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Abstract  
 

Background and Purpose 

 
Asthma is a chronic respiratory airways disease, stemming from airway 

inflammation (AI) and airway remodelling (AWR), both contributing to airway 

hyperresponsiveness (AHR). Epithelial damage and related fibrosis have 

increasingly been identified as key contributors to asthma pathogenesis but are 

not targeted by currently-available asthma medication. Furthermore, these 

processes are poorly studied in currently-used animal models of chronic allergic 

airways disease (AAD). Therefore, this thesis first aimed to incorporate 

naphthalene (NA)-induced epithelial damage/repair into a well-established 

ovalbumin (OVA)-induced model of chronic AAD, which presents with AI, AWR, 

and AHR, to better mimic the pathogenesis of human asthma. It then aimed to 

use this refined model of chronic AAD to investigate the therapeutic efficacy of 

various treatment strategies - including an epithelial repair factor (trefoil factor 

2; TFF2; 0.5 mg·mL-1) and an antifibrotic (relaxin; RLX; 0.8 mg·mL-1) in isolation 

and in combination; as well as a clinically-used corticosteroid (dexamethasone; 

DEX; 0.5 mg·mL-1) in isolation and in combination with TFF2 and RLX (Aim2). 

Finally, it aimed to evaluate the therapeutic effects of amniotic epithelial stem 

cell (AEC)-derived exosomes (EXO; 5 µg or 25 µg) alone and in combination with 

RLX (0.8 mg·mL-1) in comparison to 1x106 AECs combined with RLX (0.8 mg·mL-1) 

(Aim-3); to determine the optimal therapeutic strategies that could reverse all 

three central components of disease pathology. 

 
 
 



 

iv 

Abstract (cont.)  
 

Key Findings 

 
1. Superimposing epithelial damage onto established chronic AAD led to the 

maintenance of increased AI and AI-induced AWR, as well as exacerbated 

airway fibrosis and AHR. 

 
2. Reversing aberrant collagen deposition/concentration – rather than other 

ECM proteins such as fibronectin or measures of AWR – was the key to 

normalizing chronic OVA+NA-induced deterioration of lung function 

 
3. Reversing epithelial damage-induced AWR and airway fibrosis could 

normalise chronic AAD-induced AHR independently of AI. 

 
4. Combining the anti-fibrotic effects of RLX with the epithelial-repair 

properties of TFF2 and anti-inflammatory effects of DEX; or with the tissue-

reparative properties of AEC-EXO (25 g) offered optimal protection against 

chronic AAD-induced AI, AWR, fibrosis and AHR; and greater protection 

compared to that offered by DEX alone. 

 
5. AEC-derived EXO alone dose-dependently and partially reduced AI, AWR 

and AHR associated with chronic AAD; 

 
6. The combined effects of RLX and AEC-EXOs offered broader protection 

against chronic AAD pathogenesis compared to the combined effects of 

AECs + RLX. 
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Abstract (cont.)  
 

Conclusions and Impacts 

This thesis has reinforced the importance of airway epithelial damage as a 

ontributor to airway fibrosis and AHR in the setting of chronic AAD/asthma; 

which augments the effects of AI on these parameters. It has also shown that 

therapeutic strategies that can target aberrant collagen concentration (fibrosis) 

and epithelial damage can effectively normalise chronic AAD-induced AHR 

without the need to influence AI. Such treatments/strategies may offer new 

hope for steroid-resistant asthma sufferers or may serve as adjunct therapies to 

clinically-used corticosteroids. Finally, it showed that combination strategies that 

could reverse all three central components of asthma (AI, AWR and AHR) 

including several measures of AWR provided optimal protection against the 

pathogenesis of chronic AAD/asthma; which may be used to treat mainstream or 

steroid-resistant asthma. 
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CHAPTER 1: 
 

INTRODUCTION 
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1.0 INTRODUCTION 

 

Airways are important in facilitating the movement of air from outside the body 

to the lungs and to facilitate the diffusion of oxygen into the blood stream. 

However, when exposed to environmental stimuli such as allergens, pollutants 

and occupational drugs or chemicals; or non-allergic stimuli such as cold air or 

excessive exercise, these triggers can induce inflammatory responses and 

mediators into the airways. Eventually, these inflammatory mediators can 

trigger several remodelling processes which lead to tightening of the muscles 

around the airways, obstruction and narrowing of the airways and ultimately the 

difficulty in breathing associated with asthma. The word asthma comes from the 

Greek word άσθμα, meaning short breath, gasp for breath. There are two key 

clinical features that are present to various degrees in patients that suffer from 

asthma. Firstly, there is excessive variation in the lung function of a patient 

suffering from asthma, compared to an unaffected person. Secondly, there are 

various respiratory symptoms such as, chest tightness, coughing, shortness of 

breath, and wheezing. These can vary over time and may be present or absent 

at any point of the pathogenesis of asthma (Melbye et al., 1994; Anderson, 

2008; Bateman et al., 2017). 

 

Around the world approximately 325 million people are affected by this 

respiratory disease. By 2025, it is believed that a further ~100 million people will 

be suffering from this debilitating disease (Masoli et al., 2004; Australian Centre 

for Asthma Monitoring, 2011). Asthma also contributes to one in every 250 

deaths worldwide. These deaths are mostly preventable, if not for the 
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suboptimal treatment options that are currently available. Prevalence rates can 

differ greatly between countries, from 0.7% in Macau to 18.4 % in Scotland 

(Burney, 1996; Asher et al., 1998; Beasely, 1998; Masoli et al., 2004). Asthma is 

the most prevalent chronic disease affecting children and is also highly prevalent 

in older adults. 

 

Clinical studies have shown that pre-pubescent males are more at risk at 

developing asthma (Dodge & Borrow, 1980), while both genders are equally at 

risk during puberty (de Marco et al., 2000). Only after puberty, are females more 

susceptible than males to develop asthma (de Marco et al., 2000). 

 

In Australia, the prevalence of asthma in adults is greater than 1/10, higher than 

most countries in the world (AIHW, 2011). Australia also has the highest death 

rate associated with asthma (Australian Centre for Asthma Monitoring, 2011) 

and the number of Australian women that die from asthma is double that of 

Australian men (Australian Centre for Asthma Monitoring, 2011). Additionally, 

there is a higher prevalence of asthma in the indigenous population within 

Australia (Australian Centre for Asthma Monitoring, 2011). With such a high 

number of sufferers, it also causes an immense financial impact, costing 

Australia approximately $28 billion in 2015 – which is about $11,740 per asthma 

sufferer (Asthma Australia, 2015). 

 

The causes that lead to the development of asthma can be divided into two 

groups. Firstly there are environmental factors that include allergens, 

pathogens, micro-organisms, tobacco smoke and/or air pollution (Holgate, 
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2008) (Figure 1- 1). Secondly, there are many genetic factors that can lead to the 

development of asthma (Holgate, 2008) (Figure 1-1). Being a heterogeneous 

disorder (Zhang Y, et al., 2012), there are multiple genes that (when mis-

regulated) can affect different cellular processes leading to the development of 

asthma (Zhang Y, et al., 2012); such as the CHI3L1 gene which may lead to 

airway remodelling, while the dysregulation of the IL33 gene has been observed 

in childhood asthma (Zhang Y, et al., 2012). Processes that can be disrupted 

include many aspects of airway inflammation and airway remodelling (see 

further details below) (Zhang Y, et al., 2012). 

 

Around the world, different countries have different definitions and grading for 

asthma severity. In Australia, asthma severities are divided into three categories: 

mild, moderate, and severe (Chung et al., 2014). Mild asthma is characterised as 

patients that exhibit occasional respiratory symptoms and require the use of a 

therapeutic controller no more than twice a week. Moderate asthma is 

characterised as patients that exhibit respiratory symptoms and require the use 

of a therapeutic controller on most days. Moderate asthma patients also exhibit 

symptoms during the night time and while walking (less than once a week). 

Severe asthma is characterised as patients that exhibit occasional respiratory 

symptoms daily and require the use of a therapeutic controller three or four 

times a day. Severe asthma patients also exhibit symptoms during the night time 

and while walking (more than once a week), as well as requiring usually hospital 

and emergency admissions, and often have a history of life-threatening asthma 

attacks (National Asthma Compaign (Australia), 1998; Colice, 2004). 
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There are multiple risk factors that can not only increase a person’s chance of 

developing asthma, but the can also effect the phenotype of asthma. Tobacco 

smoking or air pollution is linked with severe asthma (Chaudhuri et al., 2006; 

Comhair et al., 2011). Obesity can affect the development of severe asthma in 

various ways depending on age of onset and degree of allergic inflammatory 

(Dixon et al., 2011; Holguin et al., 2011). The combination of tobacco smoke and 

obesity has even been linked to corticosteroid insensitivity (Peter-Golden et al., 

2006; Lazarus et al., 2007). In the workplace, exposure various harmful 

chemicals and toxins can bring about late onset, severe asthma (Plana et al., 

2010). Several co-morbidities including gastro-oesophageal reflux disease, 

obstructive sleep apnoea, recurrent respiratory infections, and severe sinus 

disease seem to result in more frequent exacerbations in adults with severe 

asthma (Sterk et al., 2005). 

 

 

1.1 PATHOPHYSIOLOGY OF ASTHMA 

 

There are three central components involved in the pathogenesis of asthma: 

airway inflammation (AI), airway remodelling (AWR) and airway 

hyperresponsiveness (AHR; the clinical end-point of asthma) (Royce et al., 2012; 

Tang et al., 2009; Figure 1-2). 
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1.1.1 Airway Inflammation (AI) 

1.1.1.1 Allergen Sensitization 

Airway inflammation (AI) begins with the sensitization of the airways to 

specific allergens that have been inhaled. These allergens either bind to 

immature dendritic cells that are present on the epithelium, or travel past 

damaged epithelial cells into the airway wall where they then bind to 

submucosal dendritic cells. Uptake and processing of the allergen by the 

dendritic cells initiate maturation and migration of these cells. Maturation of 

dendritic cells involve several processes; the main one being the production of 

major histocompatibility complex (MHC) class II molecule, which are present on 

the cell surface, and a peptide derived from the allergen. The dendritic cells also 

migrate from the submucosa into the regional lymph node. Following migration, 

mature dendritic cells present allergen-derived peptides to naïve T-cells, 

stimulating their differentiating into a T-helper type 2 (TH2) cell phenotype 

(Figure 1-1). This process is facilitated by the early release of interleukin (IL)-4, 

which are produced by basophils, eosinophils, mast cells, natural killer T cells 

and/or T cells (Marshall, 2004; Sokol et al., 2014) (Figure 1-1). These newly 

differentiated TH2 cells release IL-4 and IL-13, which facilitate the binding of B-

cells to CD28- and CD40-binding ligands present on the TH2 cell surface, 

stimulating the production of specific immunoglobulin (Ig)-E to the allergen. The 

IgE diffuse out of these B-cells, into the lymphatic vessel, where they enter the 

blood circulation for systemic distribution. Finally, the IgE enter the interstitial 

fluid binding to high-affinity IgE receptors (FcɛRI) present on the surface of mast 
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cells, priming the mast cell to respond to later re-exposure of the airway to the 

allergen. 

 

1.1.1.2 Early-Phase Allergic Reaction 

Within minutes after allergen re-exposure, mast-cell-derived cytokines are 

released in the site of injury. This process is initiated when the allergen binds to 

two or more allergen-specific IgE present on the mast-cell surface, leading to 

mast-cell activation. Activated mast-cells undergo several complex responses 

mediated by FcɛRI, leading to the release of three classes of biologically active 

substances (Kraft, 2007; Marshall, 2004; Rivera & Gilfillan, 2006): (i) cytoplasmic 

granules, (ii) lipid-derived mediators, and (iii) gene-transcription-mediated 

factors. 

Cytoplasmic granules refer to a variety of factors including: biological amines 

(such as histamine) (Galli et al., 2005; Rivera & Gilfillan, 2006); serglycin 

proteoglycans (such as heparin and chondroitin sulphate); serine proteases 

(such as tryptase, chymases, carboxypeptidases) (Caughey, 2011) and some 

cytokines (tumour-necrosis factor (TNF)-α) and growth factors (vascular 

endothelial growth factor A (VEGFA)) (Bradding & Holgate, 1996; Galli et al., 

2005; Rivera & Gilfillan, 2006; Saito et al., 2001). Lipid-derived mediators are 

synthesised from metabolised arachidonic acid via cyclooxygenase and 

lipoxygenase pathways leading to the release of prostaglandin D2 (PGD2), 

leukotrienes B4 (LTB4) and cystine leukotriene 4 (LTC4) and in some cases 

platelet-activating factor (PAF) (Finkelman & Vercelli, 2007; Boyce, 2008). 

Cytoplasmic granules and lipid-derived mediators are important drivers of early-  
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Figure 1-1  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1-1: Schematic illustration of the chronic inflammatory cycle 

involved in airway inflammation present in asthma. 

 
Dendritic cells present allergens to TH2 cells and cause the activation of 

effector cells. The cytokines produced during this process damage the 

epithelium and then stimulate the production of various growth factors. As a 

result of this process, characteristic remodelling process occur with the 

production of proinflammatory mediators and chemokines. As such, a cycle 

is established, wherein wound injury (through the release of toxic cytokines 

from inflammatory cells) occurs concurrently with wound healing 

(remodelling processes). Figure adapted from Holgate ST, 2008. 
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phase allergic reactions, and result in symptoms such as coughing due to 

contraction of bronchial smooth muscle leading to exacerbated airway flow 

obstruction in lower airways (Lalloo et al., 1996); itching due to reddening of  

skin caused by vasodilation and sneezing and tear formation as a result of 

increased vascular permeability leading to tissue swelling (Sarin S et al., 2006). 

The production of inflammatory factors such as cytokines, chemokines, and 

growth factors are up-regulated at a transcriptional level during early-phase 

allergic reactions but play an important role in late-phase allergic reactions. 

 

1.1.1.3 Late-Phase Allergic Reaction 

Late-phase allergic reactions develop 2-6 hours after allergen re-exposures 

and often peak after 6-9 hours. While not all sensitised patients develop late-

phase allergic reactions, other patients exhibit no clinical discrimination 

between the end of early-phase and the start of late-phase allergic reactions. 

This allergic reaction phase involves the slow release of cytokines, chemokines 

and growth factors synthesised from activated mast-cells (Galli et al., 2005; 

Kraft, 2007; Rivera & Gilfillan, 2006). These mast-cell products have the 

potential to directly or indirectly recruit other immune cells (TNF-α, LTB4, IL-8), 

activate innate immune cells (TNF-α and IL-5) and affect dendritic, T- and B-cell 

biology (IL-10,TNF-α, transforming growth factor (TGF)-β1 and histamine) (Galli 

et al., 2005; Galli et al., 2008); while some products released by mast cells can 

also have anti-inflammatory or immunosuppressant actions (IL-10, TGF- ) (Galli 

et al., 2008; Sayed et al., 2008). Activated mast-cell derived products, the main 

one being thymic stromal lymphopoietin (TSLP), can also affects epithelial, 
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fibroblasts, smooth muscle, nerve and vascular endothelial cells (Schleimer et 

al., 2007). 

Lastly, it is believed that some of the features observed in late-phase allergic 

reactions are considered to be long-term consequences of activated mast cell 

and antigen-stimulated T-cell products (Galli et al., 2005). 

 

1.1.1.4 Chronic Airway Inflammation 

Inflammation becomes chronic when it persists due to repetitive and 

continuous allergen exposure. Chronic AI is associated with changes to structural 

cells, and in most cases, substantially altered lung function. While early- or late-

phase allergic reactions can be clinically-studied in volunteers, chronic 

inflammation requires the use of human biopsy samples, or experimental animal 

models of allergic lung disorders. As such, it is not known how early- and late-

phase inflammation progresses into chronic inflammation. Studies have shown 

that inflammation associated the viral infections (the main one being rhinovirus) 

can exacerbate symptoms associated with asthma (Gern & Busse, 2002), while 

inflammation associated with atopic dermatitis (Leung et al., 2004) and/or 

allergic rhinitis (Pawankar, 2004) can exacerbate altered airway epithelial 

function. 

Chronic AI can induce structural changes that can affect all the layers of the 

airways. In the airway epithelium, chronic inflammation can give rise to an 

increase the presence of mucus-secretory cells (goblet cells), increase cytokine 

and chemokine production in epithelial cells as well as exacerbate epithelial 

injury (Doherty & Broide, 2007; Holgate, 2007; Mauad et al., 2007; Schleimer et 
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al., 2007). In the submucosal region, chronic inflammation can increase 

myofibroblast activation resulting in an increase in extracellular matrix protein 

(ECM) deposition beneath epithelial basement membrane (lamina reticularis) 

(Doherty & Broide, 2007; Holgate, 2007; Mauad et al., 2007). Chronic AI can also 

induce smooth muscle hypertrophy and hyperplasia as well as increase in 

pulmonary vasculature (neovascularisation) (Mauad et al., 2007). 

 

1.1.2 Airway Remodelling (AWR) 

 

Genetic factors (via AI-independent and to a lesser degree, AI-dependent 

mechanisms) (Baron et al., 2011; Holgate, 2008) also lead to the development of 

AWR. AWR refers to the structural changes that occur in and around the 

trachea, bronchi and bronchioles and include processes such as epithelial 

damage/thickening, goblet cell metaplasia, subepithelial collagen deposition 

(fibrosis), smooth muscle hypertrophy, and angiogenesis, as further detailed 

below (Holgate, 2008; Royce et al., 2012; Figure 1-2). 

 

1.1.2.1 Epithelial Damage 

Epithelial damage is a process which has been increasingly studied as a key 

cause of AWR (Carroll et al., 1993), and which has been shown to correlate with 

the development of AHR (Bergeron et al., 2010; Boulet et al., 1997). 

The airway epithelium is an important physical barrier that is responsible for 

protecting the internal environment of the lungs from pathogenic organisms and 

harmful substances that may be inhaled into the lungs from the external 
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environment (Holgate, 2000). The cells in the epithelial layer are able to form a 

physical barrier comprised of proteins that allow adjacent cells (regardless 

whether they are the same type of cell or not) to stick together, called apical 

junctional complexes (AJC) (Hammad & Lambrecht 2015). There are two types of 

AJCs: (i) tight junctions – these are intercellular junctions that appear near the 

top of adjacent cells, and (ii) adherens junctions – these junctions form a tight 

bond between adjacent cell to allow a passage of ions and water-soluble 

substances to pass through the epithelial layer (Tamura & Tsukita 2014). 

One means of protection involves the use of mucocilary cells that are able to 

physically expel pathogens that have been trapped in the mucosal layer which 

coats the external surface of the epithelium (further explained in section 

1.1.2.2). The epithelium can also release a number of cytokines and chemokines 

that result in the recruitment of inflammatory cells, which aid in the clearance in 

pathogens that have infiltrated the airway (Kim & Leung 2012; Parker et al., 

2014; Lappalainen et al., 2005) However, the excessive activation of an 

epithelial-induced inflammatory response may result in development of chronic 

AI (refer to section 1.1.1.4). Recently, it has been established that the 

dysfunction of AJCs can lead to the destabilization of the airway epithelial layer, 

resulting in the infiltration of inhaled allergens into the submucosa, which has 

been associated with the pathogenesis of asthma (Georas & Rezaee, 2014; 

Loxham et al., 2014). 

Inherent genetic mutations (Zhang Y, et al., 2012) or disruptions (in some 

cases of corticosteroid use) can lead to the susceptibility of epithelial damage. E-

cadherin, a cell-adhesion molecule located between epithelial cells 
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(Ierodiakonou et al., 2011), is important for keeping the cells of the bronchial 

epithelium together (Ierodiakonou et al., 2011). When there is a single-

nucleotide polymorphisms to the CDH1 gene, it leads to a reduction in e-

cadherin levels resulting in reduced adhesion between the epithelial cells 

(Ierodiakonou et al., 2011). This is followed by denudation (shedding of 

epithelial lining) of the epithelium which leads to re-epithelialisation (reparative 

healing), alterations in the cell types that make up the epithelium and aberrant 

wound healing (Bergeron et al., 2010). As the epithelium is sensitive to the 

influence of the TH2 mediators and inflammatory cells described above, any 

alterations to this layer will have detrimental effects (Holgate, 2007). The 

epithelial layer protects against a number of inflammatory processes, and its 

destruction will lead to an increase in AI (Polito et al., 1998). Hence, processes 

such as goblet cell metaplasia and subepithelial fibrosis eventually contribute to 

the onset of AHR, and correlate to asthma severity (Bergeron et al., 2010; 

Holgate, 2000). Furthermore, damage to the epithelium leads to re-

epithelialisation, which further exacerbates airway fibrosis. Most of these effects 

are mediated by factors released by eosinophils (Kay et al., 2004; Leigh et al., 

2002). Studies have shown that there is an association between the extent of 

epithelial damage and asthma severity (Bergeron et al., 2010; Holgate, 2000). 

 

1.1.2.2 Goblet Cell Metaplasia (GCM) 

Goblet cells are mucous secretory cells that play an important role in 

protecting the airway epithelium and represent a measure of AI-induced AWR. 

In the airways of healthy individuals, goblet cells secrete a variety of mucous-
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associated glycoproteins (the main one being MUC5B), into the airway lumen in 

order to trap any harmful substances that may have been inhaled. These 

trapped substances are then expelled from the airway with the help of ciliated 

epithelial cells in a process called mucociliary clearance. However, in patients 

that suffer from asthma, there is an increased number of goblet cells resulting in 

excessive mucous secretion (especially the MUC5A2 glycoprotein), which can 

impair mucociliary clearance and in extreme cases, result in the death of 

asthma-sufferers. 

There are several mechanisms that are believed to lead to GCM, which are 

initiated from TH2-induced cytokine signalling. TH2 cells secrete cytokines such as 

IL-4, IL-5, IL-9 and IL-13, which play separate but related roles in the 

development of GCM. While it is unknown exactly how these cytokines 

stimulate GCM, the ability of IL-9 to induce MUC5A2 production in epithelial 

cells is believed to be the first step in the differentiation process. TH2 cells also 

induce the over-expression of calcium ion-activated chlorine ion channels 

(hCLCA1 in humans, gob-5 in mice), which has been associated with GCM in cell 

cultured-based experiments (Hauber, et al., 2006). It has also been observed 

that goblet cells have upregulated sodium potassium chloride co-transporter 

channels (NKCC1) in human asthma. 

 

1.1.2.3 Subepithelial Fibrosis 

Subepithelial fibrosis (or scarring) results from aberrant wound healing to the 

damaged airways and refers to the deposition of aberrant extracellular matrix 

proteins (ECM; primarily consisting of collagen) in the lamina reticularis 



 

15 

basement membrane. If improperly regulated, it progresses around the airways 

in response to continual disease progression, and further exacerbates the 

development of AHR (independently of AI). As such, subepithelial fibrosis is a 

major hallmark of chronic allergic asthma (Ammit, 2005; Bergeron et al., 2010). 

The deposition of ECM proteins begins with the release of TGF-β (primarily 

TGF-β1) from various inflammatory cells including eosinophils, fibroblasts, 

lymphocytes and mast cells (in response to the development of AI, refer to 

section 1.1.1.2), as well as epithelial cells (in response to epithelial damage, 

refer to section 1.1.2.1) (Batra V et al., 2004). The presence of TGF-β1 stimulates 

the differentiation of matrix-producing fibroblasts, which are recruited by 

inflammatory cells to sites of injury, into activated myofibroblasts, the latter 

containing properties of smooth muscle cells and hence, being characterised by 

their expression of α-smooth muscle actin (α-SMA) (Batra V et al., 2004); and 

which synthesise large amounts of ECM proteins when activated (Branton & 

Kopp, 1999). Myofibroblast-mediated ECM and collagen deposition occurs as 

part of the wound healing response to tissue injury, but often leads to fibrosis 

progression when myofibroblast activation is sustained upon repeated stimuli or 

injury to the airways. 

The main enzymes involved in removing excess ECM proteins are matrix 

metalloproteinases (MMPs; Table 1-1). Produced by epithelial and inflammatory 

cells (Yao et al., 1998), MMPs are zinc-dependant endopeptidases responsible 

for degrading collagen I, IV, V, VII, X, XI, and XVI fibres as well as gelatin, elastin, 

fibronectin, and other ECM components (Lagente et al., 2005). The main MMPs  
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Table 1-1: Matrix metalloproteinases family. 

 
 Name  Molecular weight  Substrates  
     latent/active (kDa)    
          
 Interstitial collagenases    

 MMP-1 52/41  Collagen I, II, II, VII, VIII, X, 
 (collagenase-1)    aggrecan, gelatin, proMMP-2, 
        pro-MMP-9 

 MMP-8 85/64  Collagen I, II, III, VII, VIII, X, 
 (collagenase-2)    aggrecan, gelatin 

 MMP-13 65/55  Collagen I, II, III, aggrecan, 
 (collagenase-3)    gelatin 

 MMP-18 53/42    
 (collagenase-4)      
         
 Gelatinases       

 
MMP-2 (Gelatinase- 

 
72/66 

 
Collagen I, II, III, IV, V, VII, X, 

 
    
 A)     XI, XIV, gelatin, elastin,  
        fibronectin, aggrecan  

 MMP-9 (Gelatinase-  92/85  Collagen IV, V, VII, X, XIV,  
 B)     gelatin, pro-MMP-9, proMMP-  
        13, elastin, aggrecan  
        
 Stomelysins       

 MMP-3 57/45, 28  Collagen II, III, IV, IX, X, XI, 
 (Stromelysin-1)    elastin, pro-MMP-1, proMMP- 
        7, pro-MMP-8, pro-MMP-9, 
        pro-MMP-13 

 MMP-10 56/47, 24  Collagen III, IV, V, gelatin, 
 (Stromelysin-2)    fibronectin 

 MMP-11 58/28  Fibronectin, laminin, gelatin, 
 (Stromelysin-3)    aggrecan 
       
 Membrane-type MMPs      

 
MMP-14 (MT1- 

 
66/60 

 
Pro-MMP-2, pro-MMP-13, 

 
    
 MMP)     collagen I, II, III, gelatin,  
        aggrecan, fibronectin, laminin  

 MMP-15 (MT2-  68/62  Pro-MMP-2, gelatin,  
 MMP)     fibronectin, laminin  

 MMP-16 (MT3-  64/55  Pro-MMP-2  
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 MMP)       

 MMP-17 (MT4-  57/53  Unknown  
 MMP)       
           

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Table 1-1: Matrix metalloproteinases family. 

 
A total of 28 MMPs have been described with 24 of them having been 

 
identified in vertebrates. While MMPs taxonomy was first built according to 

 
their substrate specificity, it is also classified based on their structural 

 
similarities. Adapted from Gueders et al., 2006.  

 MMP-24 (MT5- 63/45 Pro-MMP-2  
 MMP)    

 MMP-25 (MT6- Unknown Gelatin  
 MMP)    
      
 Others         

 MMP-7 (matrilysin- 28/19 Collagen II, III, IV, IX, X, XI, 
2)   elastin, pro-MMP-1, proMMP- 

    7, pro-MMP-8, pro-MMP-9, 
    pro-MMP-13, gelatin, 
    aggrecan, fibronectin, laminin 

 MMP-26 (matrilysin) 28/unknown Collagen IV, gelatin, 
    fibronectin 

 MMP-12 54/45, 22 Elastin 
 (metalloelastase)    

 MMP-19 57/45 Tenascin, gelatin, aggrecan 

 MMP-20 54/22 Enamel, gelatin 
 (enamelysin)    

 MMP-21 70/53 Unknown 

 MMP-23 Unknown Unknown 

 MMP-27 Unknown Unknown 

 MMP-28 (epilysin) Unknown/58, 55 Unknown 
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involved in collagen degradation in the lungs of asthmatics are the gelatinases, 

MMP-2 (gelatinase A) and MMP-9 (gelatinase B); which can cleave various 

collagens and gelatin, the latter which is then cleared from the body (Gueders et 

al., 2006). The activity of these MMPs are regulated at several levels including 

that by tissue inhibitors of metalloproteinases (TIMPs). The pathogenesis of 

chronic allergic asthma is associated with excessive TGF-β1 production, 

myofibroblast differentiation, TIMP expression but significantly reduced MMP 

activity; resulting in excessive ECM deposition, ultimately leading to scarring and 

stiffening of the airways, which compromises airway/lung function (Branton & 

Kopp, 1999). In the clinical setting, subepithelial reticular basement membrane 

thickening is present in all stages of asthma (Elias et al., 1999; Boulet et al., 

1997). The subepithelial layer in healthy individuals is around 4-5μm, compared 

to 7-23μm exhibited in people that suffer from chronic asthma (Homer & Elias, 

2000). Since thickening of the subepithelial layer also occurs in children, it 

suggests that subepithelial ECM thickening can occur early in the development 

of AWR (Payne et al., 2003). 

 

1.1.2.4 Airway Smooth Muscle Hypertrophy and Hyperplasia 

The increase in airway smooth muscle is commonly used as an indicator of 

the development of AWR. The increase in airway smooth muscle mass is due to 

either hypertrophy (increase in cell size) and or hyperplasia (increase in cell 

number) (Bentley & Hershenson, 2008; Kaminska et al., 2009). It has also been 

reported that airway smooth muscle thickening may be a better indicator of 

asthma severity compared to AI or subepithelial thickening (Bentley & 
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Hershenson, 2008; Druilhe et al., 2008; Kaminska et al., 2009). However, while 

the mechanisms involved in airway smooth muscle enlargement are uncertain, 

there are hypotheses that support either smooth muscle hypertrophy or 

hyperplasia contributing to asthma severity (Burgess et al., 2009). 

In support of airway smooth muscle hypertrophy, epithelial damage-induced 

subepithelial thickening is not limited to the lamina reticularis basement 

membrane (Bergeron et al., 2010; Hirst et al., 2004). There is often an increase 

in ECM deposition within the airway smooth muscle layer as well (Bergeron et 

al., 2010; Druilhe et al., 2008; Hirst et al., 2004), resulting in airway smooth 

muscle hypertrophy due to the increased TGF-β1 activity and smooth muscle 

stretch (Druilhe et al., 2008; Hirst et al., 2004). 

In support of airway smooth muscle hyperplasia, it has been reported that 

there is an increase in cytokines such TGF-β1 and heparin-binding epidermal 

growth factor (Bentley & Hershenson, 2008; Hassan et al., 2010). While 

controversial, it is also believed that the increase in Ki-67 and other nuclear 

antigens involved in cellular proliferation may play a role in airway smooth 

muscle hyperplasia (Hassan et al., 2010). 

Smooth muscle hypertrophy and/or hyperplasia leads to the development of 

airway obstruction, which brings about the onset of some of the symptoms 

mentioned previously as well as other structural changes associated with AWR 

(Bergeron et al., 2010; Hirst et al., 2004). 
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1.1.2.5 Angiogenesis 

Angiogenesis refers to the development of new blood vessels that protrude 

off pre-existing blood vessels (Li et al., 1997; Ribatti et al., 2009). Studies have 

shown that this process increases in cases of mild (Li et al., 1997) and severe 

asthma (Ribatti et al., 2009). Angiogenesis is triggered by both AI and AWR 

stimuli. AI and AWR can lead to the production of VEGF, which is the main 

growth factor that promotes angiogenesis of the airways (Mura et al., 2004; 

Ribatti et al., 2009). VEGF can be synthesised by alveolar epithelial cells, 

bronchial epithelial cells, smooth muscle cells, fibroblasts and alveolar 

macrophages; (Ribatti et al., 2009). AWR-induced subepithelial collagen 

deposition, results in a reduction in MMP-9 (gelatinase B), which is not only 

important for collagen deposition, but can also inhibit angiogenesis (Lee et al., 

2006; Ribatti et al., 2009). This process has been shown to stimulate and 

exacerbate the progression of AWR and AI (Bergeron et al., 2010; Li et al., 1997; 

Ribatti et al., 2009). 

 

1.1.3 Airway Hyperresponsiveness (AHR) 

 

It is important to note that the AWR that results from AI, can further exacerbate 

AI; and that both AI and AWR lead to the development of AHR (Meurs et al., 

2008) (Figure 1-2), which refers to the excessive response of the airways to 

bronchoconstriction (Meurs et al., 2008; O'Byrne et al., 2009). AHR is the final 

pathophysiological process that is involved in the development of asthma and is 

an important indicator of asthma severity. While the mechanisms leading to  
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Figure 1-2  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1-2: Pathogenesis of Asthma 

 

The pathogenesis of human asthma is triggered due to environmental and 

genetic factors. This leads to the development of airway inflammation (AI) 

and airway remodelling (AWR), which both contribute to the progression of 

airway hyperresponsiveness (AHR). These three features form the central 

features of asthma. 

 
Epithelial damage has been increasingly studied as a novel trigger of the 

development on AWR and subsequent airway fibrosis. 

 
Current therapies involve the use of corticosteroids; which are used to 

reverse damage associated with AI and AI-induced AWR; and long and short 

acting β2 agonists; which supress episodes of AHR. However, there are no 

therapies that specifically treat epithelial damage or AWR. 
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AHR are yet to be fully defined, it is known that selective (pathogen, allergens, 

and/or micro-organisms) and/or non-selective (cold weather) environmental 

factors, AI and/or AWR can all contribute to AHR. Inflammatory cells such as 

mast cells and eosinophils can lead to increased reactivity and narrowing of the 

airways (Kay et al., 2004). Likewise, structural changes in the airways (AWR) such 

as thickening of the basement membrane and increased smooth muscle mass 

are thought to directly contribute to AHR independently of AI (Holgate ST et al., 

2009). 

 
This project will specifically attempt to address some of the contributors 

associated with epithelial damage and fibrosis to the development of AHR. 

The extent of AHR development can be accessed via the measurement of 

airway reactivity, in response to increasing concentrations of known 

bronchoconstrictors.  

  

 
 

1.2 CURRENT THERAPIES 
 

 
Current asthma therapies work by either supressing episodes of AHR (Sears et 

al., 1990) or inhibiting AI-induced damage (Barnes, 2010; Barnes et al., 2003; 

AIHW, 

 
2011). Asthma treatments primarily involve combination therapies. Treatments 

vary depending on the severity of symptoms and asthma attacks (Barnes, 2010). 

Currently, a combination of β2-adrenergic receptor agonists and corticosteroids 

are used to treat asthma and its symptoms (Barnes, 2010) (Figure 1-2). 
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1.2.1  2-Adrenergic Receptor Agonists 
 
 

β2-adrenoreceptor agonists have been used since the early 1960’s as effective 

agent for relaxing the airway smooth muscle in response to episodes of AHR 

(Ortega VE, 2014). However, in the 1960’s and 1970’s, there were a substantial 

number of asthma-related mortalities, which were associated with the 

unregulated use of a high-dose short-acting β2-agonist (SABA), isoproterenol, 

and the less selective SABA, fenoterol (Pearce et al., 1990; Stolley PD, 1972). 

 
While β2-adrenoreceptor agonists have been shown to cause bronchial 

smooth muscle relaxation, the exact mechanism of action is not completely 

understood. They bind to Gs-coupled β2-adrenoceptors on the airway smooth 

muscle cells, which allows for the dissociation of the α-subunit from the βγ-

subunit (Johnsonn, 1999). The free α-subunit can then stimulate adenylyl cyclase 

subtype VI to convert adenosine triphosphate (ATP) into cyclic adenosine 

monophosphate (cAMP) allowing for the activation of inactive protein kinase A 

(PKA) into activated PKA (Billington et al., 1999). While it is not completely 

understood how, it is believed that activated PKA plays a role in the release of 

calcium from the sarcoplasmic reticulum, resulting in airway smooth muscle 

relaxation (Kume et al., 1994). 

 
 
 

1.2.2 Corticosteroids 

 
Since the 1950’s, corticosteroids have been the mainstay of systemic asthma 

treatment (Carryer et al., 1950; Crompton G, 2006). However, due to the 

number of side-effects relating to their route of administration, corticosteroids 

started being delivered via inhalation from the early 1970’s (Brown et al., 1972; 
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Chatterjee et al., 1972; Clark, 1972; Cameron, 1973; Hodson et al., 1974; Vilsvik 

& Scand, 1974). 

 
Inhaled corticosteroids work by targeting the intracellular glucocorticosteroid 

receptors of airway epithelial cells (Gibson et al., 2001; Ketchell et al., 2002). 

Corticosteroids enter the epithelial cells via diffusion and bind to 

glucocorticosteroid subtype α receptors (GRα) (Rhen & Cidlowski, 2005). These 

corticosteroid-GRα units, form homodimers and then bind to glucocorticosteroid 

response element in the promoter region of steroid - responsive genes. This 

activation can lead to either: (i) transregression: the inhibition of the 

downstream effects of proinflammmatory factors, such as AP-1 and NF-κβ; or (ii) 

transactivation: the development of corticosteroids-induced systemic side 

effects, likely through DNA binding (Barnes & Adcock, 2003, Ito et al., 2001). This 

can result in an increase in β2-adrenoreceptors and the promotion of the 

secretion of anti-inflammatory proteins such as leukoprotease inhibitors, and 

mitogen-activated protein kinase phosphate-1 (MKP-1) (Barnes, 2006; Clark, 

2003). Corticosteroids can also inhibit multiple genes that encode for adhesion 

molecules, chemokines, cytokines, inflammatory enzymes and receptors (Barnes 

& Adcock, 2003). 

 
Using corticosteroids at high concentrations, or for an extended period of 

time can also lead to adverse side-effects. Local adverse effects generally 

associated with inhaled corticosteroid use include coughing (Bryant & Pepys, 

1976; Shim & Wlliams, 1987), dysphonia (Hanania et al., 1995), hoarseness and 

pharyngeal discomfort (Babu & Samuel, 1988), oropharyngeal candidiasis (Milne 

& Crompton, 1974; Vogt, 1979; Salzman & Pyszczynski, 1988; Toogood, 1990), 
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perioral dermatitis (Dubus et al., 2001), thirst (Dubus et al., 2001), and tongue 

hypertrophy (Dubus et al., 2001; Linder et al., 1995). They can also cause 

systemic adverse side-effects such as adrenocortical suppression (Hanania et al., 

1995; Maxwell, 1990), bruising and skin thinning (Capwell & Reynolds, 1990), 

glaucoma (Garbe et al., 1997), osteoporosis (by interfering with calcium and 

phosphate metabolism) (Toogood et al., 1988; Packe et al., 1992), and posterior 

subcapsular cataracts (Cumming et al., 1997). 

 

 

1.2.3 Other Therapeutics: 

 
In order to reduce the dosage (and therefore side-effects) of corticosteroids 

being administered, they have been used in conjunction with other, already 

established therapeutics (AIHW, 2011): 

 
Theophylline (a methylxanthine drug) has been clinically used for more 70 years 

for its modest bronchodilatory and anti-inflammatory properties (AIHW, 2011). 

The exact mechanism of action of theophylline is not fully understood (Barnes, 

2008). It is believed that one mechanism by which theophylline acts by passing 

through the plasma membrane of the airway smooth muscle to inhibit 

intracellular phosphodiesterases (PDEs) III and IV (Poolson et al., 1978). PDEs III 

and IV converts cAMP into AMP (Rabe et al., 1995), thus reducing the cAMP 

available for β2-adrenoceptor-stimulated bronchodilation (refer to section 

1.2.1). Theophylline has also been shown to have anti-inflammatory effects in 

the airways. Low dose theophylline treatment is associated with reduced 

eosinophil infiltration into the airways (Lim et al., 2001; Sullivan et al., 1994). 

However, the anti-inflammatory effects of theophylline are not as potent to that 



 

26 

induced by clinically-used corticosteroids (Barnes PJ, 2008). Additionally, there is 

currently no long-term data on the effects of theophylline (Barnes & Pauwels, 

1994). The use of theophyllines is also associated with frequent adverse side-

effects when its plasma concentration exceeds 20mg/l (Barnes & Pauwels, 

1994). Common side-effects are abdominal discomfort, cardia arrhythmias 

headache, nausea, restlessness, and vomiting, primarily due to PDE inhibition 

(Nicholson et al., 1991). Theophylline use has also been associated with 

behavioural issues and learning difficulties in children (Rachelefsky et al., 1986). 

 

Omalizumab, while being derived from murine origins, are recombinant 

humanised IgG antibodies, with 5% murine residues (Presta et al., 1993; Spector, 

2004). Omalizumab selectively binds to the two Cԑ3 domain on the main branch 

of the IgE antibody to form trimeric or hexameric, IgE/anti-IgE complexes (Pelaia 

et al., 2008). By blocking IgE signalling, omalizumab prevents IgE from forming 

complexes with FcԑRI and FcԑRII/CD23, thus preventing the activation of the IgE-

dependant pathway in the development of AI (Chang et al., 2007; Presta et al., 

1994). Omalizumab is also associated with very few adverse side-effects, with 

occurrence rates reported at around 0.09% (Cox et al., 2007). While these side-

effects are local and limited to the site of administration, it is generally 

associated with headaches, nausea, and tiredness (Holgate et al., 2005). While it 

has been reported that omalizumab use has been associated with an increased 

risk of getting cancer, studies have shown that it does not increase cancer 

occurrence (Busse et al., 2012; Long et al., 2007). 
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Leukotrienes are biologically active compounds that originate from leukocytes 

that have been shown to be involved in the development of both acute and 

chronic AHR) (Al Heialy et al., 2011; Royce et al., 2009). This has led to the 

development of leukotriene antagonists, which are able to block the receptors 

that leukotrienes bind to and activate (Holgate et al., 1996). As a therapeutic, 

they are generally used in patients that are aspirin-sensitive (AIHW, 2011). 

However, they have a reduced and variable effect in suppressing AI compared to 

the effects of corticosteroids (AIHW, 2011). 

 
 
 

1.2.4 Disadvantages of Current Treatments: 

 
There are several short-comings associated with these current treatments for 

asthma. In the case of short- and long-acting β-agonists, even though they 

relieve AHR transiently, they do not supress the processes that are involved in AI 

or AWR, which are the two main processes contributing to AHR (Sears et al., 

1990). This means that the development of AI and/or AWR-induced AHR 

continues to occur in the presence of β-agonist use, further compromising 

bronchial tissue functionality and integrity (Sears et al., 1990). 

 
In the case of corticosteroids, there are several asthmatic patients, 

particularly those with severe disease symptoms that have been found to be 

resistant to their effects (Barnes et al., 2003; Sher et al., 1994; Walsh et al., 

2003). Additionally, corticosteroids only have limited effects on AWR (as AI 

influences AWR development to a moderate degree) (Royce et al., 2013). Hence, 

there is currently no effective treatment that specifically targets AWR and its 

role in stimulating the development of AHR (Royce et al., 2013). 
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As such, more research must be done in order to better understand the 

pathogenesis of asthma to help develop novel therapies that better target all 

three major components of asthma. In particular, this project will focus on i) 

epithelial damage - which has been increasingly studied as a key cause of AWR 

and subsequently AHR (Cho, 2011; Hirota et al., 2011; Karagiannis et al., 2012); 

and ii) fibrosis -which is a hallmark of AWR associated with asthma (Leigh et al., 

2002; Royce et al., 2013; Temelkovski et al., 1998); and how they both 

contribute to the development of AHR. 

 
 
 

1.2.5 Emerging Therapies for AWR: 

 
As most of the available therapies used to treat asthma focus on suppressing 

AI, more research needs to focus on potential therapies to treat AWR, epithelial 

damage and subsequent fibrosis. Our lab has a keen interest in several emerging 

therapies, which have been detailed below. 

 
 
 

1.2.5.1 Trefoil Factor Family 2 

 
The trefoil factor family (TFF1-3) are a group of peptide-hormones found in 

mucus-secretory tissues in humans, and to a greater extent in the 

gastrointestinal tract lining, where they appear to play an important role in 

epithelial repair and cytoprotection. More specifically, TFF2 is found in the 

highest concentration in the epithelium of the stomach; and recent studies have 

shown that TFF2 is increased in expression in the lung epithelium of mice with 

chronic allergic airways disease (AAD), compared to that observed in normal 

healthy mice (Royce et al., 2013). Adding to this, a functional genomic study 
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made reference to TFF2 as the third highest out of eleven genes that were 

increased in asthma sufferers (Kuperman et al., 2005); confirming its relevance 

in the setting of asthma. Due to its reparative effects, it is believed that 

exogenous administration of TFF2 to the lungs may help in the repair of the 

damaged epithelium associated with asthma. Recently completed studies in an 

experimental model of chronic AAD (which mimics several features of human 

asthma) demonstrated the therapeutic significance of TFF2 in the chronically 

inflamed lung tissue, where it was found to markedly inhibit sub-epithelial 

collagen deposition and AHR; based on its ability to reverse markers of epithelial 

damage (epithelial thickening and goblet cell metaplasia) (Royce et al., 2013). In 

addition to its ability to mediate epithelial repair and cytoprotection, TFF2 has 

been demonstrated to have anti-fibrotic and anti-AWR effects via its stimulation 

of the CXCR4 receptor, which results in a reduction in PDGF expression (Hofman 

et al., 2007; Royce et al., 2013). 

 

 

1.2.5.2 Relaxin 

 
In 1926, relaxin was first discovered as a reproductive hormone (Sherwood, 

2004), responsible for the softening of the pelvic ligaments in preparation for 

child birth (Sherwood, 2004). In humans, there are now three relaxin genes that 

have been discovered: RLN1, RLN2, and RLN3 (Bathgate et al., 2013; Royce et al., 

2014), with the product of the RLN2 gene, H2 relaxin being the major stored and 

circulating form. Interest in H2 relaxin grew enormously when it was discovered 

that it possessed anti-fibrotic (Seibold et al., 2000) and other organ-protective 

properties. 
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Outside asthma, fibrosis is a hallmark of several diseases, and studies have 

shown that H2 relaxin can reduce fibrosis in many animal models of organ 

damage affecting the heart (Samuel, 2005; Samuel et al., 2006; Samuel and 

Hewitson, 2006), kidneys (Samuel and Hewitson, 2006), liver (Williams et al., 

2001; Bennett et al., 2014) and lungs (Moore et al., 2008; Mookerjee et al., 

2006); where it has been shown to consistently reduce TGF- 1- and 

myofibroblast-induced collagen synthesis and deposition, while promoting 

collagen-degrading MMP activity. 

 
Relaxin also contains anti-apoptotic, anti-inflammatory, vasodilatory and 

wound healing properties, that make it an appealing therapy for lung diseases 

characterised by AWR and fibrosis (Samuel et al., 2007; Royce et al., 2014). With 

regards to AAD, H2 relaxin has been shown to effectively treat the allergic 

airways by: inhibiting the infiltration of pro-inflammatory cells into the lungs 

(Bani et al., 1997; Masini et al., 1994); promote dilation of alveolar blood 

capillaries (Bani et al., 1997); and reduce the thickness of the air–blood barrier 

(Bani et al., 1997). In experimental models of chronic AAD, H2 relaxin, 

administered subcutaneously (Kenyon et al., 2003; Royce et al., 2009) or 

intranasally (Royce et al., 2014) has also been shown to reverse several markers 

of AWR, including epithelial thickening and fibrosis, in addition to AHR. These 

effects of H2 relaxin were found to be mediated by its ability to inhibit Smad2 

phosphorylation (where Smad2 is an intracellular protein that promotes TGF- 1 

signal transduction) and hence, the pro-fibrotic effects of promotes TGF- 1 on 

myofibroblast differentiation (Royce et al., 2014); and myofibroblast contractility 
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(Huang et al., 2011), leading to reduced myofibroblast-mediated ECM/collagen 

deposition. H2 relaxin has also been found to promote lung MMP-2 and MMP-9 

levels (Royce et al., 2009) in mice with chronic AAD, which would favour 

increased gelatinase-induced collagen degradation. 

 
 
 
1.2.5.3 Histone De-acetylase Inhibitors 

 
Histones are a family of proteins that are involved in the DNA condensation 

into chromatin. When activated, there are acetylated in order to uncoil that 

specific area of the DNA strand and expose a certain gene that is required for 

transcription and subsequent protein synthesis. Histone de-acetylase (HDAC) 

Inhibitors (HDACi) work by hyperacetylating histone proteins which leave genes 

on the DNA to undergo transcription. Such genes that are exposed to HDACi play 

roles in the regulation of apoptosis, cellular proliferation and inflammation 

(Dokmanovic et al., 2007; Frew et al., 2009; Rasheed et al., 2008). 

 
Current research has shown that apart from having a broad range of anti-

inflammatory actions, HDACi have also been shown to have anti-remodelling 

and anti-fibrotic actions. Choi and colleagues (2005) were able to show that 

HDACi were able to reduce AI and AHR in an acute model of allergic airways 

disease. They believed this was possibly due to HDACi being able to inhibit T cell 

recruitment, and therefore, subsequent production of TH2 cytokines (Choi et al., 

2005). HDACi have also been shown to reduce airway fibrosis by inhibiting TGF-

β-induced differentiation of fibroblasts (into myofibroblasts) (Hemmatazad et 

al., 2009; Kaimori et al., 2010). Of relevance to AAD, the HDACis valproic acid 



 

32 

(Royce et al. 2011) and trichostatin A (Royce et al., 2012) have been shown to 

reduce airway inflammation and subepithelial collagen deposition, and 

attenuate AHR; suggesting that they may have therapeutic potential in the 

setting of asthma. 

 
 

1.2.5.4 Stem Cell Therapy 

 
In recent years, there has been a surge of interest in the potential therapeutic 

use of stem cells as a treatment for several world incurable diseases including 

various lung diseases (Alkhouri et al., 2014; Yang & Jia, 2014). Stem cells are 

specialised progenitor cells that either have capacity to differentiate into many 

different cell types found in the body or mediate therapeutic effects in the 

absence of differentiating into other cell types. While there are a number of 

different sources for various stems cells, which can be isolated and identified via 

in vitro and in vivo methods, these sources fall under two categories: embryonic 

or foetal stem cells, and adult stem cells. Despite the pluripotency and versatility 

of stem cells sourced from embryos or foetuses, many researchers opt to use 

adult stem cells as they view them as a more ethical source for providing 

different types of stem cells. 

 
While stem cells have exhibited a potent effect in an acute setting of asthma, 

they seem to be less response when used in chronic asthma. It has been shown 

that the exacerbated levels of airway fibrosis in the chronic setting (which is not 

as pronounced in the acute setting) hinder stem cell survival and accessibility to 

sites of damage (Cheng et al., 2014; Lei et al., 2015). As such, an anti-fibrotic 

agent may need to be used with stem cell treatment so that a more favourable 
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environment can be fostered for the stem cells to illicit their reparative 

responses. 

Our lab was interested in the response of either human adult bone marrow-

derived mesenchymal stem cells (BMSC) (Royce et al., 2015) or human 

embryonic amniotic epithelial stem cells (AEC) (Royce et al., 2016), in the 

absence or presence of the anti-fibrotic effects of H2 relaxin. When 

administered to mice subjected to a 9-week model of chronic AAD, once-weekly 

from weeks 9-11, the BMSCs alone (1x106 cell/mouse) demonstrated modest 

anti-inflammatory and anti-remodelling/anti-fibrotic effects, and as a result did 

not significantly suppress AHR (Royce et al., 2015). In comparison, 1x106 

AECs/mouse alone were able to normalise epithelial thickness, and partially 

diminished airway fibrosis and AHR by ∼40–50% in the same murine model of 

chronic AAD. However, when BMSCs or AECs were combined with H2 relaxin, 

this resulted in significantly reduced airway inflammation and the normalization 

of epithelial thickness, airway fibrosis and AHR back to that measured in 

uninjured control mice (Royce et al., 2015; Royce et al., 2016); confirming that 

the anti-fibrotic effects of H2 relaxin were able improve the therapeutic effects 

of BMSCs or AECs. Furthermore, H2 relaxin was found to directly promote BMSC 

or AEC proliferation by binding to RXFP1 which was expressed by these cells 

(Royce et al., 2016). 

 
 

 
1.2.5.5 Stem Cell-derived Exosomes 
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In addition to the presence of fibrosis limiting the viability and accessibility of 

stem cell-based therapies as effective treatments for chronic diseases, another 

potential limitation associated with stem cells is the finding that many of them 

appear to be cleared from the damaged organ within 4-7 days of administration. 

To this extent, it has been proposed that many stem cells likely mediate their 

therapeutic and reparative effects through secreted vesicles known as 

exosomes, which contain bioactive substances such as proteins, mRNAs and 

microRNAs; long after stem cells have been cleared post-administration. These 

membrane bound vesicles (exosomes) are approximately 30-100nm in length, 

have a floatation density of 1.13-1.19g/ml and contain DNA, mRNAs, miRNAs, 

proteins, and lipids (Heijnen et al., 1999; van Niel et al., 2001; Wolfers et al., 

2014) that constitute the reparative contents of their parental stem cells. 

Interest in the use of stem cell-derived exosomes has been growing, as they 

provide us with potentially viable alternative to the use of stem cells. Exosomes 

are a non-living entity, and as such are easier to keep stable and store. 

Exosomes, once extracted can be stored frozen, and thawed immediately for 

use when required, whereas stem cells need to be stored in liquid nitrogen over 

long periods and require culture-induced expansion in preparation for their 

therapeutic use, which exposes these cells to the toxic effects of DMSO. Also, 

the volume of stem cells that can be administered in the setting of a mouse 

model of human asthma is restricted to approximately 1-2 million cells, whereas 

the therapeutic potential of 10-100 million stem cells can be administered in the 

form of exosomes. Therefore, exosomes offer various manufacturing and 

regulatory advantages over cell-based therapies. 
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1.3 ANIMAL MODELS 

 
 
 

 
The limited availability of human tissue and primary cells from the human 

airways has led many investigators to explore the potential of experimental 

models that can mimic the processes of human asthma (Cates et al., 2007). It is 

important to note, however, that only two non-human animals can develop 

asthma: horses (equine) and cats (felines) (Norris Reinero et al., 2004). 

Therefore, the experimental form of asthma that is induced in other laboratory 

animals including rodents is AAD (Royce et al., 2013). Widely used in mice, AAD 

models can also be established in sheep (Palmieri et al., 2006) and primates 

(Biagini et al., 1986) as the respiratory tract of these species resemble human 

anatomy. Although all these models exhibit several features of human asthma, 

none of these undergo the full spectrum of features seen in human disease. 

 

 

1.3.1 Mouse Models of Chronic AAD: 
 

1.3.1.1 Ovalbumin-Induced Chronic AAD 

 
The ovalbumin (OVA)-induced mouse model of chronic AAD is regarded as 

the ‘gold-standard’ model for studying the pathogenesis of asthma (Hirota et al., 

2011; Shin et al., 2009). OVA is a water-soluble glycoprotein found in egg white, 

which act as an allergen in animals, stimulating an inflammatory reaction when 

administered (Honma et al., 1996). 

 
The primary role of this model is to induce an asthma-like state through the 

course of two separate phases (Royce et al., 2013; Temelkovski et al., 1998). 

Initially there is a sensitisation phase, which involves the mice becoming 
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sensitised to OVA on day 0 and day 14 (Royce et al., 2013; Temelkovski et al., 

1998; Figure 1-3A); or saline as a control (Figure 1-3B). This is followed by a 

chronic challenge phase, which involves the mice being exposed to OVA or saline 

over a chronic period of time (i.e. for 30 minutes a day, three times a week for a 

6-week period) to induce an allergic response (Kumar et al., 2008; Temelkovski 

et al., 1998). 

 
There are three key variables that affect the extent of damage observed in mice 

associated with AAD which has been explored extensively by Kumar and his 

colleagues (2008). Firstly, the strain of mice dictates the protocol of the 

sensitisation and chronic challenge phases (Kumar et al., 2008). Two commonly 

used strains are the BALB/c and C57BL/6 strains (Foster et al., 1996; Kumar et 

al., 2008; Kuperman et al., 1998). Both exhibit AI to a similar degree; however, 

AI and AHR occur to a greater degree in BALB/c compared to C57BL/6 mice 

(Kumar et al., 2008). Secondly, the method of sensitising the mice can also differ 

(Kumar et al., 2008). The allergen can either be administered alone, or in 

conjunction with a substance (e.g. adjuvants) that promotes inflammatory 

responses (Kumar et al., 2008). The number of administrations can differ 

between one and three, but generally within a three-week period (between  
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Figure 1-3  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1-3: Mouse Model of chronic Allergic Airways Disease 

 
A) Ovalbumin-induced Mouse Model of Allergic Airways Disease: On day 0 and 

14, mice are subjected to an intraperitaoneal (i.p.) injection of 0.02% w/v OVA. 

From day 21-63, mice are nebulised with 2.5%w/v OVA for 30min, 3 times a 

week, for 6 weeks. By day 64, invasive plethysmography will show that there is 

an increase in AHR, and tissue samples will show that there is an increase in 

eosinophils, neutrophils, monocytes and lymphocytes in and around the 

airways as well as an increase in epithelial thickening, goblet cell metaplasia 

and subepithelial fibrosis. B) Control mice for this model are sensitised and 

challenged with saline instead of OVA. 
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days 0-21) (Kumar et al., 2008). Also, the route of administration of the allergen 

can differ depending on the allergen used (Kumar et al., 2008). Usually the 

allergen is administered via intraperitoneal (i.p.) injection, intratracheal injection 

or intransal delivery (Kumar et al., 2008). Lastly, the method of chronically 

challenging the mice can also differ (Kumar et al., 2008). The allergen can be 

administered via intranasal or inhalation methods (Kumar et al., 2008). 

However, there is a large variability as to the concentration of allergen used, and 

the number of times a week and number of weeks the mice are exposed to the 

allergen (Kumar et al., 2008). 

 

Currently there are several experimental models of OVA-induced AAD that have 

different time frames (Locke et al., 2007; Foster et al., 2008). Acute and sub-

acute models of AAD, which can be established over 3-4 days and 7 days, 

respectively, undergo AI and some AWR, but do not present with airway fibrosis, 

which is a well-established hallmark of asthma (Locke et al., 2007; Maes et al., 

2010). On the other hand, chronic models of AAD exhibit AI, several features of 

AWR including fibrosis, as well as an increase in the expression of pro-fibrotic 

factors (Locke et al., 2007). As such, the chronic models tend to provide a better 

representation of AAD as opposed to the acute and subacute models (Locke et 

al., 2007). OVA-treated mice undergo AI, several features of AWR (epithelial 

thickening, goblet cell metaplasia, smooth muscle thickening), fibrosis, and AHR 

(Royce et al., 2013; Table 1-2). However, they do not undergo epithelial damage 

which has been increasingly studied as a key cause of asthma (Cates et al., 
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2007). To address this latter deficiency, other models have been established (see 

section 1.3.2). 

1.3.1.2 House Dust Mite-Induced Chronic AAD 

 
A relatively new model of chronic AAD is the house dust mite (HDM)-induced 

model of AAD. This model stimulates the development of AAD via an 

intratracheal injection or an intranasal delivery of a HDM allergen (Cates et al., 

2007; Sarpong et al., 2003). HDM (Dermatophagoides pteronyssinus) (Cates et 

al., 2007) causes a cascade of inflammatory reactions to occur in the airways 

that ultimately lead to an increase in circulating IgE levels that are specific to 

HDM (Cates et al., 2007; Sarpong et al., 2003). It is believed that the AAD that 

develops as a result of this allergen is a better representation of human asthma 

as as HDM (unlike OVA) is a bona fide allergen for humans that triggers asthma 

(Cates et al., 2007; Sarpong et al., 2003). However, more research needs to be 

done in order to refine this model as the sensitization/chronic challenge phases 

for this model are not defined (Birrell et al., 2010; Cates et al., 2007), can be 

variable and don’t necessarily produce the degree of AWR and fibrosis seen in 

the OVA model. 

 
 
 

1.3.2 Mouse Models of Epithelial Damage: 

 
As mentioned previously, epithelial damage has been increasingly studied as 

a new cause of the development of AWR and subsequently AHR (Holgate, 2000). 

However, epithelial damage have not been consistently reproduced in the 

commonly used models of AAD that are used to study the pathogenesis of  
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Figure 1-4  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1-4: Mouse Model of Epithelial Damage 

 
A) Naphthalene-induced Mouse Model of Epithelial Damage: On day 0, mice 

are i.p. injected with a 200mg/kg dose of NA. Three days post-injury, mice are 

subjected to invasive plethysmography, and tissue samples will show that 

there is an increase in epithelial damage and subepithelial fibrosis. B) control 

mice receive corn oil, the vehicle for NA. 
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asthma (Cates et al., 2007). Hence, new models have been established in order 

to study the role of epithelial damage and how it stimulates the development of 

AWR and AHR. There are currently several acute experimental animal models of 

epithelial damage, each using a different toxin to cause epithelial damage (Bates 

et al., 2008; Hedge et al., 1979; Karagiannis et al., 2012). 

 
 
 

1.3.2.1 Naphthalene-Induced Epithelial Damage 

 
Naphthalene (NA) is a cytotoxic agent that is able to selectively target and 

destroy Clara cells in a dose-dependent manner (Hirota et al., 2011; Karagiannis 

et al., 2012; Van Winkle et al., 1995). Clara cells are located on the bronchial 

epithelium (Elizur et al., 2007; Gail et al., 1983) and are responsible for the 

secretion of various products into the bronchial lining that are important for the 

protection of the epithelium (such as surfactant proteins) (Elizur et al., 2007; 

Singh et al., 1997) as well as inhibiting inflammatory reactions mediated via TH2 

responses (such as club-cell-specific 10kDa protein - CC10) (Elizur et al., 2007; 

Singh et al., 1997). NA works by being converted into reactive toxic metabolites 

via the actions of cytochrome P450 proteins located in the endoplasmic 

reticulum of Clara cells. (Buckpitt et al., 2002; Hirota et al., 2011; Karagiannis et 

al., 2012). 

 
Thus, the destruction of these cells leads to the development of lesions which 

cause epithelial damage, aberrant wound healing and subsequently fibrosis. This 

model requires the mice to receive one i.p. injection of NA which is given at day 
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Table 1-2: Summary of the features of human asthma that have been 

successfully replicated into animal models of asthma 

 

Characteristics 
of Human 
Asthma 

Chronic Models of 
AAD 

Acute Models of  
Epithelial Damage 

OVA HDM NA L-lysine Cl2 

AI √ √    

Epithelial 
Damage 

  √ √ √ 

Epithelial 
Thickening 

√ √    

Goblet Cell 
Metaplasia 

√ √    

Subepithelial 
Fibrosis 

√ √ √ √ √ 

AHR √ √ √ √ √ 
  
 
 
 

Table 1-2: Summary of the features of human asthma that have been 

 
successfully replicated into animal models of asthma 

 
Chronic models of AAD with allergen such as OVA or HDM exhibit AI, epithelial 

thickening, goblet cell metaplasia, subepithelial fibrosis, and AHR; but lack 

epithelial damage as part of their pathology. On the other hand, 

chemicals/toxins such as NA, L-lysine, and Cl2 can induce epithelial damage, 

resulting in subepithelial fibrosis, and AHR; but lack AI and other features of 

AWR (epithelial thickening and goblet cell metaplasia) as part of their 

pathology. 
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0 (Karagiannis et al., 2012; Van Winkle et al., 1995; Figure 1-4A). The mice will 

then undergo the processes mentioned above by 3 days post-injury (Elizur et al., 

2007; Karagiannis et al., 2012). The control for this model is corn oil, as that is 

the vehicle used for NA (Karagiannis et al., 2012; Van Winkle et al., 1995; Figure 

1-4B). The mice that undergo this model exhibit epithelial denudation, re-

epithelialization, goblet cell metaplasia, fibrosis and AHR (Karagiannis et al., 

2012). However, this model does not generally undergo AI which often underlies 

the development of asthma (Table 1-2). 

 

1.3.2.2 Other Models of Epithelial Damage 
 

L-lysine is an amino acid that can mimic catatonic protein of immune cells (Bates 

et al., 2008; Bates et al., 2006; Hirota et al., 2011) and has been shown to 

disrupt the functioning of the tight junction proteins that link the epithelial cells 

together. It was also shown that this disruption, which ultimately affects the 

functioning of the epithelial layer, is sufficient to cause the development of AHR 

(Table 1-2). Additionally, Chlorine gas (Cl2) has also been used to study epithelial 

damage Chester et al., 1977; Hedge et al., 1979; Martin et al., 2003), especially 

since it was used in chemical warfare during the Second World War (Chester et 

al., 1977). Current studies mainly use chlorine gas models utilized to mimic what 

happens to workers who have had accidental exposure to Cl2 at manufacturing 

plants (Chester et al., 1977). However, there are some experimental models that 

look at how chlorine gas causes epithelial damage, leading to AWR and AHR 

(Hedge et al., 1979; Martin et al., 2003; Table 1-2). Cl2 is able to dissolve into the 

water on the mucosal lining of the lungs in order to produce hydrochloric acid 
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(HCl) and hypochlorous acid (HClO) (Hedge et al., 1979). Both these acids when 

dissolved react with sulfhydryl (-H-S-) and disulphide bonds (-S-S-) in sulphur 

containing proteins of the epithelium (Hedge et al., 1979). Cl2 administration has 

also shown been the cause AI in human studies; however, the AI-related 

changes are triggered by a massive increase in the number on neutrophils into 

the lungs (Bougault et al., 2009). As such, it would not be an appropriate fit for 

an eosinophilic driven allergic asthma study, as it requires a large increase in 

eosinophils, not neutrophils. Studies have also shown that Cl2 cytotoxicity 

capacity is 10-30 time more potent than HCl (Hedge et al., 1979). Cl2 is 

administered via inhalation, and the concentration of Cl2 as well as time of 

exposure seems to differ between studies (Chester et al., 1977; Hedge et al., 

1979; Martin et al., 2003). 

 
 
 

1.4 AIMS AND HYPOTHESIS 
 
 
 

 
Epithelial damage has been increasingly studied as a novel aetiology leading to 

the pathogenesis of asthma (contributing to the development of AWR and 

subsequently AHR), however this is not accurately addressed in current models 

used to study the pathogenesis of asthma (as not all the features of human 

asthma are replicated). As such, a novel model needs to be developed to 

address this new finding, which forms the basis of this PhD project. Therefore, it 

is believed that superimposing epithelial damage (i.e. in the form of NA-induced 

damage) onto the ‘gold-standard’ chronic OVA-induced model of AAD, will 

exhibit a wider spectrum of features that are associated with human asthma (i.e. 

AI, airway epithelial damage, AWR/fibrosis and AHR); that may be used in the 
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future as a better representative experimental model of human asthma. This 

newly developed model can then be evaluated to study various treatment 

strategies for asthma associated with AI, AWR (incorporating epithelial damage) 

and AHR; namely, TFF2, H2 relaxin, AEC-derived exosomes and combinations of 

TFF2 and H2 relaxin, AECs and H2 relaxin or AEC-derived exosomes and relaxin; 

in comparison to a currently-used corticosteroid (i.e. dexamethasone). 

 
 
 

1.4.1 Aim 1 

 
To superimpose the NA-induced model of epithelial damage onto the 9-week 

OVA-induced mouse model of chronic AAD at three distinct time-points to 

determine: (i) how closely these combined models represent the features of 

human asthma and (ii) the contributions of AI vs. epithelial damage to fibrosis 

and AHR; 

 

1.4.2 Aim 2 

 
To treat the optimal refined model (from Aim-1, which best mimics the 

pathology of human asthma) with TFF2, H2 relaxin, dexamethasone (a 

corticosteroid) or the combined effects of TFF2 and H2 relaxin; and 

 
1.4.3 Aim 3 

 
To treat the optimal refined model (from Aim-1, which best mimics the 

pathology of human asthma) with either 5µg or 25µg of human AEC-derived 

exosomes, in the absence or presence of H2 relaxin; and in comparison to 1x106 

AECs combined with H2 relaxin. 
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2.0 GENERAL METHODS 

 

The general reagents and materials used in this thesis are detailed in this 

chapter and unless otherwise specified, all reagents used were of analytical 

grade. The detailed methodologies described in this chapter have been utilised 

and abbreviated in Chapters 3-5. 

 

 

2.1 MATERIALS 

2.1.1 Serelaxin 

Recombinant H2 relaxin (also referred to as serelaxin) was generously 

provided by Corthera Inc (San Carlos, CA, USA; a subsidiary of Novartis 

International AG, Basel, Switzerland). For simplicity, recombinant H2 

relaxin/serelaxin will be abbreviated as ‘RLX’ throughout thesis (as highlighted in 

Chapter 1). 

 

2.1.2 Trefoil Factor 2 

Glycosylated human recombinant trefoil factor (TFF)2 was generously 

provided by Prof. Andrew Giraud (Murdoch Children’s Research Institute, 

University of Melbourne, Parkville, Victoria, Australia). 

 

2.1.3 Dexamethasone 

Dexamethasone sodium phosphate was purchased from Hospira Australia 

Pty Ltd, Mulgrave, Victoria, Australia. 
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2.1.4 Human Amniotic Stem Cells 

Human amniotic stem cells (hAECs; from term placentas and frozen at 5 

million to 22.5 million cells/vial) were obtained from Dr Rebecca Lim (Hudson 

Institute of Medical Research, Clayton, Victoria, Australia). 

 

2.1.5 Human Amniotic Stem Cell-derived Exosomes 

hAEC-derived exosomes were also obtained from Dr Rebecca Lim (Hudson 

Institute of Medical Research). 

 

 

2.2 ANIMALS 

 

All animals utilised in this thesis were six-to-eight week old female Balb/c mice, 

which were obtained from Monash University Animal Services (Clayton, Victoria, 

Australia). Mice were transported to the Department of Pharmacology Mouse 

Room and allowed to acclimatise one week before they were subjected to any 

experimentation; and were housed a controlled environment and maintained on 

a fixed lighting schedule (12 hours of light/dark cycle) with free access to rodent 

lab chow (Barastock Stockfeeds, Pakenham, Victoria, Australia) and water. All 

described experiments were approved by the Monash University Animal Ethics 

Committee, which adheres to the Australian code of practice for the care and 

use of laboratory animals for scientific purposes; under ethics number Monash 

Animal Research Platform (MARP)/2012/085. 
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2.3 ANIMAL MODELS 

 

2.3.1 Ovalbumin-induced Mouse Model of Allergic Airway Disease 

The 9-week ovalbumin (OVA)-induced model of chronic allergic airways 

disease (AAD) was established as previously described (Kumar et al., 2008; 

Temelkovski et al., 1998). Six-to-eight week old female Balb/c wild type mice 

were sensitised with two intraperitoneal (i.p.) injection of 10µg, Grade V OVA 

(Sigma-Aldrich, St Louis, MO, USA) and 1mg of aluminium potassium sulfate 

(Sigma-Aldrich) in 500µl of saline, on days 0 and 14. Mice were then challenged 

with an aerosol of 2.5% (w/v) OVA in saline solution, delivered using an Omron 

NE-U07 nebuliser (Omron Electronics, Shimogyo-ku, Kyoto, Japan) for 30 

minutes, three days a week for six weeks (from day 21-63) (Figure 2-1A). 

Vehicle-treated mice received 500µl of saline on days 0 and 14 and were 

challenged with saline aerosol from day 21-63 (Temelkovski et al., 1998) (Figure 

2-1B). 

 

2.3.2 Naphthalene-induced Mouse Model of Epithelial Damage 

The 3-day naphthalene (NA)-induced model of acute epithelial damage was 

established to sub-groups of mice, as described before (Royce, 2014a). Six-to- 

eight week old female Balb/c wild type mice were administered a single dose of 

200mg/ml of NA (Sigma-Aldrich) dissolved in corn oil (Sigma-Aldrich) equivalent 

to 200µl per 20g body weight (BW) and delivered by i.p. administration on day 

64 (Figure 2-1C). Vehicle-treated mice received a single i.p injection of corn oil 

on day 64 (Figure 2-1D). 
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Figure 2-1:  
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Figure 2-1: Schematic illustration experimental models and treatments for Aim 1 

 

A) On day 0 and 14, mice are subjected to an i.p. injection of 0.02% w/v OVA. 

From day 21-63, mice are nebulised with 2.5%w/v OVA for 30min, 3 times a 

week, for 6 weeks (OVA). B) Control mice for this model are sensitised and 

challenged with saline (vehicle for OVA) between days 0-63 (Saline). 

 

C) On day 64, mice are i.p. injected with a 200mg/kg dose of NA (NA). D) 

Control mice for this model receive corn oil (vehicle for NA) on day 64 (CO). 

 
Mice undergoing one of the combined models were sensitised and challenged 

with OVA as per A). An i.p. injected with a 200mg/kg dose of NA was 

administered either E) prior to OVA nebulisations (day 20, NA+OVA); F) during 

the end of the OVA nebulisations (day 60, OVA/NA); or G) after OVA 

nebulisations (day 64, OVA+NA). 
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2.3.3 Combined Mouse Models of Allergic Airways Disease that incorporates 

Epithelial Damage 

The 3-day NA-induced model of epithelial damage was superimposed onto 

the 9-week OVA-induced model of AAD at three separate time-points: i) prior to 

(day 20 (Figure 2-1E), ii) during the end of (day 60) (Figure 2-1F), or iii) after (day 

64) the 6-week challenge period with aerosolised OVA (Figure 2-1G) (refer to 

Chapter From Chapter 4 onwards, all references to a combined mouse model of 

AAD that incorporated epithelial damage refers to the administration of NA 

after the 6-week challenge period with aerosol OVA (on day 64) (Figure 2-1G). 

 

 

2.4 TREATMENT STRATEGIES 

2.4.1 Intranasal administration 

Mice were briefly anesthetised using isoflurane (Baxter, Deerfield, IL, USA), 

held in a supine before having 50μl of one or more of the treatment options 

described below, pipetted onto to nostrils, which the mice inhale. 

 

2.4.1.1 Serelaxin 

Intranasal administration of 50µl of 0.8mg/kg/day (Figure 2-2B) a level that is 

within the normal physiological range of serum relaxin in pregnant rodents 

(Mookerjee et al., 2009; Hossain et al., 2011) and mice (Mookerjee et al., 2009; 

Hewitson et al., 2010 Pini et al., 2010) which is known to prevent/reduce organ 

fibrosis in numerous disease models regardless of etiology (review in Samuel et 

al. 2007). In 2014 Royce and colleagues showed that the same dose of relaxin 
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could be delivered Intranasally and have the same effect (Royce et.al, 2014, 

Royce et.al, 2015). 

 

2.4.1.2 Trefoil Factor 2 

Intranasal administration of 50µl of 0.5mg/kg/day of TFF2 was used (Figure 2-

2C), based on previous studies that successfully used to demonstrate the 

therapeutic effects of TFF2 (Thim et al., 1993, Royce, et. al, 2014a) 

 

2.4.1.3 Dexamethasone 

Dexamethasone is commonly used in various animal models (Royce et al., 

2014b, Essilfie et al., 2012) as it is also used in clinical setting to treat AI in 

patients that suffer from asthma. In a clinical setting, patients receive a dose 

between 0.3-0.6mg/kg/day (Shefrin & Goldman, 2009, Figure 2-2E). Intranasal 

administration of 50µl of 0.5mg/kg/day of dexamethasone was used, based on 

previous studies showing that this concentration and dosage of dexamethasone 

was adequate to reduce inflammation in the airway (Essilfie et al., 2012). 

 

2.4.1.4 Human amniotic epithelial cells 

For the hAEC, cells from 2-3 vials were pooled (to obtain cells from 2-3 

donors to limit donor-dependant variability) and recovered overnight in 

Dulbecco’s modified Eagle’s medium F-12 media containing 10% fetal calf serum 

(FCS). On the morning of each schedule treatment, 1x106 hAECs were re-

suspended in 50µl of phosphate-buffered saline (PBS), ready for administration. 
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Figure 2-2:  
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Figure 2-2: Schematic illustration of experimental models and treatments for  
 
                     Aim 2 

 

On day 0 and 14, mice are subjected to an i.p. injection of 0.02% w/v OVA. 

From day 21-63, mice are nebulised with 2.5%w/v OVA for 30min, 3 times a 

week, for 6 weeks. 

 

On day 64, mice are i.p. injected with a 200mg/kg dose of NA. Three days post-

injury, mice received daily i.n. administrations of either A) saline (vehicle for all 

 

drug treatments; injury control), B) RLX (0.8 mg·mL
-1

), C) recombinant human 

 

glycosylated TFF2 (0.5 mg·mL
-1

), D) RLX and TFF2, E) DEX (0.5 mg·mL
-1

) or F) 

RLX, TFF2 and DEX. On day 74, all mice were subjected to invasive 

plethysmography, and tissue samples taken for further analysis. 

 

G) Control mice for this model are sensitised and challenged with saline 

(vehicle for OVA) between days 0-63, receive corn oil (vehicle for NA) on day 

64, and received daily i.n. administrations of saline between days 67-73. 
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2.4.1.5 Human amniotic epithelial cells-derived exosomes 

Exosomes (EXO) were isolated from several pooled amnions and 

characterised as described before (Tan et al., 2018). EXO were then dissolved in 

saline for therapeutic administration as detailed below. Proteomic pathway 

clustering analysis including proteins significantly enriched by EXO and RNA 

sequencing analysis of EXO were recently reported (Tan et al., 2018). 

 

 

2.5 INVASIVE PLETHYSMOGRAPHY 

 

Mice are anaesthetised using by i.p injection of 200µg/g of Ketamine (Parnell 

Laboratories, Alexandria, NSW, AU) and 10 µg/g of Xylazine (Troy Laboratories, 

Smithfield, NSW, AU) before being subjected to a tracheostomy. This involves a 

small incision to be made to the neck; the trachea is revealed by blunt dissection 

(pushing apart) of the surrounding muscle; a small incision is made in the 

trachea; and the tracheostomy cannula (tube) is inserted into the trachea and 

tied off with suture. The other end of the tracheostomy cannula is then attached 

to the plethysmography machine, Buxco® FinePointe Series RC (Buxco Electronics) 

which ventilated the mice by delivering 0.01ml/g bodyweight at a rate of 120 

strokes/min in a mouse plethysmography chamber. Mice then receive acetyl 

methacholine via a nebuliser (10μl per dose; for 3 minutes per dose). The 

nebulised Acetyl methacholine is breathed in via the tracheostomy cannula and 

then breathed straight out again with each breath. AHR measurements are then 

taken by flow and pressure sensors in the plethysmography machine (in
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Figure 2-3: 
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Figure 2-3: Schematic illustration experimental models and 

 
                         treatments for Aim 3 

 

On day 0 and 14, mice are subjected to an i.p. injection of 0.02% w/v OVA. 

From day 21-63, mice are nebulised with 2.5%w/v OVA for 30min, 3 times a 

week, for 6 weeks. 

 

On day 64, mice are i.p. injected with a 200mg/kg dose of NA. Three days post-

injury, mice received i.n. administrations of either A) saline (daily, vehicle for all 

drug treatments; injury control), B) 5μg of AEC-derived EXO, C) 25μg of AEC-

derived EXO, D) 5μg of AEC-derived EXO and RLX (0.8 mg·mL
-1

, daily), F) 25μg 

 

of AEC-derived EXO and RLX, or G) 10
6
 AEC and RLX. On day 74, all mice were 

subjected to invasive plethysmography, and tissue samples taken for further 

analysis. 

 

H) Control mice for this model are sensitised and challenged with saline 

(vehicle for OVA) between days 0-63, receive corn oil (vehicle for NA) on day 

64, and received daily i.n. administrations of saline between days 67-73.) 
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response to increasing doses of acetyl methacholine); which is attached to a 

computer which measure a variety of respiratory markers including airway 

resistance and dynamic airway compliance. Results were expressed as i) 

maximal resistance and minimal compliance, after each dose on MCh minus 

baseline (PBS alone) resistance and compliance, respectively. 

 

 

2.6 BRONCHO-ALVEOLAR LAVAGE 

 

Following invasive plethysmography, the lungs of the mice were lavaged three 

times with 500µl of cold PBS and pooled in ice-cold 20% (v/v) FCS in PBS. The 

samples were centrifuged (Eppendorf centrifuge 5810R; Sigma-Aldrich, Castle 

Hill, NSW, Australia) at 12000rpm for 10 minutes at 4oC, after which, the 

supernatant was aliquoted out and stored at -20oC, while the pellet of 

inflammatory cells were washed in 5% (v/v) FCS/PBS. 

 

 

 

2.6.1 Total Inflammatory Cell Count 

Total viable cell counts were performed automatically using InvitrogenTM 

Countess automated cell counter (Thermo Fisher Scientific, Eugene, OR, USA). 

10µl of each sample of inflammatory cells in 5% (v/v) FCS/PBS was combined 

with 10µl of trypan blue, before being pipetted onto an InvitrogenTM Countess 

chambered slide (Thermo Fisher Scientific, Eugene, OR, USA). The number of 
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total, alive and dead cells, and subsequent percentage viability were quantified 

using a InvitrogenTM Countess automated cell counter. 

 

2.6.2 Differential Inflammatory Cell Count 

Slides, filters, and sample wells were fastened and inserted into the slide 

holders. 50µl of each inflammatory cell sample in 5% (v/v) FCS/PBS were loaded 

into each sample well and were spun at 6000RPM for five minutes. After the 

cells were spun onto the slides, the fasteners for each slide were slowly opened 

and empty sample wells and filter paper carefully removed, to not disturb the 

smeared cells on the slide. Cytospin smears (2x104 cells) were then fixed with 

propanol and left to dry overnight before undergoing modified Wright’s stain 

(Hema-Tek, Bayer Diagnostics, Leverkusen, Germany). 

Since cytospin smears were fixed in propanol and not paraffin wax, slides 

didn’t undergo the dewaxing process as specified in section 2.10. Instead, slides 

were incubated in DiffQuick solution I and DiffQuick solution II for 5-10 minutes 

before being briefly rinsed in running tap water for a minute, followed by rinses 

in 75% ethanol of 3 minutes, absolute ethanol (twice), and then xylene (twice) 

for 5 minutes each. Once complete, slides were mount with a resinous mounting 

medium (DPX; Ajax Finechem, Taren Point, NSW, Australia). After the mountant 

dried, slides were scanned using Aperio Scanscope CS (Leica Biosystems Imaging 

Inc, Heidelberger, Nussloch, Germany) Aperio eSlide Manager (Leica Biosystems 

Imaging Inc) and analysed using Aperio ImageScope (Leica Biosystems Imaging 

Inc). 
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2.6.2.1 Data Analysis 

Five to six random pictographs were selected from the smear of 

inflammatory cells. Using Aperio ImageScope (v12.3.2.8013, Leica Biosystems, 

Nussloch, Germany) software, these regions were boxed, and the cells were 

differentiated as being either eosinophils, neutrophils, lymphocytes, or 

monocytes and quantified. Any cell found in the region that did not fall under 

these categories were ignored. Once a total of 100 cells were quantified from 

each region, the data corresponding for each cell was averaged and expressed 

as a percentage. Each percentage was multiplied to the specimen’s total cell 

count (determined in section 2.6.1), to reveal an approximate number of each of 

the inflammatory cells in the BALF samples collected. 

 

 

2.7 TISSUE COLLECTION 

 

Lung tissue was weighed (total lung weight), and then separated into individual 

lobes for various analysis including hydroxyproline analysis, histological analysis 

and MMP zymography. 

 

 

2.8 PROTEIN ANALYSIS 

2.8.1 Protein Extraction from Animal Tissue 

Protein were extracted from the collected lung tissue using a method 

described by Woessner (Woessner Jr. 1995). Tissue were homogenised in buffer 
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made up of 0.25% (w/v) Trition-X-100 in 10mM CaCl2 (20ml/grams of- wet 

weight tissue), using a TP18-10 Ultra-Turrax homogeniser (Janke und Kunkel-

Straße, Staufen, Germany). Homogenates from each sample were then 

centrifuged at 3,300g for 30 minutes at 4oC and the supernatants were 

subsequently aspirated from the pallets (containing 85-90% of the total 

protein). Pellets were re-suspended in 0.1M CaCl2 and then heated at 60oC in a 

water bath for 4 minutes with gentle shaking. Thereafter, the samples were 

cooled on ice for at least 5 minutes and centrifuged at 16,000g for 5 minutes at 

4oC. The supernatant (the contained most of the protein) was collected and 

concentrated using Millipore molecular sieve concentrator (Millipore 

Corporation, Bedford, MA, USA) with a 10kDa molecular weight cut off, by 

centrifugation (at 51,000G for 30 minutes at 2oC, using Eppendorf centrifuge 

5810R). Therefore, the sieves were topped with 500µl of 0.5M Tris-HCl (pH 6.8) 

followed by centrifuging at 51,000g for 5-10 minutes at 4oC, to equilibrate the 

extracts in Tris-HCl buffer, while concentrating the protein content of the 

extracts. The concentrated supernatant was then collected and protein content 

concentration for each sample was determined by the Bio-Rad protein assay dye 

reagent concentration method which is based on the principle of the Bradford 

protein assay (described in section 2.9.3). This comprises to two separate 

methods – either SDS-page or Tris-HCl. 

 

2.8.2 Bradford protein assay 

Protein concentrations were quantified by the principle of Bradford protein 

assay; using a protein assay dye reagent concentrate (Bio-Rad). Protein 
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concentrations were determined from the concentrated supernatant extracted 

from lung tissue using a standard curve of 0μg, 2.5μg, 5μg, 10μg, 15μg, 20μg, 

and 25μg or BSA dissolved in 0.5M Tris-HCl (pH 6.8), which was made up to a 

volume of 800μL with distilled water. 10μL of sample was added to 790μL of 

distilled water, followed by 200μL of the Dye Reagent Concentrate to all 

standards and samples. Both standards and samples were mixed via vertexing 

and left to stand for 10 minutes at room temperature. The absorbance of each 

standard and sample was measured at 595nm (A595nm) using a Bio-Rad 

benchmark PlusTM microplate spectrometer. Graphs of each standard curve 

were constructed by plotting the measured absorbance of each standard (y-axis) 

against the amount of BSA protein evaluated (x-axis); the readings from each 

sample of interest was subsequently used to extrapolate the total protein 

concentration of each sample assessed. 

 

2.8.3 Gelatin Zymography 

Prior to performing SDS-PAGE, the sample were incubated (3-part sample:1-

part buffer) in loading sample buffer (62.5Mm Tris-HCl, 10% v/v glycerol, 2% w/v 

SDS, 0.1% w/v bromophenol blue) for 1 hour at room temperature. For MMP2 

(72kDa) and MMP9 (92kDa), 3µg of protein in 8% polyacrylamide gel containing 

0.5% w/v gelatin at 100V for 1-1.5 hours. Once separation was complete, the 

gels were washed twice with 0.25% v/v Triton X-100 for 15 minutes to remove 

SDS. The gels were then incubated with incubation buffer (50mM Tris-HCl, 

10mM CaCl2, 10% v/v Triton X-100, 1uM ZnCl2) at 37oC overnight to allow 

activation of MMP 2 and 9 to cleave gelatin. After digestion, the incubation 
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buffer was removed, and the gel was stained with Coomassie blue (1mg/mL 

Coomassie Brilliant Blue R-250, 40% v/v isopropanol) for one hour at room 

temperature with gentle shaking. The gels were de-stained (20% v/v methanol, 

7% v/v acetic acid) at room temperature until the desired contrast was obtained. 

Clear bands on a dark background indicated gelatinolytic activity. The gels were 

scanned using BIO- RAD ChemiDocTM MP Imaging System (Bio-Rad Laboratories, 

Gladesville, NSW, AU) and densitometry conducted on each band using 

Quantity-One software (Bio-Rad). 

Images were analysed using ImageJ software (National Institute in Health, 

Bethesda, MD, USA). The background was removed, as per the manufacturer’s 

instructions, to remove background fluorescence. A rectangular box of the same 

sise was drawn around each band and the Bio-Rad software was able to 

determine the relative density of each band, which was then graphed. 

 

 

2.9 HYDROXYPROLINE ASSAY 

 

Collagen constitutes a major portion of fibrotic scarring. As such, collagen levels 

within the lung were quantified to determine the severity of fibrosis. Collagen 

concentration measurements were determined by quantifying levels of the 

amino acid hydroxyproline (via colorimetric assay (Bergman & Loxley 1963)); as 

hydroxyproline is unique to collagen and has not been identified in any other 

mammalian proteins (Gallop & Paz 1975; Williams et al. 2002).  
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Equivalent potions of lung tissue (the second largest lobe) were collected, snap-

frozen in liquid nitrogen prior to being lyophilisation in a freeze dryer (details) 

for dry weight measurement. Dried samples were rehydration with 0.5ml of 

hydrating buffer containing 150mM sodium chloride, 50mM Tris-hydrochloride 

and protease inhibitors (N-ethylmaleimide, phenylmethylsulfonylfluoride and 

benzamidine hydrochloride (Sigma-Aldrich, St. Louis, MO, USA)) for 4 hours at 

4oC before being hydrolysed in 6M hydrochloric acid overnight (for 20 hours) at 

110oC. The hydrolysed samples were freeze-dried overnight ahead of being re-

suspended in 0.1M hydrochloric acid in preparation of hydroxyproline analysis 

using a scaled down version of the method described by Bergman and Loxley 

(1963). 

 

To measure hydroxyproline content, 10µl of the hydrolysed tissue samples with 

90µl distilled water, 200µl isopropranolol and 100µl oxidant buffer (7% w/v 

chloramines-T (Sigma-Aldrich) and acetate/citrate buffer in a volumetric ratio of 

1:4). After being left at room temperature for 4 minutes, 1.3ml of Ehrlich’s 

reagent (a mixture containing dimethylaminobenzaldehyde (Sigma-Aldrich) and 

isopropranolol) was added to each sample, giving then a bright yellow colour 

before being incubated for 25 minutes in a 60oC water bath with gentle shaking. 

At the end of the incubation period, the samples were observed to have 

developed a colour change; ranging from dark yellow to red; which dictated the 

level of hydroxylproline present in the sample. 
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Hydroxyproline makes up 14.4% of the amino acid composition of collagen in 

mammalian tissue (Gallop & Paz 1975). Therefore, collagen content was 

extrapolated from the level of hydroxyproline present in each sample; which 

was determined by constructing a standard curve; and multiplying this value by 

a factor of 6.94 (Gallop & Paz 1975). Resulting collagen content values were 

expressed as percentage collagen content the tissue dry weight (to correct for 

any differences in the size of the tissue sample acquired for this analysis). 

 

 

2.10 LUNG HISTOPATHOLOGY 

 

The right lobe and trachea were fixed in 10% neutral buffered formalin for 12-18 

hours and routinely processed before being embedded in paraffin wax. Serial 

3µm sections were mounted onto Superfrost (Lomb Scientific Pty Ltd, Taren 

Point, NSW, Australia) slides, and incubated at 60oC for 30 minutes. Slides were 

dewaxed in xylene, absolute ethanol, and 70% ethanol, and rehydrated in 

running tap water before undergoing haematoxylin and eosin staining for 

peribronchial inflammation assessment, Masson trichrome for assessment of 

epithelial thickness and sub-epithelial collagen, and Alcian blue-periodic acid 

Schiff (AB-PAS) for goblet- cell quantification. 

 

2.10.1 Haematoxylin and Eosin 

Slide-mounted sections were washed in distilled water for one minute after 

being dewaxed. Washed sections were incubated in Mayer’s haematoxylin 
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(Amber Scientific, Midvale, WA, Australia) and then eosin (Amber Scientific, 

Midvale, WA, Australia) for five minutes, with one minute washes in running tap 

water for one minute before incubating in Scott’s tap water for one minute. 

Following one final wash in tap water for one minute, sections were rinsed in 

75% ethanol of 3 minutes, absolute ethanol (twice), and then xylene (twice) for 

5 minutes each before mount with a resinous mounting medium. 

 

2.10.2 Masson Trichrome 

Tissue was dewaxed and rehydrated as specified in section 2.10. Sections 

were stained in Weigert’s iron hematoxylin working solution for 10 minutes. 

Subsequently, sections were rinsed in running warm tap water for 10 minutes, 

briefly incubated in Biebrich scarlet-acid fuchsin solution for 15 minutes, washed 

in distilled water and developed in phosphomolybdic-phosphotungstic acid 

solution for 15 minutes. Sections were then transferred directly (without rinse) 

to aniline blue solution and stained for 5-10 minutes, rinsed briefly in distilled 

water, differentiated in 1% acetic acid solution for 2-5 minutes and washed in 

distilled water. Finally, sections were rinsed in 75% ethanol of 3 minutes, 

absolute ethanol (twice), and then xylene (twice) for 5 minutes each before 

mount with a resinous mounting medium (DPX). 

 

 

2.10.3 Alcian Blue-Periodic Acid Schiff 

Sections were incubated in Alcian blue pH 2.5 (1% Alcian blue in 3% acetic 

acid (w/v)) for 30 minutes at room temperature, before being rinsed in running 
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tap water till the water becomes clear and then washed in distilled water for 

one minute. Sections were then treated with 0.5% periodic acid (w/v) for 5 

minutes, washed in distilled water for five minutes and then incubated in Schiff’s 

reagent for 30 minutes at room temperature. After being washed in distilled 

water for five minutes, sections were stained in haematoxylin for 1-3 minutes 

and washed in running tap water for two minutes. Dip slides into 1% acid alcohol 

(v/v) and Scott’s tap water (~10 dips), and wash in distilled water for five 

minutes before rinsing sections in 75% ethanol of 3 minutes, absolute ethanol 

(twice), and then xylene (twice) for 5 minutes each before mount with a 

resinous mounting medium (DPX). 

 

2.10.4 Immunohistochemistry 

Following dewax, sections were incubated in 3% hydrogen peroxide (v/v) for 

10 minutes, rinsed in distilled water for 1 minute before incubated and then 

heated in citrate buffer. Samples were then cooled to room temperature water, 

the tissue sections were circled using a pap pen (DAKO Denmark, Glostrup, 

Denmark) and incubated in 50µl of DAKO anti- body diluent. Once the diluent 

was blotted off, 50µl of primary antibody was added (which included biotin in 

tissue and primary antibody that were raised from the same species) and 

incubated overnight (Table 2-1). Slides were then wash-dipped and rinsed in 1M 

Tris buffer, before washing in two separate allocations of 1M Tris buffer. Slides 

were then incubated in HRP (from DAKO Kits) for 30-60 minutes (Table 2-1) 

before being rinsed/washed in 1M Tris buffer. DAB chromogen (DAKO Denmark,  
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Table 2-1: List of various antibodies used for immunohistochemical staining 
 
 

 
 

Aim 

  

Target 

  

Dilution 

  

Secondary 

 

        
            

1   Annexin V (S0961) 1:100   Rabbit 
        

 1   TGF-β1 (sc146)   1:800   Rabbit  
            

2/3   TGF-β1 (sc146) 1:1000   Rabbit 
        

 2/3   α-SMA (M0851)   1:200   Mouse  
            

2/3   TSLP (ABT330) 1:1000   Rabbit 
        

 2   Fibronectin (ab2413)   1:350   Rabbit  
             

 

 

Table 2-1: List of various antibodies used for immunohistochemical staining. 

 

A summary of the various primary antibodies used for immunohistochemical 

staining, with their specific concentration used for each aim, and their 

corresponding secondary antibody 
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Glostrup, Denmark;  1:1000  dilution)  was  then  added  to sections for 5 minutes  

before slides were rinsed and washed in two separate water stations. Slides 

were then counter-stained with haematoxylin, rinsed in running water and 

incubated in Scott’s tap water for one minute before they were subjected to one 

last wash in running tap water. Slides were finally rinsed in 75% ethanol, 

absolute ethanol, then xylene, before they were mounted with a resinous 

mounting medium (DPX). 

 

 

2.11 MORPHOETRY 

 

Representative photomicrographs from haematoxylin and eosin, Masson 

trichrome, and AB-PAS, and all immunohistochemically-stained slides were 

captured from scanned images between x1 to x40 magnification using 

ScanScope AT Turbo (Aperio, CA, USA). Five to ten stained airways were 

randomly selected from across the tissue sample and analysed using Aperio 

ImageScope software. 

 

2.11.1 Haematoxylin and eosin 

The haematoxylin and eosin stain was performed to observe the level of 

inflammatory cells that had amassed in the peribronchial region (outside the 

subepithelial layer) of the airway. This was scored based on severity (0 – no 

inflammatory aggregate present, 1 – mild inflammatory aggregate present, 2 – 

moderate inflammatory aggregate present, 3 – severe inflammatory aggregate 
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present), and results were expressed in arbitrary units, consistent with previous 

literature (Locke et al., 2007; Royce et al., 2014). 

2.11.2 Masson trichrome 

Masson trichrome-stained slides were analysed by measuring the thickness 

of the epithelial and subepithelial layers and expressing the value as μm2/μm 

basement membrane length, consistent with previous literature. Three regions 

of the airways selected were traced around using Aperio ImageScope: (i) 

between the airway lumen and the epithelial layer, (ii) between the epithelial 

layer and subepithelial layer (basement membrane), and (iii) on the outer edges 

of the subepithelial membrane. ImageScope provided the area and perimeter of 

each region traced. To determine epithelial thickness, area of region i was 

subtracted from region ii, and dividing it by the perimeter of region ii (basement 

membrane), to show the area on the epithelial layer per micrometer of 

basement membrane length. To determine subepithelial thickness, area of 

region ii was subtracted from region iii, and dividing it by the perimeter of 

region ii (basement membrane), to show the area on the epithelial layer per 

micrometer of basement membrane. 

 

2.11.3 Alcian blue–periodic acid Schiff 

AB-PAS stain was used to determine the degree of goblet cell metaplasia that 

has developed in the airways of the samples. The AB-PAS stain dyes the mucin 

proteins found in the mucus secretory goblet cells purple, while the rest of the 

epithelium had a blue hue. Goblet cells were quantified and expressed as the 

number of goblet cells/100μm basement membrane length, consistent with 
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previous literature. Each of the selected airways from the slide had their 

basement membranes traced, and the number of purple stained goblet cells 

were quantified. By dividing the number of goblet cell to the length of the 

basement membrane, and multiplied by 100, to determine the number of goblet 

cells/100μm basement membrane length. 

 

2.11.4 Immunohistochemistry 

2.11.4.1 Annexin V 

Annexin V is a marker of apoptosis in the airway epithelial layer and is used 

to measure determine the degree of epithelial damage that has development in 

the samples. Using immunohistochemistry, stained airways were scored based 

on staining intensity (0 – no staining present, 1 – mild staining present, 2 – 

moderate staining present, 3 – severe staining present), and results were 

expressed in arbitrary units, consistent with previous literature. 

 

2.11.4.2 Thymic stromal lymphopoietin 

Thymic stromal lymphopoietin (TSLP) is a marker of epithelial damage, and 

present in the nucleus and cytoplasm of airway epithelial cells, were 

immunohistochemically-stained and analysed. Similarly to the analysis of AB-PAS 

staining (2.11.3), cells in the epithelial layer that were immunohistochemically-

stained for TSLP were quantified and expressed as the number of TSLP cells per 

100μm of BM length. Each of the selected airways from the slide had their 

basement membranes traced, and the number of TSLP cells quantified. By 

dividing the number of TSLP cells to the length of the basement membrane, and 
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multiplied by 100, to determine the number of TSLP cells/100μm basement 

membrane length. 

 

2.11.4.3 Fibronectin 

Fibronectin is a ECM protein, located in the subepithelial layer on the airway 

wall. Using immunohistochemistry, percentage of fibronectin in the subepithelial 

region was quantified using ImageScope. The epithelial layer was selected using 

ImageScope, and an in-built macro that was developed the accurately measure 

the levels of DAB chromagen in the immunohistochemically-stained sections. 

This categorised the stained pixels as either strong negative, weak negative, 

weak positive, or strong positive. The pixels marked at strong positive best 

represented to level of DAB-stained fibronectin in the subepithelial region, 

which was then expressed as a percentage to the total number of pixels 

detected in the subepithelial region selected. 

 

2.11.4.4 Transforming growth factor-β 

Transforming growth factor (TGF)-β is a potent profibrotic cytokine, was 

immunohistochemically-stained and analysed by scoring each airway based on 

staining intensity in Chapter 3 (0 – no staining present, 1 – mild staining present, 

2 – moderate staining present, 3 – severe staining present), and results were 

expressed in arbitrary units. 

In Chapter 4-6, a method with better accuracy was development to measure 

the level of TGF- β staining in the epithelial layer (like that used in 2.11.4.3). 

Using ImageScope, the epithelium was selected, and an in-built program was 
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used, allowing for the pixels found in the selected (epithelial) layer to be 

categorised, depending on the degree on staining measured in the pixel. Only 

the pixels that registered a strong positive stain were used and expressed as a 

percentage of the total number pixels.  

 

2.11.4.5 α-Smooth muscle actin 

α-Smooth muscle actin (α-SMA) is a marker found on myofibroblasts, which 

are the cells responsible for the release of ECM proteins into the subepithelial 

region of the airways. Using immunohistochemistry, α-SMA-stained 

myofibroblasts were quantified in the subepithelial region, past the smooth 

muscle layer, which was also stained. Similarly, to AB-PAS (see 2.11.3) and TSLP 

(see 2.11.4.2), α-SMA data was expressed at the number of α-SMA-stained 

myofibroblasts per 100μm of basement membrane length. Each of the selected 

airways from the slide had their basement membranes traced, and the number 

of α-SMA-stained myofibroblasts quantified. By dividing the number of α-SMA-

stained myofibroblasts to the length of the basement membrane, and multiplied 

by 100, to determine the number of TSLP cells/100μm basement membrane 

length. 

 

 

2.12 STATISTICAL ANALYSIS 

 

Except for data pertaining to lung function analysis, all comparative data were 

analysed using a one-way analysis of variance (ANOVA), with Newman-Keuls 
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post-hoc testing used to correct for multiple comparisons between groups 

(Prism 6; GraphPad Software Inc., San Diego, CA USA). Lung function data was 

analysed using a two-way ANOVA with Tukey post-hoc testing used to correct for 

multiple comparisons between groups (Prism 6). All data presented in graph or 

table format are expressed as mean ± standard error of the mean (SEM), with 

p<0.05 considered as significantly significant. 
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Combining human amnion epithelial cell-derived exosomes with an anti-

fibrotic offers optimal protection against  allergic airways disease 

 

5.0 ABSTRACT 

 

There has been growing interest in stem cell-derived exosomes for their 

therapeutic and regenerative benefits given their manufacturing and regulatory 

advantages over cell-based therapies. As the presence of excessive collagen 

(fibrosis) significantly impedes the viability and efficacy of stem cell-based 

strategies for treating chronic diseases, we recently showed that the anti-fibrotic 

hormone-based drug, serelaxin, can improve the environment into which stem 

cells can be administered into and improve their ability to migrate and reduce 

tissue damage. In this study, we determined if the antifibrotic effects of 

serelaxin would further benefit the therapeutic efficacy of human amnion 

epithelial cell (AEC)-derived exosomes in the refined model of chronic allergic 

airways disease (AAD). Female Balb/c mice (n=8/group) were subjected to the 

9.5-week model of ovalbumin and naphthalene (OVA/NA)-induced chronic AAD; 

then administered increasing concentrations of AEC-exosomes (5 g or 25 g), in 

the absence or presence of serelaxin (0.5mg/kg/day) in each case for 7-days. A 

sub-group of mice (n=8) were also treated with 1x106 AECs co-administered with 

serelaxin over the corresponding time-period, for comparison. The control group 

(n=8) received saline/corn oil, respectively. Mice with ONA/NA-induced chronic 

AAD presented with significant tissue inflammation, remodelling, fibrosis and 

airway dysfunction at the time-point studied (all p<0.01 vs saline/corn oil-
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treated controls). While therapeutic AEC-exosome (5μg or 25μg)- administration 

alone demonstrated some benefits in the model, the presence of serelaxin was 

required for AEC-exosomes (25μg) to rapidly normalise chronic AAD-induced 

airway fibrosis and airway reactivity (all p<0.01 vs chronic AAD alone; p<0.05 vs 

25μg AEC-exosomes alone). The combined effects of serelaxin and AEC-

exosomes (25μg) also demonstrated greater anti-inflammatory and airway 

remodelling effects compared to the combined effects of serelaxin and 1x106 

AECs (all p<0.05 vs AECs + serelaxin). Hence, serelaxin can enhance the 

therapeutic efficacy of AEC-exosomes, particularly in treating basement 

membrane-related fibrosis and related airway dysfunction. 

 

 

5.1 INTRODUCTION 

 

Asthma is commonly characterised as an inflammatory respiratory disease and is 

the most prevalent chronic disease affecting children (Chung, 2014). It affects 

over 300 million people around the world, leading to 1/250 deaths annually. In 

Australia, 1 in 10 adults suffer from this debilitating disease, with the rate of 

incidence being slightly higher in children under the age of 14. There are three 

central components to the pathogenesis of asthma: airway inflammation (AI), 

airway remodelling (AWR), and airway hyperresponsiveness (AHR) (Chung, 

2014). Continual T-helper cell type 2-driven AI, along with irreversible changes 

to the structure of the airways (AWR) contribute to the development of AHR. It 

has emerged that epithelial damage is an important contributor to early-stage 
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AWR and ultimately AHR in mild and chronic asthma sufferers (Chung, 2014). 

The airway epithelial layer plays an important immunological and physical 

barrier to various specific and non-specific stimuli that are inhaled on a daily 

basis. The epithelium is also prone to the genetic mutation, making it more 

susceptible to damage, while also impairing the epitheliums ability to repair 

itself, causing epithelial denudation, metaplasia, and aberrant wound healing 

(leading to fibrosis) (Chung, 2014). However, despite all this, epithelial damage is 

not addressed in commonly used murine models of chronic allergic airway 

disease (AAD) that mimics several features associated with human asthma. 

 

To address these limitations, our Lab recently utilised the well-established 

chronic ovalbumin (OVA)-induced murine model of AAD, which presents with AI, 

AWR, and AHR; and superimposed a single acute dose of naphthalene (NA) in 

order to introduce epithelial damage into this refined model (Royce et al., 2014). 

The strength of combining these agents in mice is that they create a model that 

allows investigation and therapeutic targeting of the contribution of epithelial 

damage to several morphological and functional processes that typify the 

human disease. Importantly, the induction of epithelial damage in the OVA + NA 

model was found to contribute to AWR, fibrosis and related AHR and exacerbate 

the effects of AI on these parameters (Royce et al.,2014). It should be noted, 

however, that this combination (of OVA + NA) would probably not cause the 

entire number of allergic, chemical and genetic factors associated with disease 

progression in humans, as neither OVA and/or NA are typically used to induce 

asthma in humans. 
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In the previous Chapter, the therapeutic effects of an epithelial repair factor 

(TFF-2), anti-fibrotic drug (RLX) and clinically-used corticosteroid (DEX) were 

assessed in isolation and in combination, for their ability to treat the three 

central components of asthma and in particular various measures of AWR. 

Concurrent studies in the Lab (by others) also determined if the anti-fibrotic 

effects of RLX could be combined with stem cell-based therapies, including 

human bone marrow-derived mesenchymal stem cells (Royce et al., 2015; Royce 

et al., 2016) and human amnion epithelial cells (AECs) (Royce et al., 2016) to 

reverse the AI, AWR and AHR associated with chronic allergic airways 

disease/asthma. The anti-fibrotic effects of RLX were added to create an 

improved environment into which cell-based therapies could be administered 

to, as the fibrosis associated with chronic disease settings has been shown to 

hamper exogenously administered stem cell survival, homing to sites of damage, 

integration with resident cells and/or differentiation (Knight et al., 2010) AECs 

are non-immunogenic and can be easily and ethically harvested via non-invasive 

procedures from the amniotic sac of the mature placenta (Koike et al., 2014). 

They were shown to partially reduce AI, AWR and AHR in the setting of OVA-

induced chronic AAD (lacking incorporation of NA-induced epithelial damage) 

when administered alone; while their therapeutic effects were enhanced in the 

presence of RLX (Royce et al., 2016). As a result, combining AECs (1x106 cells per 

mouse) with RLX resulted in the normalisation of the OVA-induced airway 

fibrosis and AHR when administered over a 2-week treatment period (Royce et 

al., 2016). However, it is thought that these cells, like human bone marrow-
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derived mesenchymal stem cells (Royce et al., 2015), are cleared from the 

injured lung by 3-4 days post-administration. While this limitation was addressed 

by administering AECs once weekly to OVA-injured mice over the 2-week 

treatment period (Royce et al., 2016), it has been proposed that the vesicles or 

exosomes secreted by AECs (and other stem cells) may contain the factors that 

facilitate the long-lasting protective effects of these cells even after they have 

been cleared from the damaged organ. Stem cell-derived exosomes have been 

described as a novel mechanism by which cell-to-cell communication occurs 

(Schorey & Bhatnagar, 2008). Exosomes are 30-150nm extracellular vesicles and 

can be derived from a number of cell sources (Squadrito et al., 2014; Vlassov et 

al., 2012). It has also been suggested that exosomes possess stable chemical 

properties, high biosecurity and could exert similar functional properties to 

recipient cells from which they are derived (Lai et al., 2010), as they contain 

bioactive substances such as proteins and microRNAs that are secreted by stem 

cells. It is also believed that exosomes can avoid recognition by the immune 

system and maintain the integrity of cell membrane to avoid degradation (Vader 

et al., 2016). Encapsulation of the active biological ingredients and regeneration 

within non-living exosome carriers may offer process, manufacturing and 

regulatory advantages over stem cell-based therapies; allowing for the transfer 

of proteins and nucleic acids across cellular boundaries. 

 

Hence, in the current Chapter, the OVA + NA-induced mouse model of 

chronic AAD incorporating epithelial damage was used to assess the therapeutic 

effects of AECs-derived exosomes against the three central components of 



 

146 

asthma, both in isolation and in combination with RLX. The combined effects of 

AECs + RLX (which were previously shown to demonstrate optimal therapeutic 

efficacy in the OVA model (Royce et al., 2016)) were used as a positive control. 

 

 

5.2 METHODS 

 

5.2.1 Animals 

Six- to eight-week-old female Balb/c wild-type mice (provided by Monash 

University Animal Services; as per what was used in Chapters 3 and 4) were 

allowed to acclimatise for at least 4 days prior to any experimentation and 

maintained on a 12h light:dark cycle with free access to standard rodent chow 

(Barastoc Stockfeeds, Pakenham, VIC, Australia) and water. All experimental 

procedures were performed according to the regulations approved by the 

Monash University Animal Ethics Committee (MARP/2016/107), which adheres 

to the Australian Guidelines for the Care and Use of Laboratory Animal for 

Scientific Purposes. 

 

5.2.2 Isolation and characterisation of AEC-derived EXO 

AECs were isolated from placentae of women undergoing elective caesarean 

section (at 38-42 weeks of gestation) in accordance with guidelines and approval 

from the Monash Health Human Research Ethics Committee. AECs were isolated 

from several pooled amnions and reconstituted overnight once thawed from 

being stored in liquid nitrogen, as described before (Murphy et al., 2010; 
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Murphy et al., 2014). 1x106 AECs were then resuspended in saline for 

therapeutic administration as detailed below. EXO were isolated from several 

pooled amnions and characterised as described previously (Tan et al., 2018). 

EXO were then dissolved in saline for therapeutic administration as detailed 

below. Characterisation of EXO, proteomic pathway clustering analysis including 

proteins significantly enriched by EXO and RNA sequencing analysis of EXO were 

recently reported (Tan et al., 2018).  

 

5.2.3 Establishing the refined models of AAD 

On day 0 and day 14, mice (n=48) were sensitised with an i.p. injections of 10mg 

Grade V OVA (Sigma-Aldrich, St Louis, MO, USA) and 1mg aluminium potassium 

sulfate adjuvant (alum; AJAX Chemicals, Kotara, NSW, Australia) in 0.5 ml of 

saline. Between days 21 and 63, mice were then subjected to nebulization 

(inhalation of an aerosol) with 2.5% (w/v) OVA for 30 min, three times a week, 

using an ultrasonic nebuliser (Omron NE-U07; Omron, Kyoto, Japan). On day 64, 

24hr after the last OVA nebulisation period, mice received a single i.p. injection 

of NA (200 mg/kg body weight; Sigma-Aldrich) and left for a further 3 days. From 

days 67 to 75, sub-groups of OVA + NA-injured mice were treated with daily i.n. 

administration of either (i) saline (the vehicle for AECs and AEC-derived 

exosomes; injury control group; n = 8), (ii) 5μg exosomes (EXO) (kindly provided 

by Dr Rebecca Lim, Hudson Institute of Medical Research, Clayton, Victoria, 

Australia; n 8), (iii) 25μg EXO (n = 8), (iv) 5μg EXO + RLX (0.8 mg·mL-1, kindly 

provided by Corthera Inc., San Carlos, CA, USA; a subsidiary of Novartis AG, 

Basel, Switzerland; n = 8), (v) 25μg EXO + RLX (n = 8) or (vi) 1 x 106 AEC + RLX (n = 
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8). AEC or AEC-derived EXO were  administered once (on day 67), while saline or 

RLX were administered once daily over the 7-day treatment period; and all 

treatments were administered in 50 l of saline (25 l per nare). A separate 

subgroup of mice subjected to (vii) 0.5 ml saline (vehicle controls for OVA; n = 8), 

nebulised with saline instead of OVA (from days 21 to 63), injected with 

200mg/kg CO (vehicle control for NA), and treated with daily i.n. administrations 

of saline between day 67 to 75 were used as an uninjured control group (Figure 

5-1). 

 

5.2.4 Invasive plethysmography 

On day 75, all seven groups of mice (n = 56 in total) had their airway 

resistance measured by invasive plethysmography, in response to increasing 

concentrations of methacholine-induced airway bronchoconstriction. Mice were 

briefly anaesthetised with an i.p. injection of ketamine (100 mg·kg-1 body  
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Figure 5-1:  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 5-1: Schematic illustration of experimental model models and 

treatments. 

 

A schematic illustration of how the A) OVA+NA, H) Saline+CO, injured and 

uninjured control groups respectively. There various treatment combinations 

investigated were B) 5μg EXO alone, C) 25μg EXO alone, D) 5μg EXO + RLX, E) 

25μg EXO + RLX, F) AEC + RLX. 
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weight) and xylazine (20 mg·kg-1 body weight), tracheostomised and cannulated. 

Increasing doses of methacholine were nebulised, and AHR was measured 

(Biosystem XA version 2.7.9, Buxco Electronics, Troy, NY, USA) for 2 min after 

each dose. Results were then expressed as the maximal resistance after each 

dose of methacholine minus baseline resistance. 

 

5.2.5 Tissue collection 

Once airway reactivity measurements were completed, mice were killed by 

an overdose of anaesthetic containing ketamine and xylazine, before their lung 

tissue was isolated. The lungs of each animal were then divided along the 

transverse plane, resulting in five separate lobes. The largest lobe was fixed in 

10% neutral buffered formalin overnight, processed routinely and embedded in 

paraffin wax. The remaining four lobes were snap-frozen in liquid nitrogen and 

stored at 80°C for further analyses, as detailed below. 

 

5.2.6 Lung histopathology 

Formalin-fixed, paraffin-embedded tissues were sectioned (3μm thickness) 

and placed on SuperFrost charged microscope slides (Grale Scientific, 

Melbourne, Vic., Australia). To assess peribronchial inflammation score, one set 

of serial sections per mouse underwent Mayer’s haematoxylin and eosin (H&E) 

staining. To assess epithelial and subepithelial extracellular matrix thickness, 

another set of serial sections per mouse underwent Masson’s trichrome 

staining. To assess goblet cell metaplasia, a third set of serial sections per mouse 

underwent Alcian blue periodic acid Schiff (ABPAS) staining. Stained sections 
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were scanned using the whole-slide scanning platform Aperio Scanscope CS 

(Leica Biosystems, Nussloch, Germany). All slides were then scanned at the 

maximum magnification available (40×) and stored as digital high-resolution 

images on a local server associated with the instrument. Digital slides were 

viewed and morphometrically analysed with the Aperio Imagescope 

v.12.1.0.5029 software (Leica Biosystems). 

 

5.2.7 Histological evaluation of airway inflammation 

Histological grading of inflammation severity from 0 to 4 was assigned to 

every slide, as described previously (Royce et al., 2014d) (0 = no detectable 

inflammation; 1 = occasional inflammatory cell aggregates, pooled size <0.1 

mm2; 2 = some inflammatory cell aggregates, pooled size ~0.2 mm2; 3 = 

widespread inflammatory cell aggregates, pooled size ~0.3 mm2; and 4 = 

widespread and massive inflammatory cell aggregates, pooled size ~0.6 mm2), 

and was performed blinded by the investigator. 

 

5.2.8 Immunohistochemistry 

Paraffin-embedded lung sections were immunohistochemically stained using 

either a monoclonal antibody to α-SMA(α-smooth muscle actin; a marker of 

myofibroblast differentiation; M0851; 1:200 dilution; DAKO, Carpinteria, CA, 

USA) or polyclonal antibodies to TGF-β1 (sc146; 1:1000 dilution; Santa Cruz 

Biotechnology, Santa Cruz, CA, USA), fibronectin (ab2413; 1:350 dilution; 

Cambridge, MA, USA) or thymic stromal lymphopoietin (TSLP; a marker of 

epithelial damage; 1:1000 dilution; EMD Millipore Corp., Temecula, CA, USA). 
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Detection of antibody staining was completed using the DAKO EnVision anti-

mouse or anti-rabbit kits, respectively, and 3,3-diaminobenzidine (Sigma-

Aldrich), where sections were counterstained with haematoxylin. Images of five 

bronchi (measuring 150–350 μm luminal diameter) per section were obtained 

and quantified by morphometry, as described below. 

 

5.2.9 Morphometric analysis 

Representative photomicrographs from H&E-, Masson’s trichrome- and 

ABPAS-stained slides, as well as immunohistochemically stained slides were 

captured from scanned images using ScanScope AT Turbo (Aperio, Vista, CA, 

USA). Stained airways were randomly selected from across the tissue sample. 

Masson’s trichrome-stained slides were analysed by measuring the thickness of 

the epithelial and subepithelial layers and expressing values as μm2·mm-1 

basement membrane length. ABPAS-stained slides were analysed by counting 

the number of stained goblet cells, which were expressed as the number of 

goblet cells 100 μm-1 basement membrane length. α-SMA and TSLP positively 

stained cells located within the subepithelial and epithelial regions, respectively, 

of the airway were counted and expressed as number of positively stained cells 

100 μm-1 basement membrane length. Epithelial TGF-β1 staining was quantified 

by measuring the level of strong positively stained areas within the epithelial 

regions, respectively, and expressing the data as percentage staining per field. 
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5.2.10 Hydroxyproline assay 

The second largest lung lobe from each mouse was processed as described 

previously (Royce et al., 2009, 2014) for the measurement of hydroxyproline 

content, which was determined from a standard curve of purified trans-4-

hydroxy-L-proline (Sigma-Aldrich). Hydroxyproline values were multiplied by a 

factor of 6.94 (based on hydroxyproline representing ~14.4% of the amino acid 

composition of collagen in most mammalian tissues) (Gallop and Paz, 1975) to 

extrapolate total collagen content, which in turn, was divided by the dry weight 

of each corresponding tissue to yield percent collagen concentration. 

 

5.2.11 Statistical analysis 

All data were analysed using GraphPad PRISM v6.0 (La Jolla, CA, USA) and 

expressed as the mean ± SEM. Differences in the raw airway resistance data 

were analysed by a two-way ANOVA with Bonferroni post hoc test, whereas the 

remaining data were analysed by a one-way ANOVA with Newman–Keuls post 

hoc test for multiple comparisons between groups. In each case, the significance 

was pre-determined as being P < 0.05. The data and statistical analysis comply 

with the recommendations on experimental design and analysis in 

pharmacology (Curtis et al., 2015). 
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5.3 RESULTS 

5.3.1 Individual versus combined effects of EXO and RLX on airway 

inflammation 

Peribronchial inflammation was scored from H&E-stained lung tissue (Figure 5-

2A), as described in previous chapters. OVA/NA-treated mice were sufficiently 

sensitised/challenged to OVA as demonstrated by the elevated level of 

peribronchial inflammation score in these mice compared to that measured in 

their saline/CO-treated counterparts (OVA/NA: 2.16 ± 0.09 vs Saline/CO: 0.15 ± 

0.09; P < 0.001 vs. saline/CO group; Figures 5-2A and B). Exosomes (EXO) alone 

partially and dose-dependently reduced the OVA + NA-induced increase in 

peribronchial inflammation score (+5μg EXO: 1.45 ± 0.07 vs. +25μg EXO: 1.13 ± 

0.08; P < 0.05 vs +5μg EXO group; both P < 0.01 vs. OVA/NA group; Figures 5-2A 

and B). Co-administration of RLX with exosomes further reduced the OVA + NA-

induced increase in airway inflammation (+5μg EXO + RLX: 1.16 ± 0.08; P < 0.05 

vs. +5μg EXO group / +25μg EXO + RLX: 0.91 ± 0.11; P < 0.01 vs. +5μg EXO group; 

both P <0.001 vs. OVA/NA group); although not fully back to that measured 

from saline/CO-treated mice (P < 0.01 vs. saline/CO group). 25μg EXO + RLX also 

reduced the OVA + NA-induced increase in peribronchial inflammation score to a 

greater extent than AECs + RLX did (1.29 ± 0.05; P < 0.05 vs. +25μg EXO + RLX 

group; P <0.001 vs. OVA/NA group; P < 0.001 vs. saline/CO group; Figures 5-2A 

and B). The effects of RLX alone was retrospectively included (as determined in 

Chapter 4) to comparatively show that RLX alone did not exert any marked anti-

inflammatory effects against the OVA + NA-induced peribronchial inflammation 

(Figures 5-2A and B). 
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Figure 5-2:  
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Figure 5-2: Individual vs. combined effects of EXO + RLX vs. AECs + RLX on 
 

peribronchial inflammation. 

 

A) Representative images of hematoxylin and eosin-stained lung sections 

from each group studied - demonstrating the extent of inflammatory cell 

infiltration within the bronchial wall. Scale bar = 50μm. The effects of hAECs + 

recombinant human relaxin (RLX) or RLX alone (extrapolated from Chapter 4) 

are included for comparison. B) Also shown is the mean + S.E.M peribronchial 

inflammation score from 5 airways/mouse (where sections were scored 

based on the number and distribution of inflammatory cell aggregates on a 

scale of 0 (no visible inflammation) to 4 (severe inflammation)); from n=6-8 

animals per group. **P<0.01, ***P<0.001 vs Saline/corn oil-treated uninjured 

control group; ##P<0.01, ###P<0.001 vs OVA/NA-treated chronic allergic 

airways disease (AAD) group; ¶P<0.05, ¶¶P<0.01 vs OVA/NA+5mg hAEC-

derived exosome (EXO)-treated group; +p<0.05 vs OVA/NA+hAEC+RLX-

treated group; §§P<0.01, §§§P<0.001 vs OVA/NA+RLX-treated group. 
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5.3.2 Individual versus combined effects of EXO and RLX on airway remodelling 

5.3.2.1 Goblet cell metaplasia 

Goblet cell metaplasia (number of goblet cells per 100μm of basement length) 

was assessed by morphometric analysis of ABPAS-stained lung tissue sections 

(Figures 5-3A), and was significantly increased in OVA + NA-treated mice 

compared to that measured from their saline/CO-treated counterparts 

(OVA/NA: 2.61 ± 0.19; Saline/CO: 0.12 ± 0.04; P < 0.001 vs. saline/CO group; 

Figures 5-3A and B). Interestingly, exosomes alone did not have any obvious 

effect on the OVA + NA- induced increase in goblet cell metaplasia (+5μg EXO: 

2.89 ± 0.22; +25μg EXO: 2.48 ± 0.08; both no different vs. OVA/NA group; both P 

< 0.001 vs. saline/CO group; Figures 5-3A and B). However, the combined 

effects of exosomes + RLX were able to partially but significantly reduce goblet 

cell metaplasia (+5μg EXO + RLX: 1.83 ± 0.12; +25μg EXO + RLX: 1.31 ± 0.13; both 

P < 0.01 vs. OVA/NA group; both P < 0.01 vs. saline/CO group). Of note, 25μg 

EXO + RLX (1.31 ± 0.13) was able to reduce goblet cell metaplasia to a greater 

extent than 5μg EXO + RLX (1.83 ± 0.12; P <0.05 vs. +5μg EXO + RLX group) or 

AECs + RLX (1.82 ± 0.19; P < 0.05 vs AECs + RLX group; Figures 5-3A and B). Once 

again, the effect of RLX alone was retrospectively included (as determined in 

Chapter 4) to comparatively show that RLX alone did not exert any marked 

effects against the OVA + NA-induced increase in goblet cell metaplasia (Figures 

5-3A and B). 
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Figure 5-3:  
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Figure 5-3: Individual vs. combined effects of EXO + RLX vs. AECs + RLX on 
 

goblet cell metaplasia. 

 

A) Representative images of Alcian blue periodic acid Schiff-stained lung 

sections from each group studied - demonstrating the extent of goblet cell 

metaplasia. Scale bar = 50μm. The effects of hAECs + recombinant human relaxin 

(RLX) or RLX alone (extrapolated from Chapter 4) are included for comparison. B) 

Also shown is the mean + S.E.M goblet cell count (represented as the number of 

goblet cells per 100mm basement membrane (BM) length) from 5 

airways/mouse; n=6-8 animals per group. **P<0.01, ***P<0.001 vs Saline/corn 

oil-treated uninjured control group; ##P<0.01, ###P<0.001 vs OVA/NA-treated 

chronic allergic airways disease (AAD) group; ¶¶¶P<0.001 vs OVA/NA+5mg 

hAEC-derived exosome (EXO)-treated group; ‡‡‡p<0.001 vs OVA/NA+25mg 

hAEC-derived EXO-treated group; ¥p<0.05 vs OVA/NA+5mg hAEC-derived 

EXO+RLX-treated group; +p<0.05 vs OVA/NA+hAEC+RLX-treated group; 

§§P<0.01, §§§P<0.001 vs OVA/NA+RLX-treated group. 
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5.3.2.2 Epithelial damage 

 

TSLP was used as a measure of epithelial damage and was assessed by 

morphometric analysis of TSLP-stained lung tissue sections (measured as 

number of TSLP-positive cells 100 μm-1 of basement membrane length; Figures 

5-4A and B). Expectedly, OVA + NA-treated mice exhibited significantly 

exacerbated levels of TSLP-associated epithelial damage compared with that 

measured from saline/CO-treated mice (OVA/NA: 6.98 ± 0.34; Saline/CO: 2.35 ± 

0.15; P < 0.001 vs. saline/CO group; Figures 5-4A and B). All treatments 

demonstrated a marked ability to reduce the OVA + NA-induced increase in 

TSLP-associated epithelial damage (+5μg EXO: 3.64 ± 0.12; +25μg EXO: 3.09 ± 

0.09; +5μg EXO + RLX: 3.22 ± 0.10; +25μg EXO + RLX: 2.82 ± 0.11; +AEC + RLX: 

2.92 ± 0.07; all P < 0.001 vs. OVA/NA group); with the combined effects of 25μg 

EXO + RLX or AECs + RLX normalising TSLP-associated epithelial damage back to 

that which was no longer different to the number of TSLP-positive cells detected 

from saline/CO-treated mice (Figures 5-4A and B). The effects of RLX alone (5.66 

± 0.40; P < 0.01 vs OVA/NA group; P < 0.001 vs. saline/CO group) was 

retrospectively included (as determined in Chapter 4) to comparatively show 

that it only had a partial but significant effect alone in reducing the OVA + NA-

induced increase in TSLP-associated epithelial damage (Figures 2A and B). 
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Figure 5-4:  
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Figure 5-4: Individual vs. combined effects of EXO + RLX vs. AECs + RLX on 
 

TSLP-associated epithelial damage. 

 

A) Representative images of immunohistochemically-stained lung sections 

for thymic stromal lymphopoietin (TSLP; a marker of epithelial damage) from 

each group studied. Scale bar = 50μm. The effects of hAECs + recombinant 

human relaxin (RLX) or RLX alone (extrapolated from Chapter 4)are included 

for comparison. B) Also shown is the mean + S.E.M TSLP-stained cell counts 

(per 100mm basement membrane (BM) length) from 5 airways/mouse; n=8 

animals per group. *p<0.05, **P<0.01, ***P<0.001 vs Saline/corn oil-treated 

uninjured control group; ##P<0.01, ###P<0.001 vs OVA/NA-treated chronic 

allergic airways disease (AAD) group; §§§P<0.001 vs OVA/NA+RLX-treated 

group. 
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5.3.2.3 Epithelial thickness 

 

Epithelial thickness (relative to basement membrane length) was assessed by 

morphometric analysis of Masson’s trichrome-stained lung tissue sections 

(Figures 5-5A and B) and was significantly increased in OVA + NA-treated mice 

compared that in their saline/CO-treated counterparts (OVA/NA: 20.68 ± 0.16; 

Saline/CO: 16.11 ± 0.19; P < 0.001 vs. saline/CO group). All treated groups 

significantly reduced airway epithelial thickness back to levels which were no 

longer different to that measured from saline/CO-treated mice (+5μg EXO: 17.45 

 

± 0.29; +25μg EXO: 17.35 ± 0.26; +5μg EXO + RLX: 17.57 ± 0.24; +25μg EXO + RLX: 

 

17.22 ± 0.27; +AEC + RLX: 17.45 ± 0.24; +RLX: 18.53 ± 0.74; all P < 0.001 vs. OVA/NA 

group); whereas the effects of RLX alone was retrospectively included (as 

determined in Chapter 4) to show that it only had a partial but significant effect in 

reversing the OVA + NA-induced increase in epithelial thickness treatment (all P < 

0.01 vs. OVA/NA group; P < 0.01 vs. saline/CO group; Figures 5-5A and B). 

 

 

5.3.3 Individual versus combined effects of EXO and RLX on airway fibrosis 
 

5.3.3.1 Subepithelial ECM thickness 

 

Subepithelial ECM thickness (relative to basement membrane length) was 

assessed by morphometric analysis of Masson’s trichrome-stained lung tissue 

sections (Figures 5-5A) and was significantly increased in OVA + NA-treated mice 

compared with that measured from saline/CO-treated controls (OVA + NA: 32.22 

<0.95; Saline/CO: 17.17 ± 0.52; P < 0.001 vs. saline/CO group). EXO alone-

treated groups induced a dose-dependent reduction of aberrant subepithelial 
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Figure 5-5:  
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Figure 5-5: Individual vs. combined effects of EXO + RLX vs. AECs + RLX on the 
 

extent of airway epithelial and subepithelial thickness. 

 

A) Representative Masson’s trichrome-stained lung sections – demonstrating 

the extent of epithelial thickness and subepithelial extracellular matrix 

(ECM/blue staining) thickness from each group studied. Scale bar = 50μm. The 

effects of hAECs + recombinant human relaxin (RLX) or RLX alone (extrapolated 

from Chapter 4) are included for comparison. Also shown is the mean + S.E.M 

 
B) epithelial thickness (mm2; relative to basement membrane (BM) length) 

and C) subepithelial ECM thickness (mm; relative to BM length – a measure 

of fibrosis) from 5 airways/mouse; n=8 animals per group. *p<0.05, **P<0.01, 

 
***P<0.001 vs Saline/corn oil-treated uninjured control group; ##P<0.01, 

 
###P<0.001 vs OVA/NA-treated chronic allergic airways disease (AAD) group; 

¶p<0.05; ¶¶p<0.01, ¶¶¶P<0.001 vs OVA/NA+5mg hAEC-derived exosome 

(EXO)-treated group; ‡‡p<0.01 vs OVA/NA+25mg hAEC-derived EXO-treated 

group; §P<0.05, §§§P<0.001 vs OVA/NA+RLX-treated group. 
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ECM thickness (+5μg EXO: 27.09 ± 1.14; +25μg EXO: 23.81 ± 0.80; P < 0.05 vs 

+5μg EXO group; both P < 0.01 vs OVA/NA group; Figures 5-5A and C). Co-

administration of RLX with EXO further the anti-fibrotic efficacy of EXO alone 

(+5μg EXO + RLX: 21.45 0.76; P < 0.05 vs. +5μg EXO group / +25μg EXO + RLX: 

18.58 ± 1.01; P < 0.01 vs. +25μg EXO group; both P <0.001 vs. OVA/NA group); 

such that 25μg EXO + RLX was able to normalise subepithelial collagen 

deposition to levels measured from saline/CO-treated mice (no different vs. 

saline/CO group). Likewise, AECs + RLX (19.40 ± 0.57; P < 0.001 vs. OVA/NA 

group) was able to normalise subepithelial collagen deposition to that measured 

from saline/CO-treated mice (no different vs. saline/CO group; Figures 5-5A and 

C). The effects of RLX alone (25.58 ± 1.17; P<0.001 vs OVA/NA group; P <0.001 vs 

saline/CO group) was retrospectively included (as determined in Chapter 4) to 

comparatively show that it only had a partial but significant effect alone in 

reducing the OVA + NA-induced increase in subepithelial collagen deposition 

(Figures 5-5A and C). 

 

5.3.3.2 Total lung collagen concentration 

Total lung collagen concentration (% collagen content/dry weight lung tissue) 

was extrapolated from hydroxyproline analysis of lung tissues (Figures 5-6) and 

was also significantly elevated in OVA + NA-treated mice compared to that 

measured from their saline-CO-treated counterparts (OVA/NA: 2.94 ± 0.08%; 

Saline/CO: 2.09 ± 0.09%; P < 0.001 vs. saline/CO). 25μg EXO (2.62 ± 0.14%; P < 

0.05 vs. OVA/NA group; P < 0.01 vs. saline/CO group), but not 5μg EXO (2.73 ± 

0.12%; no different vs. ONA/NA group; P < 0.001 vs. saline/CO group) alone 
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Figure 5-6:  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5-6: Individual vs. combined effects of EXO + RLX vs. AECs + RLX on 

lung collagen concentration, as a measure of fibrosis. 

 

Shown is the mean + S.E.M total lung collagen concentration (% lung collagen 

content/dry weight tissue – a measure of fibrosis); from n=7-8 animals per 

group. *p<0.05, **P<0.01, ***P<0.001 vs Saline/corn oil-treated uninjured 

control group; #P<0.05, ##P<0.01, ###P<0.001 vs OVA/NA-treated chronic 

allergic airways disease (AAD) group; ¶¶ p<0.01 vs OVA/NA+5mg hAEC-

derived exosome (EXO)-treated group; ‡p<0.05 vs OVA/NA+25mg hAEC-

derived EXO-treated group; §P<0.05 vs OVA/NA+RLX-treated group 

(extrapolated from Chapter 4). 
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partially but significantly reduced the OVA + NA-induced aberrant total lung 

collagen concentration (Figures 5-6). The collagen-inhibitory effects of EXO 

appeared to be again enhanced by the presence of RLX (+5μg EXO + RLX: 2.50 ± 

0.09%; P < 0.01 vs. ONA/NA group; P < 0.05 vs. saline/CO group / +25μg EXO + 

RLX: 2.23 ± 0.07%; P < 0.001 vs. OVA + NA group; P < 0.05 vs +25μg EXO group; 

no different vs. saline/CO group). Similarly, AECs + RLX also normalised the OVA 

+ NA-induced increase in total lung collagen concentration (2.28 ± 0.06%; P < 

0.001 vs. OVA + NA group; no different vs. saline/CO group; Figures 5-6). The 

effects of RLX alone (2.59 ± 0.03%; P < 0.05 vs. OVA + NA group; P < 0.01 vs. 

saline/CO group was retrospectively included (as determined in Chapter 4) to 

show that it only partially but significantly reduced the OVA + NA-induced 

increase in total lung collagen concentration (Figures 5-6). 

 
 
 
 

 

5.3.3.3 TGF-β1 expression 

 

TGF-β1 expression and distribution in the airway epithelium (relative to 

basement membrane length) was assessed by morphometric analysis of TGF-β1-

stained lung tissue sections (Figures 5-7A and B), and was markedly increased in 

OVA + NA-treated mice compared with that measured from saline/CO-treated 

animals (OVA + NA: 69.44 ± 1.67%; Saline/CO: 1.22 ± 0.07%; P < 0.001 vs. 

saline/CO group; Figures 5-7A and B). 5μg EXO was able to partially, but 

significantly reduce TGF- β1 levels (+5μg EXO: 46.35 ± 2.04%; P < 0.01 vs. 

OVA/NA group; P < 0.001 vs. saline/CO group). RLX alone (retrospectively added 

from being determined in Chapter 4; 29.27 ± 3.64%; P < 0.001 vs. OVA/NA 

group; P <0.01 vs. saline/CO group) further reduced the aberrant TGF- 1 



 

169 

  
 
 
 
 
 
 
 
 
 
 

 

Figure 5-7:  
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Figure 5-7: Individual vs. combined effects of EXO + RLX vs. AECs + RLX on 

 

epithelial TGF-β1 expression. 

 

A) Representative images of immunohistochemically-stained lung sections for 

epithelial TGF-b1 expression levels from each group studied. Scale bar = 50μm. 

The effects of hAECs + recombinant human relaxin (RLX) or RLX alone 

(extrapolated from Chapter 4) are included for comparison. B) Also shown is the 

mean + S.E.M TGF-b1-staining (expressed as % staining per area analysed) from 5 

airways/mouse; n=7-8 animals per group. *p<0.05, **P<0.01, 

***P<0.001 vs Saline/corn oil-treated uninjured control group; ##P<0.01, 
 

###P<0.001 vs OVA/NA-treated chronic allergic airways disease (AAD) group; 

 

¶¶¶P<0.001 vs OVA/NA+5mg hAEC-derived exosome (EXO)-treated group; 

+p<0.05 vs OVA/NA+hAEC+RLX-treated group; §§§P<0.001 vs OVA/NA+RLX-

treated group. 
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expression levels; while all other treatments reduced aberrant TGF- 1 expression 

levels to an even greater extent (+25μg EXO: 12.95 ± 0.68; +5μg EXO + RLX: 

14.13 ± 0.57; +25μg EXO + RLX: 8.98 ± 0.33; +AECs + RLX: 15.67 ± 0.52; all P < 

0.001 vs. OVA/ NA-treated group; all P < 0.001 vs. RLX alone group), although 

not full back to that measured from saline/CO-treated mice (all P < 0.05 vs. 

saline/CO group; Figures 5-7A and B). Of note, 25μg EXO + RLX reduced TGF- 1 

staining to a greater extent that AECs + RLX (P < 0.05 vs. AECs + RLX group; 

Figures 5-7A and B). 

 

5.3.3.4 Myofibroblast differentiation 

The number of α-SMA-stained positive cells (per 100μm of basement length) 

in the subepithelial layer of various airways was assessed by morphometric 

analysis of α-SMA-stained lung tissue sections (Figures 5-8A and B) and was 

significantly increased in OVA + NA-treated mice compared with that measured 

in their saline/CO-treated counterparts (OVA/ NA: 2.49 ± 0.08; Saline/CO: 0.13 ± 

0.03; P < 0.001 vs. saline/CO group). EXO alone-treatment dose-dependently 

reduced myofibroblast differentiation (+5μg EXO: 1.11 ± 0.19; P < 0.001 vs 

OVA/NA group; P < 0.001 vs saline/CO group / +25μg EXO: 0.31 ± 0.05; P < 0.001 

vs. OVA/NA group; P < 0.001 vs 5μg EXO group; no different vs. saline/CO 

group). Co-administration of RLX enhanced the effects of 5μg EXO alone (+5μg 

EXO + RLX: 0.66 ± 0.05; P < 0.05 vs. 5μg EXO group); and normalised 

myofibroblast differentiation in combination with 25μg EXO (+25μg EXO + RLX: 

0.20 ± 0.04; P < 0.001 vs OVA/NA group; no different vs. saline/CO group; 

Figures 5-8A and B). 25μg ± RLX also reduced myofibroblast differentiation to a  
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Figure 5-8:  
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Figure 5-8: Individual vs. combined effects of EXO + RLX vs. AECs + RLX on 
 

subepithelial myofibroblast accumulation. 

 

A) Representative images of immunohistochemically-stained lung sections 

for subepithelial myofibroblast density. Scale bar = 50μm. The effects of 

hAECs + recombinant human relaxin (RLX) or RLX alone (extrapolated from 

Chapter 4) are included for comparison. B) Also shown is the mean + S.E.M 

number of a-smooth muscle actin-stained myofibroblasts in the subepithelial 

region (per 100mm basement membrane (BM) length) from 5 

airways/mouse; n=5-8 animals per group. *p<0.05, **P<0.01, ***P<0.001 vs 

Saline/corn oil-treated uninjured control group; ##P<0.01, ###P<0.001 vs 

OVA/NA-treated chronic allergic airways disease (AAD) group; ¶P<0.05, 

¶¶¶P<0.001 vs OVA/NA+5mg hAEC-derived exosome (EXO)-treated group; 

+p<0.05, ++p<0.01 vs OVA/NA+hAEC+RLX-treated group; ; §§P<0.01, 

§§§P<0.001 vs OVA/NA+RLX-treated group. 
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greater extent than AECs + RLX (0.68 ± 0.03; P < 0.01 vs. 25μg EXO + RLX group; P 

< 0.001 vs OVA/NO group; P < 0.01 vs saline/CO group) or RLX alone (0.96 ± 0.07; 

P < 0.001 vs. 25μg EXO + RLX group; P < 0.001 vs OVA/NO group; P < 0.001 vs 

saline/CO group; Figures 5-8A and B). 

 

5.3.4 Individual versus combined effects of EXO and RLX on airway resistance. 

Changes in airway resistance between treatment groups were measured by 

invasive plethysmography in response to increasing doses of nebulised 

methacholine (Figures 5-9). Consistent with the increased AI, AWR and fibrosis 

associated with OVA + NA-treated mice, these mice with chronic AAD 

demonstrated significantly increase in airway resistance compared to that 

measured from saline/CO-treated mice (P < 0.001 vs. saline/CO-treated group; 

Figures 5-9). 5μg EXO alone, did not significantly affect the OVA + NA-induced 

increase in airway resistance (P < 0.001 vs. saline/CO-treated group; Figures 5-

9), whereas 25μg EXO alone partially but significantly reduced airway resistance 

by ~50% (P < 0.01 vs. OVA/NA group; P < 0.05 vs. 5μg EXO group; P < 0.01 vs. 

saline/CO-treated group; Figures 5-9). RLX alone (retrospectively added from 

being determined in Chapter 4) and AECs + RLX also partially but significantly 

reduced airway resistance by ~50% (both P < 0.05 vs. OVA/NA group; P < 0.05 vs. 

5μg EXO group; P < 0.01 vs. saline/CO-treated group; Figures 5-9). Interestingly, 

the combined effects of RLX and 5μg EXO reduced the OVA + NA-induced airway 

resistance by ~70% (P<0.001 vs. OVA/NA group; P < 0.001 vs. 5μg EXO group; P < 

0.05 vs. saline/CO group); while the combined effects of RLX and 25μg EXO 

further reduced the aberrant airway resistance to that which was no longer 
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Figure 5-9:  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 5-9: Individual vs. combined effects of EXO + RLX vs. AECs + RLX on 

airway resistance (AHR). 

 

Effects of the various groups evaluated on airway hyperresponsiveness (AHR). 

Airway resistance (reflecting changes in AHR) was assessed via invasive 

plethysmography in response to increasing doses of nebulised methacholine (a 

bronchoconstrictor). Results are expressed as resistance change from baseline. 

Shown is the mean ± S.E.M. airway resistance to each dose of methacholine 

testes (n=5 animals per group). The effects of hAECs + recombinant human 

relaxin (RLX) or RLX alone are included for comparison. *p<0.05, **P<0.01, 

***P<0.001 vs Saline/corn oil-treated uninjured control group; ##P<0.01, 

 

###P<0.001 vs OVA/NA-treated chronic allergic airways disease (AAD) group; 

¶P<0.05, ¶¶ P<0.01, ¶¶¶P<0.001 vs OVA/NA+5mg hAEC-derived exosome 

(EXO)-treated group; ‡p<0.05, ‡‡p<0.01 vs OVA/NA+25mg hAEC-derived 

exosome (EXO)-treated group; §P<0.05, §§P<0.01 vs OVA/NA+RLX-treated 

group (extrapolated from Chapter 4). 
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different to that measured from saline/CO-treated mice (P<0.001 vs. OVA/NA 

group; P < 0.01 vs. 25μg EXO group; P <0.01 vs. RLX alone group; no different vs. 

saline/CO group; Figures 5-9). 

 

 

5.4 DISCUSSION 

 

Exosomes (EXO) were first described in 1983, over 30 years ago, but were 

considered to only be important for discarding unwanted molecular components 

(Rasposo & Stoorvogel, 2013; Kruh-Garcia et al., 2015). Interest in EXO began in 

the mid 1990’s when it was discovered that they were vital for intercellular 

communication and were secreted by many cell types including epithelial, 

muscle, neuronal and stem cells (Johnstone, 1992). While there is very little 

literature on AEC-derived EXO, bone marrow-derived mesenchymal stem cell 

(MSC)-derived EXO have been shown to have anti-apoptotic and anti-

inflammatory actions (Huang et al., 2015). In a previous study, we were able to 

show that AECs were able to match or outperform the effect of MSCs on AI, 

AWR and AHR associated with the classical OVA-induced model of chronic AAD. 

Therefore AEC-derived EXO were used as it was believed that these EXO would 

possess the therapeutic and reparative proteins, lipids, mRNA and miRNA that 

would be more beneficial against the AI, AWR, and AHR associated with the 

refined OVA/NA-model of chronic AAD. 
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In this study, we demonstrated that AEC-derived EXO alone dose-dependently 

offered some level of protection against the AI, AWR and AHR associated with 

chronic AAD (Table 5-1), when intranasally administered to mice. As previously 

shown (in Chapter 4 and published in Patel et al., 2016), intranasal 

administration of RLX alone also partially reduced measures of AWR, airway 

fibrosis and AHR in the model studied, in the absence of having any effects on AI. 

Strikingly, combining EXO with RLX demonstrated greater therapeutic efficacy 

compared to either treatment alone and further reduced the chronic AAD-

induced AI, AWR, airway fibrosis and AHR. Of particular note, combining 25 g 

EXO (which would be extracted from ~50x106 AECs) with RLX was able to 

normalise the chronic AAD-induced epithelial damage and thickness, 

subepithelial and total lung collagen deposition (fibrosis), subepithelial 

myofibroblast density and AHR to equivalent levels measured from saline/CO-

treated uninjured mice over a one-week treatment period, and also significantly 

decreased AI (Table 5-1). Comparatively, combining 25 g EXO and RLX also 

offered greater protection against the chronic AAD-induced AI, goblet cell 

metaplasia, aberrant airway epithelial TGF- 1 expression and subepithelial 

myofibroblast accumulation compared to the combined effects of AECs and RLX 

(Table 5-1). 

 

These findings confirm that the anti-fibrotic and organ-protective effects of RLX 

can enhance the therapeutic efficacy of RXFP1-expressing AECs (Royce et al., 

2016) or the EXO they secrete in chronic disease settings. There are several 

advantages though to using EXO over AECs, including 1) the fact that mice can 
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Table 5-1: Summary of the individual vs combined effects of EXO ± RLX vs. AECs 
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Table 5-1. Summary of the individual vs combined effects of EXO ± RLX vs. 
 

AECs + RLX in the OVA+NA model. 

 

A summary of the individual vs combined effects of EXO ± RLX vs. AECs + RLX on 

chronic AAD-induced AI, AWR, fibrosis and AHR. The arrows in the OVA/NA 

column are reflective of changes to that measured in saline/CO-treated mice, 

while the arrows in the various treatment groups are reflective of changes to 

that in the OVA/NA group. ‒ denotes no changes compared to the effects of 

OVA+NA alone; + P < 0.05, ++P < 0.01 vs. AEC + RLX-treated group. 
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physically only be treated with 1-2x106 AECs (Moodley et al., 2010) whereas 

they can be subjected to the therapeutic equivalent of a much greater number 

of stem cells via the administration of EXO (i.e the 5 g and 25 g EXO 

administered to mice in this study would be equivalent to administering 10x106 

and 50x106 AECs, respectively); 2) the direct administration of EXO would allow 

for the transfer of proteins and nucleic acids across cellular boundaries; 3) the 

use of EXO may avoid other stem cell-based limitations such as donor-

dependent variability, culture-induced loss of function and genetic instability; 

and 4) the use of EXO offers manufacturing and regulatory advantages over 

stem cell-based therapies (Burke et al., 2016). Although the delivery of EXO was 

not tracked, a previous study showing that intranasal-administration of AECs 

was delivered directly to the lungs of OVA-injured mice (Royce et al., 2016) 

suggests that AEC-derived EXO were also delivered directly to the damaged 

lungs of OVA/NA-injured animals. 

 

Several important findings were confirmed by the studies conducted: firstly, 

AECs of chronic airways/lung disease. The use of 5μg EXO alone was able to 

reduce the OVA/NA-induced AI (by ~35%), subepithelial ECM deposition (by 

~35%), epithelial TGF-β1 (by ~33%) and myofibroblast differentiation (by ~60%) 

but failed to affect total lung collagen concentration and consequently, AHR. 

Comparatively, the use of 25μg EXO alone further reduced AI (by ~50%), 

subepithelial ECM deposition (by ~55%), total lung collagen concentration (by 

35-40%) and epithelial TGF- 1 expression levels as well as subepithelial 

myofibroblast density (by 80-90%), resulting in their ability to partially suppress 
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chronic AAD-induced AHR (by ~50%). Of note though, EXO alone were able to 

significantly reduce TSLP-associated epithelial damage, suggesting that they 

could mediate a significant level of tissue repair, even in the setting of chronic 

AAD. 

 

Secondly, the finding that the combined effects of AEC-derived EXO (particularly 

25 g EXO) with the anti-fibrotic drug RLX normalised several measures of chronic 

AAD-induced AWR, most notably the aberrant subepithelial and total lung 

collagen concentration (fibrosis), resulting in the combined effects of 25 g EXO 

and RLX normalising AHR – confirms our previous observations demonstrated in 

Chapter 4 (Patel et al., 2016) that treating aberrant lung collagen 

deposition/concentration (over other measures of AWR or AI) is the key to 

reversing the AHR associated with chronic AAD. This study showed that the 

treatments that were most effective in reversing airway/lung collagen 

deposition and more specifically total lung collagen concentration: 25 g EXO + 

RLX = AECs + RLX > 5 g EXO + RLX > 25 g EXO = RLX > 5 g EXO most notably 

reduced AHR in the same order. On the other hand, therapies that targeted 

other ECM proteins such as fibronectin and other measures of AWR (such as 

TFF2 or DEX alone) but were less effective in reducing aberrant total lung 

collagen accumulation were also less effective in treating AHR (Patel et al., 

2016). Likewise, AECs alone reduced the chronic AAD-induced AHR (by around 

35-40%) to a greater extent than bone marrow-derived MSCs (which did not 

significantly affect AHR) because AECs unlike bone marrow-derived MSCs were 
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able to reduce the chronic AAD-induced total lung collagen concentration by  

40% (Royce et al., 2016). 

 

Thirdly, however, as the combined effects of 25 g EXO + RLX normalised the 

chronic OVA/NA-induced AHR, whereas the combined effects of AECs + RLX did 

not, despite both combination therapies reducing subepithelial and total lung 

collagen deposition as well as airway epithelial damage and thickening to a 

similar extent – these findings suggest that treating other measures of AWR is 

then a secondary means of reducing the AHR associated with chronic AAD. In 

this regard, the optimal ability of 25 g EXO + RLX to reverse AHR in the model 

studied (compared to the effects of AECs + RLX) may have likely been attributed 

to the greater ability of 25 g EXO + RLX to reverse goblet cell metaplasia, 

aberrant epithelial TGF- 1 expression levels and/or subepithelial myofibroblast 

density compared to the effects of AECs + RLX (in addition to their ability to 

effectively lower aberrant lung collagen concentration/ accumulation). Similar 

findings were observed when RLX was co-administered with TFF2 or TFF2 and 

DEX, which optimally restored the chronic AAD-induced loss of dynamic 

compliance, as both sets of combination therapies markedly and equivalently 

reduced goblet cell metaplasia, aberrant epithelial TGF- 1 expression 

levels, subepithelial myofibroblast and collagen density as well as total lung 

collagen concentration (Patel et al., 2016). The fact that the combined effects of 

RLX and TFF2 could restore the chronic AAD-induced loss of dynamic compliance 

without affecting AI (Patel et al., 2016), further suggests that AWR makes a 

greater contribution to AHR compared to AI in a chronic disease setting; and 
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hence, targeting AWR over AI is more likely to impact on treating chronic AAD-

induced AHR. 

 

As the findings observed in the current study suggest that combining 25μg EXO + 

RLX offered significant protection against the AI and optimal protection against 

the AWR and related AHR associated with chronic AAD (equivalent to severe 

asthma), this combination therapy may represent a stand-alone means of 

treating the 5–10% of asthmatics that are resistant to corticosteroid therapy 

(Hetherington & Heaney, 2015). Furthermore, this combination therapy (of 25μg 

EXO + RLX) may serve as an effective adjunct therapy to the anti-inflammatory 

effects of clinically-used corticosteroids to treat the three central components of 

asthma: AI, AWR and AHR. As outlined previously, corticosteroids can be slow 

acting and cause several side-effects when chronically administered, particular 

at high doses. Various inhaled corticosteroids (administered at 0.5–6.4mg·day1) 

(Dahl, 2006) have been shown to induce both local side-effects such as 

pharyngitis, dysphonia, cough and bronchospasm, as well as systemic side-

effects primarily involving suppressed hypothalamic–pituitary–adrenal (HPA)-

axis function and growth retardation. In our previous study (Royce et al., 2013) 

methylprednisolone (0.3 mg kg1/day; i.p.) was combined with RLX 

(0.5mg·kg1·day1; s.c.; equivalent to the 0.8mg·mL1·day1; i.n. used in this study) 

to reduce airway fibrosis to a greater extent than methylprednisolone in the 

absence of any side-effects on animal body weight or behaviour. Similarly, lower 

doses of corticosteroids may be combined with EXO + RLX to treat the three 

central components of asthma without causing any of the side-effects associated 

with higher concentrations of corticosteroid use alone. The muscle-relaxant 
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(Baccari et al., 2004) and bronchodilatory (Lam et al., 2016) properties of RLX 

may be also be helpful in protecting from bronchospasm, while the marked 

tissue-repairing properties of AEC-derived EXO may limit the overuse of 

corticosteroid treatment. Hence, the wide-ranging positive effects of 25μg EXO 

and RLX might enable optimal dosing of corticosteroids to be titrated to safer 

levels when used in combination. 

 

In conclusion, we have evaluated and compared the combined effects of AECs or 

AEC-derived EXO with the anti-fibrotic effects of RLX in an experimental model 

of chronic AAD, which incorporates epithelial damage as part of its pathology 

and further confirmed that (i) epithelial damage and the ensuing AWR and 

fibrosis it causes are key contributors to AHR; (ii) AEC-derived EXO alone dose-

dependently and partially reduce the AI, AWR and AHR associated with chronic 

AAD (as per AECs alone); while (iii) the presence of RLX appears to enhance the 

effects of AEC- derived EXOs such that the combination therapy (particularly 25 

g EXO + RLX) offered optimal protection against the AWR and AWR-induced AHR 

compared to either therapy alone or AECs + RLX. This combination therapy may 

represent a novel replacement strategy for treating asthmatics that are resistant 

to corticosteroid therapy or may be used in conjunction with clinically-used 

corticosteroid to better treat severe asthma. The additional organ-protective 

effects of RLX, which protects from aberrant TGF- 1-stimulated pathology 

without affecting normal fibroblast function and ECM production (Unemori et 

al., 1996), and tissue-repairing effects of AEC-derived EXO offers additional 

advantages over current asthma medications. While our findings demonstrate 
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the feasibility of combining these therapies, additional studies aimed at 

maximally combining them (i.e. engineering EXO to express and deliver RLX to 

the damaged lung) and further understanding their mode of action are key to 

their translation as a therapy of the future. 
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5.0 DISCUSSION AND CONCLUSION 

 

Currently-available therapies for human asthma either manage or subdue 

episodes of AHR (e.g. with 2-adrenergic receptor agonists), or target and treat AI 

and subsequent AI-induced AHR (e.g. with corticosteroids). Unfortunately, these 

therapies do not specifically target epithelial damage or other features of AWR 

(such as pro-fibrotic cytokine release and pro-fibrotic cytokine-induced 

myofibroblast differentiation), which can lead to the development of AHR 

independently of AI. Therefore, the studies reported in this thesis were 

conducted to i) established a refined experimental model of chronic allergic 

airways disease that would better mimic key features of human asthma 

(associated with epithelial damage); and ii) investigate potential therapies that 

may be able to target and reverse epithelial damage and related AWR and AWR-

induced AHR. Additionally, the combined effects of several therapies were 

evaluated in comparison to, and in combination with, a clinically-used 

corticosteroid to determine the optimal approach for treating the three central 

components of asthma: AI, AWR and AHR. 

 

 

5.1 MAIN FINDINGS 

 

Aim-1 (Royce et al., 2014) demonstrated that superimposing epithelial damage 

(with naphthalene) onto established ovalbumin-induced chronic AAD (rather 

than prior to or during the progression of AAD) led to a significant increase in 
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eosinophil-induced AI, and substantial increases in epithelial damage and 

thickening, TGF- 1-induced subepithelial and total collagen deposition/ 

concentration (fibrosis), cell apoptosis and AHR; mimicking several features of 

human asthma. 

 

Aim-2 utilised the OVA+NA-induced model of chronic AAD incorporating 

epithelial damage (established in Aim-1) to demonstrate that the anti-

remodelling and anti-fibrotic effects of RLX were able to effectively reduce AHR, 

compared to the epithelial repair properties of TFF2 and anti-inflammatory 

properties of the corticosteroid, DEX (Patel et al., 2016). Furthermore, this Aim 

demonstrated that combining RLX, TFF2 and DEX offered maximal protection 

against the AI, AWR and AHR/dynamic compliance associated with chronic AAD. 

 

Aim-3 utilised the OVA+NA-induced model of chronic AAD incorporating 

epithelial damage (established in Aim-1) to demonstrate that the anti-

inflammatory, anti-remodelling and anti-fibrotic effects of AEC-EXO (25 g) in 

combination with RLX were also able to effectively reduce AHR, compared to the 

combined effects of 1x106 AECs + RLX (which did not suppress AI or some 

features of AWR to the same extent as the combined effects of AEC-EXO+RLX). 

This Aim also demonstrated that combining RLX with EXO (25 g) offered optimal 

protection against AWR and AHR, with some protection against AI. Several 

implications could be extrapolated from these combined findings: 
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i) DEX administration alone was able to significantly reverse AI, AI-induced 

goblet cell metaplasia, epithelial damage and thickness as well as aberrant 

airway epithelial TGF-β1 levels; but modestly reduced subepithelial fibronectin 

levels in the absence of having any effects on subepithelial myofibroblast 

differentiation or total collagen concentration; which resulted in no significant 

changes to chronic AAD-induced AHR (Table 5-1). Our lab has also investigated 

the effects of another corticosteroid, methylprednisolone, in the setting of the 

traditional 9-week mouse model of OVA-induced chronic AAD, where 

methylprednisolone was shown to effectively reduce AI, but only modestly 

reduced AI-induced AWR and AHR (Royce et al., 2013). 

 

These combined findings demonstrate the limited extent AI contributes to AHR 

in the setting of chronic AAD/asthma, and hence, the limited benefits asthma 

sufferers receive with corticosteroid therapy. In other words, primarily 

suppressing AI, with modest to no effects on AWR or airway fibrosis led to 

modest effects of the suppression of chronic AAD-induced AHR. 

 

ii) In comparison, TFF2 administration led to marked reductions in airway 

epithelial damage and thickening as well as airway epithelial TGF-β1 expression, 

partial effects on subepithelial myofibroblast differentiation and fibronectin 

deposition in the absence of any effects on total lung collagen concentration, 

and stimulation of collagen-degrading MMP-9, but not MMP-2 levels (Table 5-

1). These combined findings also led to no significant changes to chronic AAD-

induced AHR; suggesting that epithelial damage and related thickness/cytokine 
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release also contributed to AHR to a minor extent. Hence, these findings 

demonstrated that therapies mainly targeting epithelial damage and related 

thickness/cytokine release alone, would also modestly impact on chronic AAD- 

induced AHR. Consistent with this, a low dose of AEC-EXO (5 g) alone that 

effectively reduced epithelial damage and thickening, but only modestly 

reduced airway TGF- 1 expression as well as subepithelial myofibroblast 

differentiation and ECM deposition without affecting total lung collagen 

concentration, did not significantly affect chronic AAD-induced AHR. 

 

iii) Administration of the anti-fibrotic hormone, RLX, led to marked reductions 

in chronic AAD-induced epithelial thickening and TGF-β1 expression, 

subepithelial myofibroblast differentiation and fibronectin deposition, and total 

lung collagen concentration while increasing levels of collagen-degrading MMP-

2 and MMP-9; which in turn led to a 50-70% reduction in AHR (Royce et al., 

2009; Royce et al., 2013; Patel et al, 2016) (Table 5-1). These combined findings 

suggest that aberrant collagen concentration/airway fibrosis (resulting from 

AWR) is the most prominent contributor to AHR compared to the effects of AI or 

other features of AWR remodelling such as epithelial damage and thickening. As 

such, the extent to which airway fibrosis is therapeutically diminished appears to 

correlate with how effectively AHR can be reduced. To this extent, whereas a 

lower dose of AEC- EXO (5 g) that did not affect chronic AAD-induced collagen 

concentration (fibrosis), failed to significantly lower AHR, a higher dose of AEC-

EXO (25 g) alone, that partially but significantly lowered chronic AAD-induced 
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total collagen concentration and subepithelial ECM deposition was able to lower 

AHR by ~50%. 

 

iv) However, reducing airway fibrosis alone was found to not necessarily 

normalise AHR. Despite the combined effects of RLX and 1x106 AECs normalising 

chronic AAD-induced subepithelial ECM deposition and total lung collagen 

concentration, the limited ability of this combination therapy to reduce other 

features of AWR including goblet cell metaplasia and myofibroblast 

differentiation, resulted in its ability to only reduce AHR by ~50-80% (Royce et 

al., 2016) (Table 5-1). This suggests that therapies that can more broadly target 

several features of chronic AAD-induced AWR are more likely to normalise AHR. 

 

v) Consistent with this, combining the use of RLX (to treat airway fibrosis) with 

TFF2 (to treat epithelial damage and related thickness), demonstrated maximal 

protection against chronic AAD-induced AHR; indicating that the reduction of 

aberrant collagen concentration and epithelial damage/thickness at the same 

time could lead to the normalisation of AHR (Table 5-1). Importantly, as these 

effects occurred in the absence of a reduction in AI, these findings indicate that 

targeting epithelial damage/thickness and the ensuing fibrosis that results from 

AWR, can lead to the normalisation of AHR without the need to lower AI; 

confirming that AWR can contribute to AHR independently of AI. To this extent, 

although treatment strategies that do not affect AI would not be used to treat 

mainstream asthma, they may offer relief of steroid-resistant asthma sufferers 

that do not respond to corticosteroid treatment. 
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While 300 million people around the world suffer from asthma, approximately 

5% of asthma sufferers are associated with steroid-resistant asthma, which 

means that they are unable to respond to the anti-inflammatory effects of 

corticosteroids (WHO, 2007). One theory for the development of steroid-

resistant asthma is that it occurs due to a bacterial or fungal infection during the 

development of asthma (Wang et al., 2010). This results in (i) a reduction in T-

cells that possess receptors for the corticosteroids to act upon, and (ii) an 

alteration in the binding site of the remaining corticosteroid receptors which 

prevents the binding of therapeutic corticosteroids (Ito et al., 2006; Adcock & 

Barnes, 2008). As people whom suffer from steroid-resistant asthma still present 

with epithelial damage and related AWR, fibrosis and AHR, strategies that target 

airway fibrosis and epithelial damage/thickening (such as RLX and TFF2) may be 

a potential therapeutic option for these patients. 

 

vi) Finally, combining the anti-fibrotic effects of RLX with the epithelial-repair 

properties of TFF2 and anti-inflammatory effects of the corticosteroid, DEX, 

offered maximal protection against the three central components of chronic 

AAD/asthma (Patel et al., 2016) (Table 5-1). Not only was this combination 

therapy shown to be feasible without impacting/diminishing the individual 

effects of either treatment alone, it demonstrated that the combined effects of 

RLX and TFF2 could serve as a suitable adjunct therapy to clinical available 

corticosteroids, to offer more comprehensive protection of asthma disease 

pathology over the effects of corticosteroid treatment alone. Likewise,  
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Table 6-1: Summary of the various individual and combined 
therapies investigated  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Table 6-1: Summary of the various individual and combined therapies 
 

investigated. 

 

A summary of the individual vs combined effects of DEX, TFF2, RLX, TFF2+RLX, 

TFF2+RLX+DEX, 25mg EXO, 5mg EXO+RLX, 25mg EXO+RLX vs. 1x106 AECs+RLX 

on chronic AAD-induced AI, AWR, fibrosis and AHR. The arrows in the 

OVA/NA column are reflective of changes to that measured in saline/CO-

treated mice, while the arrows in the various treatment groups are reflective 

of changes to that in the OVA/NA group. ‒ denotes no changes compared to 

the effects of OVA+NA alone; ND denotes not determined. 
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combining AEC-EXO (25 g) with RLX offered the complete normalisation of 

AHR by not only abrogating airway fibrosis, but also significantly reducing AI 

and several features of AWR (such as goblet cell metaplasia, epithelial 

damage/thickness, epithelial TGF- 1 expression and subepithelial 

myofibroblast differentiation) (Table 5-1). The studies presented in this thesis 

also demonstrated the feasibility of combining RLX with stem cells or stem 

cell-derived EXO, the latter which could represent a stand-alone therapy for 

mainstream asthma sufferers as well as those that are resistant to 

corticosteroid therapy. 

 

 

5.2 LIMITATIONS 

 

The major limitation with any animal-based study is the model used to replicate 

human disease. It is very hard to completely replicate a human disease in an 

animal, and this is a commonly-found issue with animal models of human 

asthma. 

 

While the commonly used 9-week mouse model of OVA-induced AAD does 

undergo AI and, AI-induced AWR (goblet cell metaplasia, epithelial thickness, up- 

regulation of airway TGF-1 expression and myofibroblast density and smooth 

muscle thickening) and AHR, it lacks epithelial damage as a component of its 

pathology, which is now believed to be a major component of the pathogenesis 

of asthma. 
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Therefore, although OVA is not a typical instigator of human asthma, due to its 

ability to induce several features of human asthma in mice, a refined mouse 

model of OVA-induced AAD was developed that not only incorporated epithelial 

damage onto the pathogenesis of OVA-induced chronic AAD, but also did not 

compromise the other features that this model presented with, as all the above-

mentioned processes play a role in contributing to the development of fibrosis 

and deterioration of lung function in asthma sufferers. 

 

It was discovered that by superimposing a 3-day model of NA-induced epithelial 

damage after the 9-week mouse model of OVA-induced AAD, the features of 

the chronic AAD model were maintained, with the inclusion of epithelial 

damaged, resulting in exacerbated airway fibrosis levels and worsening of lung 

function. However, while this model now presents with an additional feature 

commonly associated with asthma (epithelial damage), it is still not perfect. 

Epithelial damage is a process that occurs repeatedly throughout the 

pathogenesis of human asthma. Hence, a more accurate animal model of 

human asthma would need to replicate this. Angiogenesis is also a feature of 

human asthma that needs to be investigated and incorporated (Chetta et al., 

2007) to fully replicate human asthma pathology. 

 

Moreover, these therapies were only tested in an animal model that is used to 

mimic the key features associated with chronic eosinophilic allergic asthma. 

Further studies could evaluate the treatment strategies investigated in the more 

clinically-relevant house dust mite model. Furthermore, as there are a number 
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of other factors that can drive the development of asthma (such as neutrophilia, 

viral and/or bacterial infections, and exercise, to name a few), further studies 

should also evaluate the individual and combination therapies investigated in 

models that specifically replicate the features of human asthma, that are 

induced by these other factors. 

 

Furthermore, as many of the therapies evaluated in this thesis were intranasally-

administered to mice, which is a feasible mode of drug/cell administration to 

mice but not humans, finding suitable modes of administering these drugs/cells 

into asthma patients (i.e. by endotracheal or intravenous means) would need to 

be completed. The data presented in this thesis warrant this, as the therapies 

evaluated demonstrated feasible anti-remodelling and anti-fibrotic effects in 

experimental chronic AAD. 

 

Finally, the time-frame of the treatment strategies employed would need to be 

extended to effectively treat human asthma. While a 7-day treatment strategy 

was sufficient enough to reduce and even normalise several measures of AWR 

and AHR in the murine model investigated, several weeks to months of 

treatment is likely going to be required to treat the AWR associated with human 

asthma (Bergeron et al., 2010; Elias et al.,1999; Fehrenbach et al., 2017). To this 

extent, it would also be interesting to see if these results presented in this thesis 

can be repeated in larger animal models such as sheep or primates; to enhance 

their translational potential. Sheep are recognised for having anatomically 

similar lungs to humans. Also, due to the size similarities between human and 



 

201 

sheep lungs, it means diagnostic measurements can be made in the same way 

that they are made in a human patient suffering from asthma, or any other 

respiratory disease (Zosky & Sly, 2007; Meeusen et al., 2009). 

 

5.5 CONCLUSION 

 

In conclusion, the findings presented in this thesis demonstrated 1) the relative 

contributions of AI, epithelial damage and airway fibrosis to the pathogenesis of 

chronic AAD/asthma-induced AHR; and 2) the feasibility of targeting and 

treating several aspects of AWR associated with chronic AAD/asthma, with 

various individual vs. combination treatment strategies. These studies revealed 

that targeting aberrant collagen concentration, over other aspects of AWR and 

AI, is key to normalising chronic AAD/asthma-induced AHR; and offered greater 

protection to what was offered by an anti-inflammatory corticosteroid. As many 

of these therapies such as RLX (Teerlink J et al., 2013), AECs (Lim R et al., 2017) 

and AEC-EXO (ClinicalTrials.gov Identifier NCT02138331; NCT03384433) are 

already being evaluated in various clinical trials, novel strategies incorporating 

these therapies can hopefully fast-tracked as treatments for asthma in the not 

too distant future. 
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