for up to 1 h. Data are expressed as mean±SEM. Ciliary function was 
expressed as CBF (Hz) (A), and beat patterns as a % of normal cilia (B), % of dyskinetic cilia (C) and % 
of static cilia (D). * indicates comparison with baseline and # with corresponding diluent controls. 
Statistical differences were assessed using paired t-tests, p<0.05. The effect of GKT137831 incubation for 
1 h on the absolute change in % of normal cilia (E) and % of static cilia (F) was correlated to the % of 
sputum neutrophil count. Statistical differences were assessed using Pearson’s correlation, p<0.05. G 
compares the GKT137831-induced improvement in beat patterns in non-neutrophilic and neutrophilic 
asthma subtypes. Statistical differences were assessed using unpaired t-tests.  
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5.5 Discussion 

The relationship between oxidative stress and asthma has been well documented (219, 

277, 323). The inhibitory effect of reactive radicals on ciliary function has also been 

repeatedly reported (34, 252, 349, 354). However, none of the reports directly linked the 

oxidative stress to ciliary dysfunction in asthma. The results presented in this chapter 

are the first to explore this possibility. Oxidative mis-handling was observed in the 

asthmatic epithelium, with a correlation to disease severity as indicated by the oxidative 

DNA damage in bronchial biopsies (8-oxo-dG staining intensity). This mishandling was 

also correlated to the level of neutrophilic inflammation in the airways. Oxidative 

mishandling also persisted in the epithelial cultures - asthmatic HAEBC stimulated by 

H2O2 released a significantly higher amount of iROS. This H2O2-induced iROS 

generation was also found to correlate to neutrophilic inflammation. 

 

To enable further investigation into whether oxidative mishandling is an intrinsic defect 

of asthmatic epithelial cells that contributes to ciliary dysfunction, gene expression 

analysis was used to identify potential candidates may contribute to this oxidative 

mishandling. Despite the low sample size of the microarrays that reduced the power of 

the result, abnormal gene expression of several of the components of the oxidative 

pathways were identified, such as GST subunits, cytochrome subunits and NOX4, 

which were in keeping with other studies (289, 316, 323). For instance, the preliminary 

data from the microarrays showed that NOX4 gene expression was absent in all of the 5 

healthy HAEBC samples (Appendix 7.2). A role for NOX4 in asthma supported by 

studies in which it has been shown to be involved in the increased contractility of (316), 

and the release of inflammatory mediators by (315), human airway smooth muscle cells. 
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Therefore further studies were performed in which to assess the role of NOX4 in 

epithelial cells in asthma.  

 

To date there are 4 confirmed NOX4 variants, encoding 3 functional NOX4 protein 

isoforms in human cells (309). None of these isoforms could be identified by Western 

Blot, suggesting they are expressed at low levels. More sensitive methods, such as flow 

cytometry, could be used for further protein analysis. Nevertheless, the preliminary data 

on gene expression assessed by RT-qPCR was found to be significantly elevated among 

the neutrophilic asthmatics compared to healthy controls in ALI cultures, and compared 

to the non-neutrophilic asthmatics in the HAEBC. Although the low sample size of the 

non-neutrophilic asthmatic sub-group may have reduced the power of the result in 

general, it is in agreement with the result obtained from the microarrays gene expression 

analysis. The results suggest that the elevated NOX4 gene expression seen in HAEBC 

may persist as they differentiate into ciliated ALI cultures. Therefore NOX4 has the 

potential to contribute to the oxidative mishandling in the asthmatic epithelial cultures. 

 

In contrast, no difference in the expression of SOD2, which is also involved in oxidative 

handling in mitochondria, was seen in the HAEBC or ALI cultures between healthy 

controls and asthmatic subgroups preliminarily, and at both the RNA and protein level. 

Despite the low sample sizes, this concurrence between gene and protein expression 

suggests that the results are likely to be representative of a larger population. This result 

is contradictory to other studies in the literature: a reduction in SOD2 activity in 

asthmatic lung cells has been reported by Mak et al. (338) and Smith et al. (452). 

Interestingly in the latter study, the SOD2 activity was measured by the cytochrome c 

reduction rate, whereas the results from my microarray gene expression analyses 
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suggest abnormal gene expression of the cytochrome b and c subunits per se in the 

asthmatic HAEBC. 

 

In the literature it has been suggested that DUOX1 and DUOX2 are the NOX 

homologues for regulating local oxidative balance in the lungs (321, 453). NOX4, in 

comparison, has been shown to be expressed at a very low level at baseline, but can be 

highly induced upon stimulation (297, 302). DUOX1 and DUOX2 have been suggested 

to regulate the oxidative balance in epithelial cells (454); DUOX2 may be substituted by 

NOX4 (302). Therefore it is plausible upregulation of NOX4 expression alone may be 

sufficient to induce an oxidative imbalance via an increased generation of ROS. Indeed, 

the increased NOX4 gene expression in asthmatic epithelial cells reported in the 

preliminary study in this chapter, that appears to be most prominently expressed in 

neutrophilic asthma, suggests a potential role for NOX4 in oxidative handling in 

epithelial cells; inhibition of NOX4 activity will help to determine its functional role in 

asthmatic epithelium. To inhibit NOX4 activity, gene expression can be knocked down 

using small interfering RNA (siRNA) as shown previously (279, 316). However, the use 

of this technique is limited to being used on monolayers of cells – the small “genomic 

constructs” has been shown not to be able to penetrate to the middle layers of a multi-

layered epithelium (455, 456). Therefore other approaches are required to inhibit NOX4 

function in the multi-layered epithelial cells. GKT137831 is a NOX1/NOX4 specific 

small molecule that has good cell penetration. In keeping with current literature, the 

preliminary results here showed that NOX4 gene expression and, very likely, NOX4 

protein activity were very low at baseline, but the inhibition of NOX4 activity using 

GKT137831 caused a substantial reduction in the H2O2-induced iROS generation in 

HAEBC. GKT137831 also significantly improved the ciliary function of fresh asthmatic 
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epithelial cells. Fresh cells were used instead of ALI cultures because 1) ALI cultures 

normally take at least a month to become heavily differentiated; 2) HAEBC 

differentiation varies between donors, which could unexpectedly lengthen the time of 

the study; and most importantly 3) fresh cells from asthmatic airways were already 

“injured” due to the presence of the asthma-specific microenvironment, which has been 

proven to be an important factor in asthmatic ciliary dysfunction as shown in Chapter 3. 

It would be reasonable to believe that this model is as close to the in vivo situation as 

animal models. In fact, this current methodology has an advantage over the use of 

animal models due to the differences in the airway epithelial structures between humans 

and other species (457). Therefore the improvement in the ex vivo ciliary function upon 

the GKT137831 application may suggest that GKT137831 could have beneficial effects 

in the clinical setting. However, the preliminary nature of the result presented herein 

suggested that further repeats should be done to validate this finding before moving 

onto human studies. It should also be noted that there are many more interactions 

between different cells and the surrounding microenvironment in vivo. Moreover, there 

is a lack of information in the literature to associate CBF and ciliary beat pattern to 

clinical outcomes. There is currently one report suggesting that ±1 Hz in CBF may be 

translated to a clinical significance (210). However how significant this change of 1 Hz 

would be on clinical outcomes, such as the rate of mucociliary clearance and hence the 

prevalence of infection and exacerbation, is yet to be evaluated. As a result, the 

physiological significance of the effect of GKT137831 on ciliary function has yet to be 

determined. If the proposed “±1 Hz gives clinical significance” approach proves to be 

valid, the effect of GKT137831 on improving the ciliary dysfunction in asthma may 

have a significant role in thus on reversing the impaired mucociliary clearance that 

could prevent or slow down the progression of the disease. 
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The improvement in CBF and the % of static cilia upon NOX4 inhibition were 

intercalated. However it is noteworthy that the reduction in the % of static cilia upon 

NOX4i treatment may not only improve the overall CBF reading. A recent study has 

suggests that motile cilia possess a mechanical and/or chemical sensory function (458). 

This sensory function may contribute to a regulatory function between cilia of adjacent 

cells in an autocrine manner as reported previously (459). When the cilia become static 

or immotile, this sensory function may be lost, and thus the epithelium may become less 

responsive to external stimulations. This dysregulated ciliary response that may partly 

contribute to the reduction in CBF, together with the changes in the composition of the 

mucus (460) and the periciliary fluid (231), may result in the impaired mucociliary 

clearance as observed in asthmatic airways in a cumulative manner. 

 

NAC has been suggested as an anti-oxidant therapy (365, 366), but is not generally used 

for treating asthma due to the predictable side effects – most notably its ubiquitous 

effect on inhibiting oxidant activities as well as promiscuous scavenging of reactive 

oxygen and nitrogen species that are essential in signalling pathways (279, 280). In 

comparison, GKT137831 specifically targets NOX4 and NOX1 activities without 

affecting the production of reactive species that is normal and essential to the cells (320). 

Herein the improvement of some ciliary function parameters, such as the % of normal 

cilia at 1 h, was more significant using GKT137831 compared to NAC (-10 [-20 to -0.4] 

%, p=0.04). The effect of NOX4i on inhibiting HAEBC iROS generation was also more 

profound (Figure 5.10). It is worth noting that whilst GKT137831 is a NOX1/NOX4 

inhibitor, the effect of NOX1 inhibition on iROS generation and ciliary function was 

not evaluated. However GKT137831 has a 1.5-fold lower potency and 1.7-fold lower 
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affinity towards NOX1 compared to NOX4. NOX1 to date was found to be correlated to 

apoptosis (461), but has a low constitutive and induced activity in airway epithelial cells 

(296, 297). As GKT137831 has not shown to reduce epithelial cell viability, it is 

therefore plausible that it was predominantly acting via the inhibition of NOX4 as 

opposed to NOX1 in epithelial cells, which further supports its use as an anti-oxidant 

therapy. 

 

To summarise, the current findings strongly suggested that oxidative damage is present 

in the asthmatic epithelium, which persisted when the epithelial cells were cultured and 

differentiated in vitro. This intrinsic abnormality might be linked to the ciliary 

dysfunction in asthma as suggested in the preliminary studies in this chapter. In fact, an 

elevation in NOX4 gene expression implicates an abnormal, increased NOX4 protein 

activity (295). This suggests that NOX4 may play a role in the abnormal oxidative 

handling in asthma. Whether NOX4 is the only component involved in regulating the 

oxidative balance in airway epithelial cells that is dysregulated, or whether other NOX 

homologues, such as DUOX1/2, are also involved as previously shown (300), requires 

further investigation with an increase in sample size. Although the evidence suggesting 

that the increase in NOX4 gene expression is specific to neutrophilic asthmatic 

epithelial cultures is limited, The data is supported by the use of GKT137831 to inhibit 

NOX4 protein activity in fresh epithelial cells, which results in improves ciliary 

function in terms of CBF and beat patterns. This collective evidence opposes the null 

hypotheses outlined at the beginning of the chapter, to suggest that oxidative 

mishandling could indeed be the cause of asthmatic ciliary dysfunction, that use of a 

specific anti-oxidative treatment targeting NOX4 may improve ciliary function, and that 



Chapter 5. 
Oxidative Stress and Ciliary Function 

 207 

the effect of this anti-oxidative treatment may be more profound in the neutrophilic 

asthma subtype.   
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5.6 Criticism 

Limitation 1 – The method of DCF-DA assay optimisation might not be correct  

Unlike the rFC assay used in Chapter 4, there was not much information in literature 

reporting the correct way to optimise a DCF-DA assay. The optimisation I performed 

was therefore based on colleagues’ experience and common sense: 1) fluorescence of 

the DCF-DA stain on its own should not increase overtime; 2) at baseline, the cells 

stained with DCF-DA should not have a dramatic increase in fluorescence across time; 

3) there should be a time-dependent increase and concentration-dependent increase in 

response to an increasing concentration of H2O2, with substantial differences between 

time points and between concentrations to allow standard errors; 4) the range of 

fluorescence measured should be within the limit of the microplate reader (0 to 60,000). 

All these points were crosschecked between array repeats. Furthermore it was realised 

later on that the “% increase” was an invalid parameter for DCF-DA assay analysis 

since the reactions had different ‘starting points’. Absolute change in fluorescence 

reading (OD) was therefore used throughout the DCF-DA assay analysis. 

 

Limitation 2 –Western blot: detection limit and densitometry 

Western blot analysis can be carried out in different ways, although densitometry is the 

most commonly method that is used for publication. Commercial densitometers are 

commonly used in research that allow blot development and electronic scanning to 

happen at the same time, followed by digital density measurements (389). For the 

analysis here, an office scanner was used for capturing images of the films, and bands 

were analysed using the software ImageJ. This has been proved to be a valid method. 

Measurement by a single observer was repeatable. Within densitometry there are also 
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different analytical approaches (389). None of these methods showed any difference to 

the results herein. 

 

Limitation 3 – Penetration of the NOX4i small molecules to the inner layers of the 

epithelium was not evaluated. 

Despite using the high concentration of GKT137831, it was uncertain whether the small 

molecules would have penetrated into the inner layers of the epithelial cell strips. This 

may be assessed by tagging the molecules with fluorescence tags or “golden” magnetic 

beads, followed by confocal imaging or electron-microscopy to visualise the location of 

the molecules within the cells. Either method would require a substantial amount of 

time for synthesis and optimisation. It has been shown previously that the GKT137831 

molecule is very small with good permeability (370). Previous Genkyotex studies have 

already validated the use of the molecule at 5-10 µM GKT137831 and data herein 

showed that a 1 h incubation time was effective for iROS reduction at a range of 

concentrations. Therefore it would be reasonable to presume that with a concentration 

as high as 20 µM, 1 h incubation would be sufficient enough to neutralise the NOX4 

activity in the cells among the middle layers of the epithelium.  
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5.7 Summary 

In this chapter, the possible role of oxidative stress in contributing to the impairment of 

epithelial ciliary function in asthma was evaluated. An intrinsic abnormality in 

oxidative handling was found in asthmatic airway epithelium, as shown by the strong 8-

oxo-dG positive staining in the asthmatic bronchial biopsies, and the substantially 

higher H2O2-stimulated iROS generation in asthmatic HAEBC. Both phenomena were 

associated with neutrophilic inflammation. The power of the data was limited by small 

sample sizes, but the results suggest a possible association between increased NOX4 

expression and oxidative mishandling in the epithelial cells from asthmatics with a 

neutrophilic inflammatory profile. GKT137831, which is a small molecule inhibitory 

compound that specifically inhibits NOX4 and NOX1 activity. GKT137831 was shown 

to reduce iROS production in HAEBC from both health and asthma, suggesting a role 

for NOX4 in iROS generation in airway epithelial cells. Furthermore, inhibition of 

NOX4 protein activity using GKT137831 resulted in an improvement in the ciliary 

dysfunction observed in fresh epithelial strips obtained from asthmatics, particularly 

those from the neutrophilic subgroup. 

Interestingly, neutrophilia in the airway has been linked to infection-related asthma (32) 

whilst airway pathogens have been shown to directly (252, 255), and indirectly (254, 

435), induce an impairment of ciliary function via ROS generation (34). Therefore, in 

addition to the dysregulation of oxidative handling intrinsic to the epithelial cells 

presented herein, the source of oxidative stress in the epithelial cells in the asthmatic 

environment could be due to bacterial colonisation/infection. These different lines of 

evidence, in combination with the data presented herein, suggest a plausible link 

between infection, neutrophilia, oxidative stress and ciliary function which may be 

specific to the neutrophilic asthma subtype, and warrants further investigation with 
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regards to possible identification of therapeutic targets for drug development. 

Appropriate combination of therapies targeting both microbes and NOX4 may be 

beneficial for treating epithelial ciliary dysfunction in neutrophilic asthmatics. 
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6.1 Overall Discussion and Criticism 

The data presented in this thesis have tested and provide support for my hypothesis –

asthmatic ciliary dysfunction in epithelial cell culture is likely to be triggered by the 

presence of exogenous environmental factors, which may be caused by an intrinsic 

factor embedded within the epithelial cells that results in its increased susceptibility to 

injury, such as infection and oxidative challenge. 

 

Characterisation of unstipulated healthy and asthmatic ALI cultures revealed a number 

of similarities between health and disease that could indicate that epithelial ciliary 

dysfunction in asthma is likely to be triggered by an exogenous factor. These 

similarities included the capacity to synthesise pro-inflammatory mediators and the 

baseline ciliary function. This was in disagreement with some studies, but in line with 

others, although the majority of studies in the literature reported an abnormal pro-

inflammatory mediator profile in unstipulated asthmatic epithelial cells (176, 184). 

Interestingly the results herein showed a differential secretion of mediators between 

bronchial basal cells HAEBC and ALI cultures, but with no differences between 

asthmatic and healthy samples. This could be due to the inclusion of atopic healthy 

controls and non-atopic asthmatic subjects as suggested by Bayram et al. (223) and/or 

the inclusion of smokers as suggested by Freishtat et al. (404). Other differences 

reported in the literature in cells from healthy controls compared to those from 

asthmatics include the persistence of structural abnormalities in asthmatic ALI cultures, 

such as changes in basement membrane and epithelial thickness, goblet cell hyperplasia 

and mucus hypersecretion (176, 184). These features could not be evaluated in my ALI 

cultures due to the histological technique not being available at the time of the study. 

Despite the above similarities, the results from the human genome microarrays 
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suggested that, although only small differences exist in the baseline gene expression 

between the HAEBC from healthy and asthmatic subjects, these differences could affect 

cell differentiation and function.  

 

In line with some previous studies, asthmatic ALI cultures did not possess the ciliary 

abnormalities (223, 377, 399) that are observed in vivo (210). There was also no 

difference in CBF between cultures derived from males and females as previously 

reported (236), which was likely to be due to the lack of sex hormones in the in vitro 

environment. The lack of differences in the inflammatory mediator profiles between 

healthy and asthmatic cultures as shown in my study could at least in part explain the 

lack of differences in the ciliary function of my unstipulated cultures. Inflammatory 

mediators have been shown to affect mucociliary clearance: eosinophil-derived major 

basic protein (BMP) has been shown to induce ciliary immotility by inhibiting the 

ATPase on the ciliary axenomes (462). In addition high concentrations of leukotrienes 

(233, 234), TH2 cytokines, such as IL-4 and IL-13 (217), and mast cell mediators (194) 

have been shown to reduce CBF and thus reduce the rate of clearance. Interestingly, 

Bayram et al. have demonstrated that asthmatic epithelial cells were more sensitive to 

challenges (223), raising the possibility that epithelial ciliary dysfunction in asthma may 

be triggered by an exogenous factor found in the asthmatic environment. Interestingly, 

the exposure of the ALI cultures to asthmatic sputa in combination with the removal of 

antibiotics produced a similar effect to the Bayrum study with re-establishment of the 

impairment of ciliary dysfunction in the asthmatic ALI cultures. In support of this 

observation, Delano et al. demonstrated the potential effect of asthmatic sputa on ciliary 

function (396). They showed that only “slurry” sputa were able to induce ciliary 

immotility. These “slurry” sputa were usually obtained during exacerbations. As asthma 
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exacerbations are usually associated with microbial infection (242, 246), it is plausible 

that the ciliary dyskinetic/static factor(s) present in these sputa is microbe-associated. 

Interestingly, airway pathogens have been shown to directly (252, 255) induce an 

impairment of ciliary function via ROS generation (34). On the whole, these results 

support the hypothesis that the asthmatic abnormality in the epithelium is revealed only 

in an altered microenvironment. 

 

However, there could also be intrinsic abnormalities in the epithelial cells that make 

them more susceptible to behavioural changes in this asthmatic microenvironment, e.g. 

an intrinsic defect in oxidative handling. It has been shown previously that exposure to 

oxidants can result in a reduction in CBF (223, 463) and defective cell differentiation 

(463), which persisted even after the removal of the oxidants. This could be due to the 

fact that oxidative stimulation induces further generation of reactive species (463). My 

results showed the presence of oxidative DNA damage and intracellular oxidative miss-

handling in the asthmatic epithelium, particularly in the neutrophilic asthma subgroup. 

This raises the possibility that dysregulation of the pathway involved in oxidative 

handling could potentially increase the susceptibility of asthmatic epithelial cells to 

stimulation, such as microbial challenges, resulting in the impaired ciliary function seen 

in vivo. Asthma is a heterogeneous disease that can be divided into subgroups by the 

means of assessment of inflammatory profiles (26), assessment of the correlation 

between inflammatory profiles and clinical characteristics (334), and transcriptomic 

profiling (37). Regardless of which method is used, the evidence suggests the presence 

of a sizable population of asthmatic subjects with a low TH2 and high neutrophilic 

inflammatory profile. This population is not well controlled due to corticosteroid 

insensitivity and the lack of other effective drugs. This asthma subgroup is usually 
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associated with microbial colonisation/infection (32, 34), however the effectiveness of 

anti-microbial treatments in relieving asthma symptoms has been shown to be 

controversial (254, 273, 274). Further studies to enable recognition of the mechanistic 

differences between different asthma subtypes will help in the development of specific 

and effective treatments. From the evidence discussed above, it is plausible that 

infection, neutrophilia and oxidative stress could act in concert to promote ciliary 

dysfunction in asthma, warranting further investigation into identification of potential 

therapeutic targets for drug development. 

 

High throughput approaches, such as microarrays (8, 9, 464), may help with 

understanding the underlying mechanisms of the disease phenotypes and the clinical 

outcomes observed. Although limited by sample number and the use of HAEBC as the 

only tested cell type, the microarrays analysis presented in this thesis has revealed a list 

of genes that might be specifically expressed subject groups. NOX4, which is involved 

in ROS generation, is among these genes, and has been investigated further in the 

airway epithelial cultures using RT-qPCR. The results were in coherence with the 

microarrays. The results suggested that increased expression of NOX4 was associated 

with the neutrophilic asthma subgroup. In the presence of a NOX4 inhibitor, 

GKT137831, iROS generation in HAEBC was reduced and ciliary function in fresh 

asthmatic bronchial ciliated cells was improved, providing support for a potential role 

for NOX4 in the abnormal oxidative handling and impaired ciliary function in asthmatic 

airway epithelium. 

 

It is important to point out that GKT137831 is a NOX1/NOX4 duo inhibitor, in spite of 

the lower potency (1.5-fold) and affinity (1.7-fold) towards NOX1. One of the 
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limitations in my thesis is that the role of NOX1 in airway epithelium function was not 

evaluated. The lack of differential NOX1 gene expression between health and asthma 

from the microarray analysis presented gives credence to the idea that the effect of 

GKT137831 on NOX1 inhibition towards ciliary dysfunction is minimal in the current 

study. However, high constitutive NOX1 gene expression in airway epithelial cells has 

been reported in some studies (298). A recent study also suggested that NOX1 might 

regulate NOX4 expression upon interaction with SOD1 in renal cells (320). Therefore 

this NOX homologue should not simply be ignored. In addition, it has been shown that 

NOX1 may regulate epithelial cell apoptosis via inhibition of inhibitor of κB kinase 

(IKK) in a TNF-R1-dependent manner (318, 465). My group has recently published that 

blocking IKK could have a corticosteroid “sparing” effect on corticosteroid insensitive 

human airway epithelial cells (466). Combining GKT137831 and an IKK inhibitor 

could be an effective therapeutic regimen in treating asthmatic patients with a 

neutrophilic inflammation profile who are also steroid insensitive. 

 

Another major limitation of my study would be the lack of evaluation of: 1) from a 

scientific aspect, how NOX4 expression is linked to the regulation of ciliary function; 

and 2) from a clinical aspect, whether the changes in epithelial cell behaviour associated 

with regulation of NOX4 activity are sufficient to result in improved clinical outcomes. 

For the former point, I believe there are two plausible pathways. When NOX4 oxidises 

NADPH to NADP+, one electron is transported to the outer side of the membrane 

(Figure 1.7). To balance the change in ionic charges, a H+ ion is transported to the 

outside concurrently. A higher NOX4 expression would imply a higher NOX4 activity 

(295) that leads to an accumulation of H+ ions around the outer membrane and causes a 

change in pH of the surrounding environment. An increase in extracellular acidity 
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caused by NOX activity has in fact been reported previously (296). The reduction in pH 

could therefore reduce the ciliary function of the epithelium (108, 109). Another 

potential mechanism could involve changes in the Ca2+ homeostasis. It has been shown 

that H2O2 can activate Ca2+ signalling by manipulating IP3-sensitive intracellular Ca2+ 

stores(467). In vascular cells it has been shown that hypoxia-induced NOX-generated 

iROS are associated with [Ca2+]i (468, 469), which acts via the mitochondrial PKCε 

pathway(468). A mitochondria-driven increase in [Ca2+]i could therefore facilitate the 

PKA signalling pathway (Figure 1.6). In fact, the relationship between ageing and 

oxidative stress(440), aging and ciliary function (441), and interlink between 

mitochondria, ageing and asthma (323) have been previously discussed. The exact 

involvement of each/both pathway(s), together with the localisation of functional NOX4 

isoforms in airway epithelial mitochondria, would require further investigation.  

As for the latter point, evidence from literature as well as the results in this thesis 

suggests a relationship between ciliary function, mucociliary clearance and infection-

induced asthma exacerbation, thus highlighting the possibility in the improvement of 

asthma management by targeting ciliary dysfunction. Current asthma therapies have 

been showed to non-specifically improve CBF (217, 233, 234). These treatments, 

however, were inefficient in certain subgroups of asthmatic patients, such as those with 

a neutrophilic inflammatory profile. The preliminary findings of this thesis showed that 

the inhibition of NOX4 might specifically improve ciliary function of the epithelial cells 

obtained from the neutrophilic asthmatics. The sample numbers of some of the studies 

here were limited, and thus would require more repeats of the corresponding experiment 

in order to validate these findings. If the same conclusion could be drawn with the 

increased sample sizes, the clinical benefit of NOX4 inhibition could then be evaluated 

using animal models and clinical trials. 
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6.2 Future Studies 

The findings from various chapters in this thesis could open up several possible future 

studies. Some of these studies have already been mentioned in the criticism section of 

the corresponding chapters. Whilst some of these findings were based on relative low 

sample numbers, future studies should focus on increasing the n number in order to 

validate the current findings and to draw more conclusive results: 

 

6.2.1 Project 1: The role of NOX4 in epithelial ciliary function in asthma 

In this thesis I have suggested that NOX4 inhibition may have an impact on restoring 

the ciliary function of airway epithelial cells from asthmatic subjects. The choice of 

NOX4 was based on the preliminary data from the HAEBC microarrays, as well as the 

qPCR of HAEBC and ALI cultures with the limited sample numbers. In order to 

validate my findings, the first step would be to increase the sample numbers of the 

qPCR to show that NOX4 gene expression is indeed elevated in the neutrophilic asthma 

sub-group, but not in healthy controls and the non-neutrophilic subgroup. Once this has 

been validated, it can then move on to validating at the effect of GKT137831 on the 

restoring ciliary function in fresh ciliated epithelial cells model. I believe this model is 

the closest ex vivo model to the in vivo approach. Despite the fact that these cells were 

assessed outside the human body, they retained the ciliary dysfunction and the 

microenvironment that was observed in asthmatic airways. These fresh samples were 

used within a minimal period of time after the bronchoscopy being performed (<1.5 h). 

It is therefore reasonable to believe that this approach could represent the clinical 

situation to a certain and realistic degree. Only if these follow-up experiments have 

confirmed the role of NOX4/GKT137831 in the in vitro/ex vivo environment could the 

study be moved on to in vivo studies. The potential in vivo experiments would be NOX4 
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knockout mouse models (313, 360), or the pneumonia mouse model that was developed 

recently(470), or clinical trials in human. However as discussed early on, the limited 

indication on how relevant the current ciliary function parameters (such as ±CBF) is to 

the efficiency in mucociliary clearance and the prevention of disease progression is 

unclear. 

 

6.2.2 Project 2: Microarray follow-up 

Microarray using fresh bronchial brushes and/or differentiated ALI cultures upon 

stimulation 

The microarray result presented here was based on low HAEBC sample numbers in 

both healthy and asthmatic subject groups. To increase the reliability of the current 

result, it is essential to increase the sample numbers to a desirable level. Despite the 

constitutive gene expression showed similarity between HAEBC (Table 3.4) and ALI 

cultures(398), the primary objective of this thesis is to investigate the underlying 

mechanism of ciliary dysfunction in asthma. Microarrays should ideally be done using 

fresh brushes and/or ALI cultures, and after challenges, such as incubation with 

asthmatic sputum, if possible. This may help to identify additional genes, which are 

associated with the high susceptibility of asthmatic epithelial cells to development of 

ciliary dysfunction, whose use as therapeutic targets could then be further explored. 

 

Microarray analysis and follow-up on differentiation gene expression 

Besides the sample numbers and the epithelial samples being used, the current 

microarray analysis was the first step to explore the baseline gene expression profile of 

airway epithelial cells. A proper analysis using bioinformatic packages would help with 

identifying the pathway(s) that might be involved in the ciliary dysfunction in asthma. 
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For instance, the regulator of G-protein signalling (RGS) 2 molecule regulates [Ca2+]i 

by modulating G-protein signalling pathways and was shown to correlate to 

hyperresponsiveness (471) and to regulate CBF (116). The preliminary result here 

reported a >2.0-fold down-regulation in asthmatic HAEBC might therefore explain the 

reduced ciliary function in asthmatic cells. On the other hand, RGS16 has been reported 

to modulate pulmonary inflammation (475). The preliminary result here showed that 

RGS16 was specifically expressed in the asthmatic HAEBC. As a result, the role of 

RGS protein family in asthmatic epithelial function warrants further investigation. PLC 

is downstream of the cAMP pathway in CBF upregulation (Figure 1.6). Interestingly, 

phospholipase C beta 1 (PLCB1) was found ~2.0-fold upregulated in the asthmatic 

HAEBC, and thus might be involved in the cAMP/PLC signalling pathway. Another 

gene HMGB2 was reported to be expressed only during embryogenesis (476). Its 

homologue HMGB1, however, acts as a DAMP as well as a mitochondria modulator 

(136) to facilitate innate immunity, and has been reported to be involved in asthma 

pathogenesis (477, 478), in particular among those subjects with neutrophilia (479, 480). 

Tubulin ε 1 (TUBE1) is an intracellular component required for centriole 

duplication(481); its upregulation in asthmatic HAEBC might imply a dysregulated 

ciliogenesis that may increase the susceptibility to secondary ciliary dyskinesia. Various 

cytochrome family members were also picked up by the current microarrays, and may 

be involved in the oxidative handling in asthmatic epithelium. Therefore, it is important 

to further validate these findings by increasing the sample sizes in order to support 

further, more detailed investigation of these genes. These results may help with 

understanding the underlying mechanism of asthma and asthmatic ciliary dysfunction, 

and thus help with identifying therapeutic targets for asthma treatment.  
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6.3 Thesis Conclusion 

To summarise, there are four novel findings in this thesis. Firstly, the ciliary 

dysfunction evident in asthma did not persist in ex vivo ALI epithelial cultures. There 

was also no differentiation in the baseline synthetic capacity in different asthmatic 

epithelial cell subtypes. This suggests that the asthmatic airway environment is critical 

in the development and maintenance of these abnormalities in ciliary function. Secondly, 

the asthmatic sputum-induced ciliary dysfunction was only revealed in the absence of 

antibiotics. However, the microbial levels in the collectables from the sputum-

inoculation study were not different between health and asthma. This suggests that, in 

addition to the asthmatic environment, there is an intrinsic susceptibility of epithelial 

cells to damage in asthma that is involved in the development of ciliary dysfunction. 

Thirdly, the asthmatic epithelial cells are likely to be under oxidative stress, and the 

modulation of oxidative handling via inhibition of NOX4 might improve ciliary 

function. This suggests that the oxidative mis-handling, due to an increased expression 

of NOX4, may be the driver of the intrinsic susceptibility in the epithelial cells in 

asthma. Finally, NOX4 inhibition predominantly improved the epithelial ciliary 

function of the neutrophilic asthmatic individuals. This suggests that the NOX4-derived 

oxidative pathway may be specific to the neutrophilic asthma subgroup. Further 

investigation of the involvement of NOX4 and oxidative handling on the regulation of 

epithelial ciliary dysfunction is required, primarily by increasing the sample numbers of 

the qPCR and NOX4 inhibitor studies. 

 

To conclude, the mechanism underlying the asthmatic ciliary dysfunction may involve a 

defect in intrinsic NOX4-related oxidative handling. This intrinsic factor may contribute 
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to the high susceptibility of these cells to any environmental stimuli, such as microbial 

loads, which may then trigger ciliary dysfunction and potentially promotes asthma 

progression that leads to exacerbation. Targeting the abnormal asthmatic 

microenvironment as well as the intrinsic NOX4 defect in the epithelial cells as an 

appropriate strategy for treating asthma, especially the neutrophilic subtype, is worthy 

of further investigation. The right combination of current and new treatments to address 

the patient-specific conditions may be the most appropriate way for future asthma 

management. 
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Appendix 7.1 Videos of side profiles equivalent to Figure 3.3. 

 
A. Genes present in ≥3 asthmatics compared to 0 healthy controls 
Affymetrix ID Gene Symbol Gene Name Entrez Gene ID 
201430_s_at DPYSL3 dihydropyrimidinase-like 3 1809 
201578_at PODXL podocalyxin-like 5420 
202175_at CHPF chondroitin polymerizing factor 79586 
204002_s_at ICA1 islet cell autoantigen 1, 69kDa 3382 
204272_at LGALS4 lectin, galactoside-binding, soluble, 4 3960 
204317_at GTSE1 G-2 and S-phase expressed 1 51512 
204418_x_at GSTM2 glutathione S-transferase mu 2 (muscle) 2946 
204683_at ICAM2 intercellular adhesion molecule 2 3384 
205439_at GSTT2 glutathione S-transferase theta 2 2953 
206611_at C2orf27A chromosome 2 open reading frame 27A 29798 
206637_at P2RY14 purinergic receptor P2Y, G-protein coupled, 14 9934 
206839_at C22orf31 chromosome 22 open reading frame 31 25770 
206916_x_at TAT tyrosine aminotransferase 6898 
208023_at TNFRSF4 tumor necrosis factor receptor superfamily, member 4 7293 
208060_at PAX7 paired box 7 5081 
208462_s_at ABCC9 ATP-binding cassette, sub-family C (CFTR/MRP), member 9 10060 
208987_s_at KDM2A lysine (K)-specific demethylase 2A 22992 
209170_s_at GPM6B glycoprotein M6B 2824 
209324_s_at RGS16 regulator of G-protein signaling 16 6004 
209423_s_at PHF20 PHD finger protein 20 51230 
210103_s_at FOXA2 forkhead box A2 3170 
210457_x_at HMGA1 high mobility group AT-hook 1 3159 
210595_at ZNF235 zinc finger protein 235 9310 
210836_x_at PDE4D phosphodiesterase 4D, cAMP-specific (phosphodiesterase E3 dunce homolog, Drosophila) 5144 
212020_s_at MKI67 antigen identified by monoclonal antibody Ki-67 4288 
212080_at MLL Myeloid/lymphoid or mixed-lineage leukemia (trithorax homolog, Drosophila) 4297 
213672_at MARS methionyl-tRNA synthetase 4141 
214068_at BEAN brain expressed, associated with Nedd4 146227 
214105_at SOCS3 suppressor of cytokine signaling 3 9021 
214852_x_at VPS13A vacuolar protein sorting 13 homolog A (S. cerevisiae) 23230 
215070_x_at RABGAP1 RAB GTPase activating protein 1 23637 
215217_at IGKC Immunoglobulin kappa constant 3514 
215463_at OR7E24 olfactory receptor, family 7, subfamily E, member 24 26648 
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Affymetrix ID Gene Symbol Gene Name Entrez Gene ID 
215509_s_at BUB1 budding uninhibited by benzimidazoles 1 homolog (yeast) 699 
215711_s_at WEE1 WEE1 homolog (S. pombe) 7465 
216203_at SPTLC2 serine palmitoyltransferase, long chain base subunit 2 9517 
216325_x_at RTEL1 regulator of telomere elongation helicase 1 51750 
216344_at NPHP4 nephronophthisis 4 261734 
216417_x_at HOXB9 homeobox B9 3219 
216661_x_at MUTYH mutY homolog (E. coli) 4595 
217560_at GGA1 golgi associated, gamma adaptin ear containing, ARF binding protein 1 26088 
217889_s_at CYBRD1 cytochrome b reductase 1 79901 
218308_at TACC3 transforming, acidic coiled-coil containing protein 3 10460 
219509_at MYOZ1 myozenin 1 58529 
219525_at SLC47A1 solute carrier family 47, member 1 55244 
219559_at SLC17A9 solute carrier family 17, member 9 63910 
219773_at NOX4 NADPH oxidase 4 50507 
220288_at MYO15A myosin XVA 51168 
220306_at FAM46C family with sequence similarity 46, member C 54855 
220908_at CCDC33 coiled-coil domain containing 33 80125 
221261_x_at MAGED4  melanoma antigen family D, 4 /// melanoma antigen family D, 4B 728239 /// 81557 
222121_at SGEF Src homology 3 domain-containing guanine nucleotide exchange factor 26084 
223763_at DTNBP1 dystrobrevin binding protein 1 84062 
223837_at GULP1 GULP, engulfment adaptor PTB domain containing 1 51454 
224016_at HIPK2 homeodomain interacting protein kinase 2 28996 
224044_at RHOT1 ras homolog gene family, member T1 55288 
224940_s_at PAPPA pregnancy-associated plasma protein A, pappalysin 1 5069 
225628_s_at MLLT6 myeloid/lymphoid or mixed-lineage leukemia (trithorax homolog, Drosophila); translocated to, 6 4302 
225654_at NSD1 nuclear receptor binding SET domain protein 1 64324 
226141_at CCDC149 coiled-coil domain containing 149 91050 
226210_s_at MEG3 maternally expressed 3 (non-protein coding) 55384 
226610_at CENPV centromere protein V 201161 
226731_at PELO Pelota homolog (Drosophila) 53918 
227007_at TMCO4 transmembrane and coiled-coil domains 4 255104 
227104_x_at ZNF800 zinc finger protein 800 168850 
227258_at C10orf46 chromosome 10 open reading frame 46 143384 
227677_at JAK3 Janus kinase 3 3718 
227742_at CLIC6 chloride intracellular channel 6 54102 
227890_at TMEM198 transmembrane protein 198 130612 
228161_at RAB32 RAB32, member RAS oncogene family 10981 
228193_s_at C13orf15 Chromosome 13 open reading frame 15 28984 
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Affymetrix ID Gene Symbol Gene Name Entrez Gene ID 
228226_s_at ZNF775 zinc finger protein 775 285971 
228320_x_at CCDC64 coiled-coil domain containing 64 92558 
228547_at NRXN1 neurexin 1 9378 
228875_at FAM162B family with sequence similarity 162, member B 221303 
229867_at BTBD9 BTB (POZ) domain containing 9 114781 
230360_at GLDN gliomedin 342035 
230664_at H2BFM  H2B histone family, member M /// H2B histone family, member X, pseudogene 286436 /// 767811 
230802_at ARHGAP24 Rho GTPase activating protein 24 83478 
230949_at SLC23A3 solute carrier family 23 (nucleobase transporters), member 3 151295 
230992_at BTNL9 butyrophilin-like 9 153579 
231164_at ABCA17P ATP-binding cassette, sub-family A (ABC1), member 17 (pseudogene) 650655 
231315_at NKX2-1 NK2 homeobox 1 7080 
231794_at CTLA4 cytotoxic T-lymphocyte-associated protein 4 1493 
231860_at BRWD1 bromodomain and WD repeat domain containing 1 54014 
231971_at FANCM Fanconi anemia, complementation group M 57697 
232167_at MIF  macrophage migration inhibitory factor (glycosylation-inhibiting factor) /// solute carrier family 2 (facilitated 

glucose transporter), member 11 
4282 /// 66035 

232514_at KIF27 kinesin family member 27 55582 
232844_at IFT140 Intraflagellar transport 140 homolog (Chlamydomonas) 9742 
232912_at GPR180 G protein-coupled receptor 180 160897 
232953_at C20orf69  chromosome 20 open reading frame 69 /// similar to hypothetical protein LOC284701 /// similar to 

hCG1984118 /// similar to Putative uncharacterized protein C20orf69 /// hypothetical protein 
LOC100288169 /// hypothetical LOC728323 /// protein-L-isoaspartate (D-aspartate) O-methyltransferase 
domain containing 2 /// hypothetical LOC402483 

100287060 /// 
100287654 /// 
100288169 /// 
140849 /// 402483 
/// 55251 /// 642780 
/// 728323 

234818_at TMEM108 transmembrane protein 108 66000 
235330_at CCDC117 coiled-coil domain containing 117 150275 
235339_at SETDB2 SET domain, bifurcated 2 83852 
236126_at ACVR2B activin A receptor, type IIB 93 
236195_x_at PRKCG protein kinase C, gamma 5582 
236840_at C12orf56 chromosome 12 open reading frame 56 115749 
236863_at C17orf67 chromosome 17 open reading frame 67 339210 
237054_at ENPP5 ectonucleotide pyrophosphatase/phosphodiesterase 5 (putative function) 59084 
238564_at FAM171B Family with sequence similarity 171, member B 165215 
239446_x_at DCBLD2 discoidin, CUB and LCCL domain containing 2 131566 
240199_x_at ZNF345 zinc finger protein 345 25850 
241995_at DGUOK deoxyguanosine kinase 1716 
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Affymetrix ID Gene Symbol Gene Name Entrez Gene ID 
242946_at CD53 CD53 molecule 963 
243099_at NFAM1 NFAT activating protein with ITAM motif 1 150372 
243301_at COL22A1 collagen, type XXII, alpha 1 169044 
244225_x_at LMNA Lamin A/C 4000 
244691_at SETD5 SET domain containing 5 55209 
1552281_at SLC39A5 solute carrier family 39 (metal ion transporter), member 5 283375 
1552889_a_at EXOC3L2 exocyst complex component 3-like 2 90332 
1552946_at ZNF114 zinc finger protein 114 163071 
1553736_at ZFC3H1 zinc finger, C3H1-type containing 196441 
1553967_at ADAT3 adenosine deaminase, tRNA-specific 3, TAD3 homolog (S. cerevisiae) 113179 
1554742_at PMS1 PMS1 postmeiotic segregation increased 1 (S. cerevisiae) 5378 
1554785_at CCDC82 coiled-coil domain containing 82 79780 
1555131_a_at PER3 period homolog 3 (Drosophila) 8863 
1555235_s_at IQCF3 IQ motif containing F3 401067 
1555447_at GPR114 G protein-coupled receptor 114 221188 
1558322_a_at PAQR9 progestin and adipoQ receptor family member IX 344838 
1558706_a_at ATOH8 Atonal homolog 8 (Drosophila) 84913 
1558754_at ZNF763 zinc finger protein 763 284390 
1559266_s_at C10orf140 chromosome 10 open reading frame 140 387640 
1559982_s_at AKR1CL2 aldo-keto reductase family 1, member C-like 2 83592 
1562256_at NLRP1 NLR family, pyrin domain containing 1 22861 
1562381_at RP3-377H14.5 hypothetical LOC285830 285830 
1562446_at ZNF391 zinc finger protein 391 346157 
1562717_at C2orf46 chromosome 2 open reading frame 46 339789 
1564356_at ZNF568 zinc finger protein 568 374900 
1564796_at EMP1 epithelial membrane protein 1 2012 
1568554_x_at C6orf142 Chromosome 6 open reading frame 142 90523 
1568830_at IRAK3 interleukin-1 receptor-associated kinase 3 11213 
1568849_at C21orf135 chromosome 21 open reading frame 135 727701 
1569076_a_at ZNF836 zinc finger protein 836 162962 
1569296_a_at LOC493754 RAB guanine nucleotide exchange factor (GEF) 1 pseudogene 493754 
1569504_at LILRB4 Leukocyte immunoglobulin-like receptor, subfamily B (with TM and ITIM domains), member 4 11006 
1569701_at PER3 Period homolog 3 (Drosophila) 8863 
204591_at CHL1 cell adhesion molecule with homology to L1CAM (close homolog of L1) 10752 
208386_x_at DMC1 DMC1 dosage suppressor of mck1 homolog, meiosis-specific homologous recombination (yeast) 11144 
210219_at SP100 SP100 nuclear antigen 6672 
211100_x_at LILRA2 leukocyte immunoglobulin-like receptor, subfamily A (with TM domain), member 2 11027 
211740_at ICA1 islet cell autoantigen 1, 69kDa 3382 

  



Appendix 

 230 

Affymetrix ID Gene Symbol Gene Name Entrez Gene ID 
214713_at YLPM1 YLP motif containing 1 56252 
215041_s_at DOCK9 dedicator of cytokinesis 9 23348 
215108_x_at TOX3 TOX high mobility group box family member 3 27324 
216131_at FRMD4B FERM domain containing 4B 23150 
216480_x_at MLLT10 Myeloid/lymphoid or mixed-lineage leukemia (trithorax homolog, Drosophila); translocated to, 10 8028 
216623_x_at TOX3 TOX high mobility group box family member 3 27324 
217546_at MT1M metallothionein 1M 4499 
218110_at XAB2 XPA binding protein 2 56949 
220149_at C2orf54 chromosome 2 open reading frame 54 79919 
224262_at IL1F10 interleukin 1 family, member 10 (theta) 84639 
226355_at WDR51A WD repeat domain 51A 25886 
229381_at C1orf64 chromosome 1 open reading frame 64 149563 
229849_at WIPF3 WAS/WASL interacting protein family, member 3 644150 
235210_s_at C8orf84 chromosome 8 open reading frame 84 157869 
235518_at SLC8A1 solute carrier family 8 (sodium/calcium exchanger), member 1 6546 
236386_at SUZ12P Suppressor of zeste 12 homolog pseudogene 440423 
236805_at C9orf96 chromosome 9 open reading frame 96 169436 
237144_at LTBP3 latent transforming growth factor beta binding protein 3 4054 
238158_at MEIG1 meiosis expressed gene 1 homolog (mouse) 644890 
238753_at FREQ frequenin homolog (Drosophila) 23413 
241383_at ZNF385C zinc finger protein 385C 201181 
1552705_at DUSP19 dual specificity phosphatase 19 142679 
1552787_at HELB helicase (DNA) B 92797 
1563919_a_at CCDC123 coiled-coil domain containing 123 84902 
1554396_at UEVLD UEV and lactate/malate dehyrogenase domains 55293 
1555063_at USP6 ubiquitin specific peptidase 6 (Tre-2 oncogene) 9098 
1555078_at ZNF843 zinc finger protein 843 283933 
1555238_at PTH2 parathyroid hormone 2 113091 
1557223_at RBPMS  RNA binding protein with multiple splicing /// succinate dehydrogenase complex, subunit A, flavoprotein 

pseudogene 2 
11030 /// 727956 

1559128_at HSDL2 hydroxysteroid dehydrogenase like 2 84263 
1568606_at C11orf88 chromosome 11 open reading frame 88 399949 
242762_s_at FAM171B family with sequence similarity 171, member B 165215 
1563318_s_at MAGIX MAGI family member, X-linked 79917 
205885_s_at ITGA4 integrin, alpha 4 (antigen CD49D, alpha 4 subunit of VLA-4 receptor) 3676 
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B. Genes present in ≥3 healthy controls compared to 0 asthmatics 
Affymetrix ID Gene Symbol Gene Name Entrez Gene ID 
204795_at PRR3 proline rich 3 80742 
205216_s_at APOH apolipoprotein H (beta-2-glycoprotein I) 350 
205245_at PARD6A par-6 partitioning defective 6 homolog alpha (C. elegans) 50855 
205708_s_at TRPM2 transient receptor potential cation channel, subfamily M, member 2 7226 
205752_s_at GSTM5 glutathione S-transferase mu 5 2949 
207004_at BCL2 B-cell CLL/lymphoma 2 596 
207095_at SLC10A2 solute carrier family 10 (sodium/bile acid cotransporter family), member 2 6555 
207309_at NOS1 nitric oxide synthase 1 (neuronal) 4842 
207995_s_at CLEC4M C-type lectin domain family 4, member M 10332 
208147_s_at CYP2C8 cytochrome P450, family 2, subfamily C, polypeptide 8 1558 
210611_s_at DTNA dystrobrevin, alpha 1837 
210936_at WDR1 WD repeat domain 1 9948 
211909_x_at PTGER3 prostaglandin E receptor 3 (subtype EP3) 5733 
216260_at DICER1 dicer 1, ribonuclease type III 23405 
217400_at PCNA proliferating cell nuclear antigen 5111 
217622_at RHBDD3 rhomboid domain containing 3 25807 
219846_at GON4L gon-4-like (C. elegans) 54856 
219908_at DKK2 dickkopf homolog 2 (Xenopus laevis) 27123 
220774_at DYM dymeclin 54808 
221272_s_at C1orf21 chromosome 1 open reading frame 21 81563 
91703_at EHBP1L1 EH domain binding protein 1-like 1 254102 
225449_at RDH13 retinol dehydrogenase 13 (all-trans/9-cis) 112724 
226292_at CAPN5 calpain 5 726 
227222_at FBXO10 F-box protein 10 26267 
229775_s_at MLLT4 myeloid/lymphoid or mixed-lineage leukemia (trithorax homolog, Drosophila); translocated to, 4 4301 
229914_at FLJ38717 FLJ38717 protein 401261 
234055_s_at GZF1 GDNF-inducible zinc finger protein 1 64412 
235496_at HRCT1 histidine rich carboxyl terminus 1 646962 
236274_at EIF3B eukaryotic translation initiation factor 3, subunit B 8662 
236847_at C19orf18 chromosome 19 open reading frame 18 147685 
238453_at FGFBP3 fibroblast growth factor binding protein 3 143282 
239607_at GPR156 G protein-coupled receptor 156 165829 
240510_at NBN Nibrin 4683 
244819_x_at PSPH phosphoserine phosphatase 5723 
244829_at C6orf218 chromosome 6 open reading frame 218 221718 
1552804_a_at TIRAP toll-interleukin 1 receptor (TIR) domain containing adaptor protein 114609 
1552912_a_at IL23R interleukin 23 receptor 149233 
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Affymetrix ID Gene Symbol Gene Name Entrez Gene ID 
1552980_at HAS3 hyaluronan synthase 3 3038 
1553021_s_at BICD2 bicaudal D homolog 2 (Drosophila) 23299 
1558331_at SIRT2 Sirtuin (silent mating type information regulation 2 homolog) 2 (S. cerevisiae) 22933 
1558732_at MAP4K4 mitogen-activated protein kinase kinase kinase kinase 4 9448 
1559682_at TRIM16L Tripartite motif-containing 16-like 147166 
1559756_at DKFZp667F0711 hypothetical protein DKFZp667F0711 399716 
212803_at NAB2 NGFI-A binding protein 2 (EGR1 binding protein 2) 4665 
213338_at TMEM158 transmembrane protein 158 25907 
215769_at TRD@ T cell receptor delta locus 6964 
220663_at IL1RAPL1 interleukin 1 receptor accessory protein-like 1 11141 
237210_at NFRKB nuclear factor related to kappaB binding protein 4798 
240063_at LOC441046 glucuronidase, beta pseudogene 441046 
241478_at MICALL2 MICAL-like 2 79778 
242949_x_at CCDC157 Coiled-coil domain containing 157 550631 
1553175_s_at PDE5A phosphodiesterase 5A, cGMP-specific 8654 
1555082_a_at NEK11 NIMA (never in mitosis gene a)- related kinase 11 79858 
1556144_at DHX30 DEAH (Asp-Glu-Ala-His) box polypeptide 30 22907 
1559507_at LOC100130357 similar to hCG2038897 100130357 
1564386_at TXNDC8 thioredoxin domain containing 8 (spermatozoa) 255220 
216755_at OSBPL10 oxysterol binding protein-like 10 114884 
204795_at PRR3 proline rich 3 80742 

 
Appendix 7.2 Difference in baseline gene expression in HAEBC between health and asthma. A shows all the genes present in ≥3 asthmatics compared to 0 healthy control. C shows all 
the genes present in ≥3 healthy controls compared to 0 asthmatics. 
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