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GRAPHICAL SUMMARY 

 

 

 

Age- and disease-related lung remodelling limits airflow and devastates the lung 

architecture without option for effective treatment. Allergens, pollutants and 

infections have been identified as activators of chronic inflammation and injury in 

the lung where immune cells (e.g. eosinophils and neutrophils), resident cells (e.g. 

epithelial cells and fibroblasts) and remodelling mediators (e.g. interleukin-13 (IL-

13) and transforming growth factor-β (TGF-β)) drive lung remodelling by mechanisms 

that are not yet fully understood.  
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Previous studies have demonstrated an extracellular cation-sensor, the calcium-

sensing receptor (CaSR), plays a central role in lung development, tissue 

morphogenesis and inflammation in the lung as well as tissue remodelling in other 

organs. However, the role of the CaSR in lung remodelling is currently unknown. 

 

During my PhD I have 1) developed novel methods for determining airway and 

interstitial lung remodelling in vivo; 2) investigated the role of the CaSR in age-

related lung remodelling in vivo using aging mice with targeted CaSR-deletion from 

SM22α-positive cells; 3) investigated the role of the CaSR in pre-clinical models of 

IgE/Th2 asthma, alarmin-driven asthma and COPD-like neutrophilic exacerbation in 

the presence or absence of inhaled negative allosteric modulators (NAM) of the 

CaSR; and 4) investigated the role of the CaSR in cell signalling and remodelling 

processes in vitro using human lung fibroblasts exposed to a remodelling mediator, 

TGF-β, in the presence of absence of NAM treatment. The key findings of this thesis 

are: 

 

1. The CaSR in SM22α-positive cells is central to age-related airway and 

interstitial ECM remodelling. 

2. Inhaled NAM treatment ameliorates airway remodelling, particularly goblet 

cell metaplasia, in models of IgE/Th2 asthma and interstitial remodelling 

and/or inflammation in alarmin-driven asthma. 

3. The CaSR is expressed in human lung fibroblasts and NAM treatment 

ameliorates TGF-β1-induced upregulation of CaSR and associated G-protein 

expression; non-canonical TGF-β signalling; and cellular processes implicated 

in lung remodelling, including cell-adhesion, apoptosis, secretion, growth, 

proliferation and extracellular matrix (ECM) remodelling.  

 

Together these findings strongly indicate that the CaSR plays a central role in 

physiological and pathophysiological lung remodelling. 
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CHAPTER 1: INTRODUCTION 

 

Lung remodelling is a characteristic of aging and chronic lung disease in humans. In 

fact, irreversible respiratory dysfunction is the direct result of lung remodelling. 

This is defined as the structural change in molecular, cellular or tissue quantity, 

composition and organisation (Hogg et al., 2009). This introduction will present an 

overview of lung physiology, the changes that occur in pathophysiology and what is 

currently understood about remodelling mechanisms. It will also introduce the 

extracellular calcium-sensing receptor (CaSR) and the current evidence suggesting 

the CaSR plays a central role in lung remodelling as well as a hypothesis, aims and 

objectives. 

 

1.1 Lung physiology and remodelling 

1.1.1 Morphology and cellular composition  

The lung is the primary site for gaseous exchange, providing the body with oxygen 

for the process of producing energy from complex organic substances as well as 

expulsion of the internal respiration and metabolic product, carbon dioxide 

(Lammert et al., 2014). At least 40 cell types have been identified in the lung so far; 

however, the recent discovery of novel cell types, such as the airway epithelium 

ionocyte and lipofibroblasts, suggests current knowledge of the cellular composition 

of the lung is incomplete (Franks et al., 2008; Montoro et al., 2018; Plasschaert et 

al., 2018; Schiller et al., 2019).  

 

In humans, the bifurcating larger airways (bronchi) have an epithelium consisting 

primarily of pseudostratified, columnar, ciliated epithelial cells; mucus-secreting 

goblet cells; columnar cells; and basal cells attached to a basement membrane. 

These cells play a central role in defence by secreting mucosubstances, trapping 

foreign particles and removing them from the lung by mucociliary clearance.  

 

The subepithelial region, also termed the submucosa, consists of mucus-secreting 

submucosal glands, neutrophils, dendritic cells and fibroblasts supported by a layer 

of collagen- and elastin-rich connective extracellular matrix (ECM) (lamina propria). 
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A layer of smooth muscle is found between the subepithelial region and the 

peribronchial adventitia that can constrict the airway to prevent passage of harmful 

substances into the lung, such as methacholine (Bossé et al., 2008). Finally, the 

peribronchial region (adventitia) consists of cartilage, fibroblasts and a supporting 

non-cellular ECM.  

 

The ECM is composed of over 300 structural proteins, adhesion proteins and 

glycoproteins, including collagen, elastin, fibronectin, tenascin, glycosaminoglycans 

(GAGs) and proteoglycans, of which collagen fibres are the most abundant (Olczyk 

et al., 2014; Kular et al., 2014). Fibroblasts and the ECM provide structural rigidity 

and elasticity but also regulate tissue morphology by processes such as cell adhesion, 

migration, and proliferation through stiffness, integrin binding site availability and 

signalling molecules, called matrikines (Hoyles et al., 2011; Burgstaller et al., 2018; 

Burgess et al., 2018; Hough et al., 2020). The airways are also highly vascularised to 

perform their function with each airway being associated with a vein and an artery 

(Lammert et al., 2014; Figure 1.1A). 

 

 

Figure 1.1. The structure and cellular composition of the lower airways. This 

is a graphical representation of the cellular and structural composition of the 

(A) larger airways (bronchi), (B) smaller airways (bronchioles) and (C) alveoli. 

Reproduced from Barrett et al. (2016). ECM: extracellular matrix. 
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The smaller airways (bronchioles, terminal bronchioles and respiratory bronchioles) 

consist primarily of ciliated, simple columnar or cuboidal epithelium with fewer 

goblet cells and submucosal glands, increased surfactant-secreting Clara cells and a 

reduced peribronchial ECM (Figure 1.1B). Finally, alveolar ducts feed the alveolar 

sacs that are especially thin to maximise surface area and aid gaseous exchange to 

and from the dense alveolar capillary network (West, 2011; Lammert et al., 2014). 

The alveoli consist of squamous-like type I alveolar epithelium cells, larger cuboidal 

surfactant-producing type II alveolar epithelial progenitor cells and capillary 

endothelial cells attached to a supporting alveolar interstitial extracellular matrix 

(Figure 1.1C). 

 

1.1.2 Protective mechanisms and repair 

Bacterial or viral infections, inflammation, allergic reactions, exposure to 

xenobiotics (e.g. cigarette smoke, pollution), physical trauma (e.g. mechanical 

ventilation), cancer, or pathology of unknown origin can cause injury to the lung 

epithelium (Crosby & Waters, 2010). Despite region-dependent variation in the 

response to persistent lung injury, the acute inflammatory response following initial 

injury is consistent throughout the lung.  

 

Injury to the airway epithelium activates tissue remodelling processes to re-establish 

integrity and organisation by releasing signalling molecules, such as cytokines, 

interleukins, matrikines and growth factors, such as TGF-β. These signalling 

molecules then mediate cellular repair mechanisms by activating signalling 

cascades, such as the small mother against decapentaplegic (Smad) pathway; Jun 

N-terminal kinase (JNK), extracellular signal-regulated kinase (ERK) and p38 

mitogen-activated protein (MAP) kinase pathways; the phosphatidylinositol 3-kinase 

(PI3K)/Akt pathway, the Ras homolog (Rho) pathway; and Wingless-related 

integration site (Wnt) signalling pathways (Crosby & Waters, 2010). These pathways 

display a high degree of overlap and collectively orchestrate remodelling processes, 

such as cell adhesion, growth, proliferation, differentiation, migration, cytoskeletal 

organisation, apoptosis, and ECM component synthesis and turnover, as shown in 

Figure 1.2 (Crosby & Waters, 2010).  
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Figure 1.2. The process of normal wound healing in the lung. A flow diagram 

describing the sequence of events following injury to the lung epithelium; cell-

cell signalling via cytokines, growth factors and matrikines; immune cell 

recruitment; and regeneration via epithelial-to-mesenchymal transition (EMT), 

extracellular matrix (ECM) secretion and cell proliferation (Adapted from Crosby 

& Waters, 2010). 

 

This repair process involves a plethora of cell types, including airway Clara cells or 

alveolar type II epithelial progenitor cells, fibroblasts, endothelial cells, and immune 

cells (Mason & Williams, 1977; Zahm et al., 1991; Zahm et al., 1992; Zahm et al., 

1997; Puchelle et al., 2006; Stripp et al., 2008; Crosby & Waters, 2010). The 

underlying ECM is also involved in this process to ensure the airways are structurally 

supported, vascularised, free from infection, and undergoing repair appropriately 

(Crosby & Waters, 2010). 
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1.1.3 Aging, inflamm-aging and senescence 

The aging human lung is associated with a progressive decline in lung structure and 

function associated with genetic and epigenetic alterations; stem cell exhaustion; 

loss of protein homeostasis; senescence; inflamm-aging and dysfunction of the 

mitochondria, nutrient sensing apparatus and ECM (Mahler et al., 1986; Panda et 

al., 2009; Lowery et al., 2013; Meiners et al., 2015; Meyer, 2018). Inflamm-aging 

describes the chronic activation of the innate and adaptive immune response in the 

absence of injury or immunologic threat (Verbeken et al., 1992; Lowery et al., 2013; 

Brandsma et al., 2017; Meyer, 2018). The term senescence describes the 

accumulation of dysfunctional, non-replicative cells (including immune cells) that 

are suspended in a state of cell cycle arrest but remain metabolically active and 

secrete a senescence-associated secretory phenotype (SASP) consisting of cytokines, 

growth factors and proteases (Kortlever et al., 2006; Panda et al., 2009; Lowery et 

al., 2013; Baker et al., 2016).  

 

Both inflamm-aging and the SASP of senescent lung cells are characterised by 

elevated proinflammatory cytokines, including interleukin (IL)-1β, IL-6, tumour 

necrosis factor-α (TNF-α); growth factors, such as transforming growth factor-β 

(TGF-β); and ECM-degrading matrix metalloproteinases (MMPs), such as MMP9 and 

MMP12, that act in a vicious cycle to further increase immune system activation and 

accelerate cellular senescence (Kovacs et al., 2002; Ershler & Keller, 2000; Debacq-

Chainiaux et al., 2005; Gomez et al., 2006; Liu & Hornsby, 2007; Panda et al., 2009; 

Gomez et al., 2009; Carlson et al., 2009; Senturk et al., 2010; Minagawa et al., 2011; 

Sueblinvong et al., 2012; Lowery et al., 2013; Baker et al., 2016; Papageorgis, 2017; 

Zhang et al., 2017; Vitenberga & Pilmane, 2018; Hudgins et al., 2018).  

 

1.1.3.1 TGF-β regulates cell cycle arrest and SASP 

TGF-β is a key regulator of the cell cycle that, under normal conditions, 

communicates pro-senescent signals to reduce fibroblast activation and limit the 

progression of fibrosis as the site of lung injury resolves (Krizhanovsky et al., 2008; 

Jun & Lau, 2010; Meyer et al., 2016; Parimon et al., 2021). However, aging 

dysregulates this process promoting non-resolving senescence. Although this 
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mechanism is not fully understood, inhibiting senescence in models of lung fibrosis 

has been shown to ameliorate lung remodelling (Hecker et al., 2014; Schafer et al., 

2017; Hohmann et al., 2019; Parimon et al., 2021).  

 

1.1.3.2 Hallmarks of age-related remodelling 

The primary hallmarks of age-related lung remodelling include reduced airway 

epithelial and mucus-producing cells; impaired mucociliary clearance; increased 

senescent fibroblasts; reduced ECM elastin and lamin content; and a fibrotic, 

collagen-rich ECM (D’Errico et al., 1989; Fulop et al., 2001; Quirk et al., 2016; Godin 

et al., 2016). Furthermore, in the lung parenchyma alveolar epithelial cells become 

senescent and apoptotic causing alveolar spaces to increase and lose elasticity 

without alveolar wall destruction, this is termed senile emphysema (Cho & Stout-

Delgado, 2020). Aging also has severe implications for susceptibility, poor disease 

prognosis and mortality in chronic lung diseases, such as asthma, chronic obstructive 

pulmonary disease (COPD) and idiopathic pulmonary fibrosis (IPF) (Busse et al., 

2017). 

 

1.2 Lung pathophysiology and remodelling 

Pathophysiological lung remodelling can manifest in several different ways. Asthma, 

COPD and IPF are primary examples of diseases where region-dependent lung 

remodelling is a key characteristic that leads to breathing difficulties, reduced 

quality of patient life and mortality without option for effective treatment using 

current therapeutics. While these diseases are distinct in terms of aetiology, they 

share key mechanistic characteristics of lung remodelling.  

 

1.2.1 Asthma 

Asthma is a chronic inflammatory lung disease characterised by reversible wheezing 

asthma attacks, inflammation and airway remodelling (Figure 1.3) often induced by 

inhalation of otherwise innocuous substances. Asthma is expected to exceed 400 

million sufferers worldwide by 2025 (Payne et al., 2003; Rajanandh, 2015). It is 

estimated that 3-10% of these patients experience severe disease and globally there 

are approximately 250,000 to 450,000 asthma-related deaths annually (Chung et al., 
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2014; Maslan & Mims, 2014; Hekking et al., 2015;  Soriano et al., 2017; Vos et al., 

2020).   
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Figure 1.3. Comparison of normal human (left) and severe asthmatic patient 

(right) airway. The asthmatic airway is narrowed by epithelial changes, smooth 

muscle hypertrophy and inflammation. It is also obstructed by the mucus 

produced by an increased number of goblet cells (blue staining). The 

surrounding functional architecture is destroyed by fibrosis (subject age, gender 

and post-mortem unknown; Movat’s stain; adapted from Wadsworth et al., 

2011). Graticule = 100 µm. 

 

1.2.1.1 Pathogenesis 

Asthma is recognised as a syndrome of variable disease endotypes where the primary 

subtypes are IgE/Th2 (allergic) asthma and alarmin-driven (non-allergic) asthma. 

IgE/Th2 asthma is thought to be triggered by allergens and release of cytokines, 

such as thymic stromal lymphopoietin (TSLP), IL-25 and IL-33 at the airway 

epithelium. This activates type 2 innate lymphoid (ILC2) cells and subsequently the 

adaptive immune response. This immune response is characterised by Th2 cell and 
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eosinophil activation; IgE production by B cells; histamine release by activated mast 

cells; and production of Th2-associated cytokines such as IL-4, IL-13 and TGF-β from 

a range of cell types (Lambrecht & Hammad, 2015; Israel & Reddel, 2017).  

 

Alarmin-driven asthma is triggered by injury to the airway epithelium which releases 

alarmins (also known as damage-associated molecular patterns), such as IL-33, to 

activate both the adaptive and innate immune response as well as the NLRP3 

inflammasome (Simpson et al., 2014). The innate immune response is characterised 

by activation of Th17 cells, neutrophils and bronchial epithelial cells and the release 

of cytokines such as IL-1β, IL-6, IL-17, TNFα and TGF-β from a range of cell types 

(Burgess et al., 2004; Doherty & Broide, 2007; Halwani et al., 2010; Israel & Reddel, 

2017; Boonpiyathad et al., 2019).   

 

1.2.1.2 Asthmatic airway remodelling 

Although the endotypes of asthma are discrete, both IgE/Th2 and alarmin-driven 

asthma exhibit the same manifestations of remodelling (Pillai et al., 2011; Polosa & 

Thomson, 2013). As shown in Figure 1.3, loss of epithelial barrier integrity; 

epithelial metaplasia; mucociliary dysfunction; goblet cell metaplasia; mucus 

hypersecretion; smooth muscle thickening; subepithelial and peribronchial fibrosis; 

and angiogenesis are the hallmarks changes in asthma which narrow, obstruct, 

constrict and stiffen the larger and smaller airways (Jeffery et al., 1989; Roche et 

al., 1989; Brewster et al., 1990; Aikawa et al., 1992; Carroll et al., 1993; Li et al., 

1997; Ordoñez et al., 2001; Johnson et al., 2001; Jenkins et al., 2003; Bergeron et 

al., 2010). 

 

1.2.1.3 Treatment of asthma 

Treatment consists of a combination therapy using an inhaled corticosteroid for 

immunosuppression and an additional short-acting or long-acting β2-agonist 

bronchodilator to relax smooth muscle during an asthma attack (Fitzgerald et al., 

2017; GINA guidelines, 2018). However, antigen-specific biologics are also now 

approved for asthma treatment and are used to target specific antigens, including 

type 2 cytokines (e.g. interleukin-4, -5 and -13) or immunoglobulins (e.g. IgE) 

(Santamaria et al., 2021; Reddel et al., 2021; Busse & Kraft, 2022). Although current 
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treatments show some benefits against remodelling, particularly in combination 

(Roth et al., 2002), they do not prevent asthma nor target the root cause of disease, 

which remains incompletely understood (Lambrecht & Hammad, 2015; Israel & 

Reddel, 2017). 

 

1.2.1.4 Models of asthma pathophysiology 

Several models are predominantly used to recapitulate the endotypes and 

phenotypes of human asthma in mice. Ovalbumin (OVA), a poultry-derived 

phosphoglycoprotein, is commonly used as an allergen to induce variations of 

IgE/Th2 asthma using OVA sensitisation, to ensure an IgE response, and short-term 

and chronic OVA challenge to produce a range of eosinophil-dominated inflammatory 

profiles. Using this approach, OVA exposure induces epithelial hypertrophy, goblet 

cell hyperplasia, hyperresponsive and hypertrophied smooth muscle and 

subepithelial/peribronchial fibrosis in mouse airways as well as increased cytokine 

production, including IL-4, IL-13 and IL-33 (Ellis et al., 2003; Hayakawa et al., 2007; 

Kumar et al., 2008; Kurowska-Stolarska et al., 2008; Hamzaoui et al., 2013; Tang et 

al., 2014). 

 

Inhaled IL-33 challenge has also been used to induce characteristics of alarmin-

driven asthma without an increase in systemic allergic response, including immune 

cell infiltration; increased Il-4, IL-6, IL-13 and TGF-β expression; goblet cell 

hyperplasia; airway smooth muscle hypertrophy; subepithelial and peribronchial 

collagen deposition; and angiogenesis (Li et al., 2015). Although shorter exposures 

increase lung immune cells, including neutrophils, and goblet cell remodelling by 

day 24, smooth muscle and vascular remodelling is only observed by day 36 and ECM 

remodelling characteristics are visible by day 48 (Li et al., 2015).  

 

1.2.2 Chronic obstructive pulmonary disease 

COPD is also considered a chronic inflammatory lung disease characterised by 

alarmin-driven inflammation, bronchoconstriction, airway remodelling and 

emphysema. COPD is currently the third leading cause of death worldwide with 

approximately 3.1-3.2 million annual deaths largely due to lack of effective 

treatment (Soriano et al., 2017; World Health Organisation, 2020). Although this 
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disease is strongly associated with cigarette smoking there are several other known 

causes, such as air pollution and indoor cooking in the non-western world (Brandsma 

et al., 2017).  

 

1.2.2.1 Pathogenesis 

Repeated damage to the airway epithelium by pollutants, such as cigarette smoke, 

drives COPD by alarmin-driven activation of the innate immune response and NLRP3 

inflammasome (Willemse et al., 2005a; Saetta et al., 2006; Hogg & Timens, 2009). 

This recruits immune cells, including eosinophils, neutrophils, cytotoxic CD8+ T cells, 

and alveolar macrophages, and upregulates inflammatory cytokines, such as IL-6, IL-

8, chemokine C-X-C motif ligand (CXCL) 1, TNFα and TGF-β (Pizzichini et al., 1998; 

Kim et al., 2008; Morty et al., 2009; Tashkin & Wechsler, 2018; Hikichi et al., 2019).  

 

1.2.2.2 Remodelling in COPD 

The immune response in COPD is thought to be central in driving airway remodelling, 

including loss of barrier integrity; epithelial metaplasia; mucociliary dysfunction; 

goblet cell metaplasia; mucus hypersecretion; smooth muscle thickening; 

peribronchial ECM remodelling; and arteriole thickening (Hogg et al., 1968; Vlahovic 

et al., 1999; Hogg et al., 2004; Postma & Timens, 2006; Kranenburg et al., 2006; 

Annoni et al., 2012; Lugade et al., 2014; Tjin et al., 2014; Gohy et al., 2015; Jones 

et al., 2016; Brandsma et al., 2017; Rose et al., 2018; ).  

 

Emphysema is unique to COPD and characterised by a net destruction of alveolar 

walls reducing scope for gaseous exchange. This is thought to be caused by 

dysfunction of senescence, apoptosis, autophagy and repair mechanisms leading to 

increased oxidative stress, proteinase imbalance and an altered ECM where primarily 

elastin content is reduced (Young & Narita, 2010; Wright et al., 2011; Hikichi et al., 

2019). Figure 1.4 shows a comparison of airways from a case of fatal asthma and 

severe COPD to highlight that, despite important clinical differences, severe asthma 

and COPD share several remodelling characteristics including smooth muscle and 

ECM remodelling (Maselli & Hanania, 2018). The similarity of remodelling 

characteristics exhibited by these two aetiologically different diseases suggests the 

mechanisms by which they occur may overlap. 
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Table 1.1. Comparison of airway remodelling characteristics in asthma and  

COPD. Asthmatic airways share some key pathophysiological features with 

chronic obstructive pulmonary disease (COPD) airways, including airway smooth 

muscle thickening and fibrosis; however, basement membrane thickening and 

emphysematous alveolar disruption are not shared by these diseases. (Adapted 

from Barnes, 2011). 

 

 

1.2.2.3 Treatment of COPD 

Treatment usually involves long-acting β2-adrenoceptor agonists (LABAs) or 

muscarinic antagonists (LAMAs) to control bronchoconstriction as well as 

corticosteroids to control inflammation. However, due to the association of inhaled 

corticosteroid (ICS) treatment with an increased risk of pneumonia the 2020 GOLD 

guidelines contra-indicates glucocorticosteroid use alone in favour of triple inhaled  

therapies (combination of ICS/LAMA/LABA) (Liapikou et al., 2015; Halpin et al., 

2020). Phosphodiesterase 4 (PDE4) inhibitors, mucolytic agents and xanthines are 

also available as emerging treatment options (Page & Cazzola, 2016). Episodes of 

worsening COPD symptoms, called exacerbations, are treated with a combination of 

bronchodilators, systemic corticosteroids and antibiotics (Halpin et al., 2020). 

Although these treatments provide much needed symptom relief, these treatments 

do not target the root cause of disease or reverse the progressive remodelling 

observed in COPD.  

 

1.2.2.4 Models of COPD pathophysiology 

There are three main models of COPD, including cigarette smoke, elastase, and 

lipopolysaccharide (LPS) exposures using mice, guinea pigs and rats (Ghorani et al., 
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2017). A major limiting factor in the investigation of COPD is the lack of small-animal 

models that can accurately reproduce the characteristics of COPD pathophysiology 

in a specific timeframe (Beckett et al., 2013). Due to the strong association of 

cigarette smoke in the pathogenesis of COPD, many consider it to be the ideal choice 

for inducing COPD-like characteristics in animal models of disease; however, the 

characteristics induced by cigarette smoke are reversible and return to normal 

following exposure cessation unlike human disease. These models are also costly and 

labour intensive.  

 

Alternatively, LPS is a major component of the outer cell wall of gram-negative 

bacteria and a key contaminant in cigarette smoke, air pollution and organic dusts 

(Hasday et al., 1999; Rylander, 2006; Pera, 2011; Pera et al., 2011; Ghorani et al., 

2017). LPS exposure has been shown to induce immune cell recruitment, including 

eosinophils, macrophages, neutrophils, CD8 and CD4 T cells; increased cytokine 

production, including IL-1β, IL-6, IL-8 and TNF-α; and persistent remodelling 

characteristics, including epithelial thickening, goblet cell hyperplasia, increased 

airway smooth muscle mass (mice only), peribronchial ECM remodelling, and 

emphysema that closely resembles COPD (Ulich et al., 1991; Vernooy et al., 2001; 

Vernooy et al., 2002; Toward & Broadley, 2002; Savov et al., 2002; Brass et al., 

2003; Savov et al., 2003; Brass et al., 2004; Savov et al., 2005; Brass et al., 2007a; 

Brass et al., 2007b; Puljic et al., 2007; Pera, 2011). 

 

Furthermore, Toward & Broadley (2001) observed histological evidence of oedema, 

epithelial disruption, leukocyte infiltration, and goblet cell metaplasia but no 

evidence of irreversible emphysematous lung tissue destruction that had been 

previously observed in a similar protocol using chronic intratracheal LPS installations 

in hamsters (Stolk et al., 1992). 

 

1.2.3 Idiopathic pulmonary fibrosis (IPF) 

IPF is an interstitial lung disease characterised by its unknown aetiology and rapid 

fibrotic destruction of the lung parenchyma following diagnosis. Due to the extended 

period of time taken for this disease to present, the mean age of patients with this 

disease is 65-70 years and, due to the rapid progression of fibrotic remodelling, 
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patients live a median survival of 2-3 years from diagnosis if left untreated (Sharif, 

2017). The primary hallmarks of IPF are epithelial cell metaplasia; goblet cell 

hyperplasia; increased fibroblast proliferation; hypertrophy and hyperplasia of 

alveolar epithelial cells; interstitial fibrosis and endothelial cell apoptosis 

(Katzenstein et al., 2008; Hansell et al., 2008; Bingle 2011; Farkas et al., 2011; 

Knudsen et al., 2017). 

 

IPF is not considered to be an inflammatory lung disease; however, inflammatory 

cationic proteins and growth factors play a central role in IPF pathogenesis, including 

eosinophilic cationic protein (ECP) and TGF-β (Bringardner et al., 2008). 

Furthermore, accelerated aging is highly implicated in the pathogenesis of IPF and 

failure of the alveolar epithelium, including processes such as mitochondrial 

dysfunction; shortened telomeres; mutations to telomerase or surfactant proteins; 

and less efficient or reliable protein folding in the endoplasmic reticulum (ER), 

(Armanios et al., 2007; Alder et al., 2008; Naidoo, 2009; Waters et al., 2017; 

Schuliga et al., 2021). Furthermore, enzymes such as lysyl oxidases are thought to 

contribute to collagen cross-linking which results in a stiffened ECM and 

subsequently a pro-fibrotic microenvironment (Wipff et al., 2007; Shi et al., 2011; 

Tjin et al., 2016; Burgess et al., 2016; Tjin et al., 2017). 

 

1.2.3.1 Models of IPF pathophysiology 

The predominant model used to recapitulate characteristics of IPF is bleomycin-

induced lung fibrosis in aged male mice. Intratracheal administration of bleomycin 

induces epithelial cell death, inflammatory infiltration and subsequently fibroblast 

activation, increased extracellular matrix deposition, and fibrosis, in 2-3 weeks and 

closely resembles the acute phase of IPF in humans (Peng et al., 2013; Tashiro et 

al., 2017). In vitro models have also been developed to replicate key features of IPF 

disease, such as myofibroblast differentiation (Balestrini et al., 2012; Mondrinos & 

Huh, 2015; Surolia et al., 2017), TGFβ signalling (Booth et al., 2012; Mondrinos & 

Huh, 2015; Surolia et al., 2017) and epithelial-fibroblast crosstalk to investigate 

anti-fibrotic treatments either isolating specific cell types (e.g. fibroblasts) or 

reproducing cross-talk between specific cells or tissues (Waghray et al., 2005; Prasad 

et al., 2014; Epa et al., 2015). Plastic and glass substrates as well as hydrogels are 
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the potential platforms on which single cell type responses are investigated. These 

models can utilise treatment with recombinant TGF-β1, bleomycin or TGF-β 

signalling agonists to induce an IPF-like phenotype for the determination of 

proliferation, viability, and cytokine production markers (Promchainant, 1975; 

Breen et al., 1992; Hamilton Jr et al., 1995; Gon et al., 2000; Surolia et al., 2017). 

However, it is important to acknowledge the differences between the effects of 2D 

and 3D cultures on cell behaviour (Matera et al., 2020) and more importantly the 

differences in gene and protein expression of immortalised cell lines compared to 

primary human cells (Burgess et al., 2018). 

1.3 TGF-β in remodelling 

It is well known that cytokines and growth factors play a central role in mediating 

lung remodelling of which TGF-β is a principle example. TGF-β is known to be a 

potent regulator of growth and apoptosis under physiological conditions (Hu et al., 

2018) and plays a central role in both normal and aberrant lung remodelling (Liotta 

et al., 1986; Coker et al., 1997; Gharaee-Kermani et al., 2009; Halwani et al., 2011; 

Fernandez & Eikelberg 2012; ). Although the effects of TGF-β are cell type-specific 

and developmental stage-dependent, the signalling pathways remain consistent 

(Tzavlaki & Moustakas, 2020). TGF-β is one of the most potent inducers of ECM 

production and its expression is elevated in fibrotic human lungs where it precedes 

collagen synthesis and deposition in animal models of lung fibrosis (Hoyt & Lazo, 

1988; Phan & Kunkel, 1992; Eunhee et al., 1996; Yue et al., 2010). TGF-β can be 

used to induce fibrosis in animals (Sime et al., 1997; Warshamana et al., 2002; Lee 

et al., 2004) and inhibition of TGF-β signalling can attenuate TGF-β or bleomycin 

induced fibrosis (Zhao et al., 2002; Bonniaud et al., 2004).  

 

1.3.1 TGF-β signalling 

Active TGF-β1 is the most potent mammalian TGF-β isoform, herein referred to as 

TGF-β, and elicits its effects by activation of TGF-β receptor (TGF-βR) 

heterooligomers (Coker et al., 1997; Liu et al., 2021). As shown in Figure 1.4, 

activation of a TGF-βR heterooligomer complex formed of a TGF-βRI and TGF-βRII is 

typically associated with activation of the canonical Smad 2/3 signalling pathway or 

the non-canonical signalling cascade that includes the MAPK cascades, JNK, ERK and 

p38; PI3K/Akt; mechanistic target of rapamycin (mTOR); and Ras homolog (Rho); 
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and Wnt signalling, including the β-catenin, phospholipase C (PLC)/inositol 

triphosphate (IP3)/calcium (Ca2+) and planar cell polarity pathways (Underwood et 

al., 2000; Madala et al., 2012; van der Velden et al., 2016; Knipe et al., 2018; 

Finnson et al., 2020). This plethora of signalling cascades allows TGF-β to mediate 

a diverse range of cellular remodelling processes, such as cell adhesion, secretion, 

growth, proliferation, differentiation, migration, apoptosis and ECM remodelling 

(McCartney-Francis et al., 1998; Leask & Abraham, 2004; Shi-wen et al., 2007; 

Gharaee-Kermani et al., 2009; ). Furthermore, bidirectional TGF-βR-receptor 

tyrosine kinase (RTK) and TGF-βR-GPCR transactivation has also been demonstrated 

which further increase the repertoire of cellular responses that can be activated by 

TGF-β (Uchiyama-Tanaka et al., 2002). 
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Figure 1.4. Canonical and non-canonical TGF-β signalling in remodelling. Active TGFβ ligands activate (A) Canonical Smad-

dependent TGFβ signalling or (B) non-canonical Smad-independent signalling via interaction with a TGF-β receptor (TGFβ-R) 

heterooligomer complex formed of a TGF-BRI and TGF-βRII. Non-canonical TGF-β signalling is associated with the susequent 

activation of a plethora of downstream signalling pathways with known roles in cellular remodelling, such as MAPK cascades, 

JNK, ERK and p38; PI3K/Akt; mechanistic target of rapamycin (mTOR); and Ras homolog (Rho); and indirectly Wnt signalling 

(not shown), which includes the β-catenin, phospholipase C (PLC)/inositol triphosphate (IP3)/calcium (Ca2+) and planar cell 

polarity pathways (figure from Costanza et al. (2017)). 
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TGF-β signalling is positively regulated by accessory proteins, such as betaglycan 

(TGF-βRIII) and endoglin, that enhance TGF-β complex binding affinity (Blobe et al., 

2001; Derynck & Zhang, 2003). However, in some types of cancer, TGF-βRIII has been 

shown to inhibit TGF-β signalling (Elderbloom et al., 2014). Smad2/3 signalling is 

also negatively regulated by inhibitory Smads, including Smad7 and Smad6, that 

inhibit their activation by the TGF-βR and inhibit formation of the Smad2/3/4 

complex, respectively (Zhao et al., 2000). TGF-β signalling is also regulated at the 

transcriptional level where transcription factor complexes, such as AP1, that 

interact with Smads in the regulation of c-jun and MMP1 expression (Zhang et al., 

1998; Wong et al., 1999; Massagué et al., 2005).  

 

1.3.1.1 Canonical Smad2/3 signalling 

TGF-β activates Smad2/3 by interacting with a TGF-βR complex containing TGFBRI 

and TGF-βRII, typically within 1 hour of TGF-β exposure (Baugé et al., 2011). 

Accessory proteins, such as TGF-βRIII (betaglycan) and endoglin, typically promote 

TGF-β binding affinity (Renzoni et al., 2004; Bauge et al., 2011; Elderbloom et al., 

2014). Smad2/3 then forms a complex with Smad4 chaperoned by the TGF-βR 

associated protein 1 (TGF-βRAP1), a process negatively regulated by Smad6. The 

Smad2/3/4 complex then translocates to the nucleus to influence gene 

transcription. The Smad2/3/4 complex also targets Smad7 that competitively binds 

the TGF-βR and negatively regulates Smad2/3 activation.   

 

1.3.1.2 Non-canonical Ras signal transduction activation 

TGF-β also influences cell behaviour via a plethora of non-Smad signalling cascades 

such as the MAPK (ERK, JNK, p38), PI3K/Akt, mTOR, and Rho signalling pathways. 

To do this, the activated TGF-βR recruits molecules such as the growth factor 

receptor binding protein 2 (Grb2)/Sos complex by binding the substrate Src 

homology 2 domain-containing protein (Shc) to bring Son of sevenless (Sos) to the 

plasma membrane. Sos then catalyses the activation of the multifunctional Ras 

protein by exchanging Ras-bound GDP for GTP (Zhang et al., 2009).  
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1.3.1.3 Non-canonical MAPK (ERK, JNK, p38) signalling 

Activation of Ras recruits Raf and the intermediate activator of ERK1/2 signalling, 

MEK1/2. ERK1/2 then influences cell adhesion, proliferation and differentiation as 

well as gene transcription by interaction with transcription factors, such as ELK1 

that plays a central role in calcium metabolism and growth signalling; MSK1 

(RPS6KA5) that is involved in the epidermal growth factor receptor (EGFR) pathway; 

and inflammation via NFκB (Janknecht et al., 1993; Deak et al., 1998; Davies et al., 

2005; Kim et al., 2007a; Vicent et al., 2009; Thiel et al., 2012; Carpenter & Wu, 

2014; Šmerdová et al., 2014). ERK is also thought to be central in the interaction 

with AP-1 transcription factor complex (comprised of FOS, FOSB, FOSL1, FOSL2 and 

JUN) to upregulate actin cytoskeletal components such as αSMA (Hu et al., 2006). 

 

TGF-β, as well as OVA and IL-33, can also activate MAPK JNK via Ras/Rac1 and either 

MEKK1/JNK or activation of the JNK-interacting protein (JIP) scaffold kinases, 

including MLK3, MKK4/7 and finally JNK. JNK then translocates to the nucleus to 

influence gene transcription via a range of transcription factors, such as JUN, to 

regulate key cellular processes such as differentiation, proliferation, apoptosis, 

survival and gene expression such as the remodelling mediator connective tissue 

growth factor (CTGF) (Spencer, 2007; Kumar et al., 2015; Zhang et al., 2019). CTGF 

alone has been implicated in the regulation of remodelling processes such as cell 

adhesion, migration, cell activation and ECM remodelling (Wang et al., 2022). 

Pharmacological inhibition of JNK signalling has been shown to ameliorate airway 

remodelling in vivo using pre-clinical models of asthma in mice and in vitro using 

human lung fibroblasts (Zhang et al., 2019). 

 

TGF-β also activates p38 MAPK via TAK1 and MKK3 that has been shown to regulate 

remodelling processes such as proliferation, migration, differentiation, and actin 

cytoskeleton remodelling (Kim et al., 2007b; Liu et al., 2009a; Chen et al., 2015). 

In human prostate cancer cells, Smad7 has also been shown to act as an adaptor 

protein to facilitate non-canonical TGF-β signalling, including p38 and JNK signalling 

(Edlund et al., 2003; Heldin et al., 2009; Landström, 2010). The importance of these 

signalling cascades is highlighted by the investigation of MAPK inhibitors for the 

treatment of asthma and COPD. Although p38 or JNK inhibitors have not shown 
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efficacy or adequate safety in clinical trials, less toxic mitogen-activated protein 

kinase activated protein kinase-2 (MAPKAPK-2) inhibitors may overcome these issues 

(Singh & Najmi, 2019; Defnet et al., 2020). 

 

1.3.1.4 Non-canonical PI3K/Akt signalling 

The TGF-βR is also thought to activate lung remodelling via class I PI3K/Akt signalling 

directly or via Ras (Le Cras et al., 2010; Conte et al., 2011; Mercer et al., 2016). 

PI3K/Akt signalling has been implicated in cellular remodelling processes, such as 

apoptosis, senescence, differentiation (e.g. EMT), and ECM remodelling (Wang et 

al., 2022). PI3K/Akt inhibitors have also shown efficacy in pre-clinical models of 

bleomycin-induced lung fibrosis (Hsu et al., 2017). Recently, inhaled PI3K inhibitors 

have shown promising results, including pre-clinical efficacy of the pan-PI3K prodrug 

CL27c for the treatment of asthma and fibrosis (Campa et al., 2018) and the PI3K 

inhibitor GSK2269557, also known as nemiralisib, that completed phase IIb clinical 

trials for the treatment of COPD (Cahn et al., 2017; Wilson et al., 2019). However, 

no improvement in lung function was observed following treatment with nemiralisib 

in patients with moderate or severe acute exacerbations of COPD in phase IIb studies 

(Fahy et al., 2021). 

 

1.3.1.5 Non-canonical mTOR signalling 

PI3K/Akt signalling is a key regulator of the two mTOR signalling complexes, mTORC1 

and mTORC2. Akt activates mTORC1 by inhibiting the tuberous sclerosis complex 1 

and 2 (TSC1/2) GTPase that converts mTORC1-activating RhebGTP into non-activating 

RhebGDP. In other words, inhibition of TSC1/2 by Akt results in accumulation of 

RhebGTP and activation of mTORC1. Furthermore, Akt or Ras is thought to directly 

activate complex 2 (mTORC2). Both mTORC1 and 2 are comprised of the catalytic 

component mTOR, disheveled/Egl-10/pleckstrin (DEP) domain containing mTOR 

interacting protein (Deptor), and the GTPase β-subunit like protein gβL, mLST8; 

however, the scaffolding protein regulatory-associated protein of TOR (Raptor), 

proline-rich AKT substrate of 40 kDa (PRAS40) are specific to the mTORC1 complex 

whereas mammalian stress-activated protein kinase (SAPK)-interacting protein 

(mSIN1), rapamycin-insensitive companion of TOR (Rictor) and proline-rich protein 

5 (Protor) are specific to mTORC2 (Roux & Topisirovic, 2012). mTORC1 has been 
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shown to play a central role in amino acid synthesis pathways, such as 4E-binding 

protein 1 (4E-BP1); regulation of autophagy via ULK1; and senescence via p70-S6K 

(Platé et al., 2020). On the other hand, mTORC2 is central to gene targets that 

regulate senescence via secreted protein acidic and rich in cysteine (SPARC) and 

cytoskeletal rearrangement via protein kinase C (PKC) (Chang et al., 2014; Platé et 

al., 2020). 

 

1.3.1.6 Non-canonical Rho signalling 

Ras-homologous (Rho) signalling regulates Rho kinases (RhoK), including Rho 

associated coiled-coil containing protein kinase (ROCK) I and II isoforms, are 

typically activated by Ras or Rac1 and finally the monomeric G-protein, RhoA. Rho 

signalling is also regulated by three main groups of proteins, including guanine 

nucleotide exchange factors (GEFs), GTPase-activating proteins (GAPs) and guanine 

nucleotide dissociation inhibitors (GDIs) in response to cytokines, growth factors, 

ECM proteins and GPCR activation (Kjøller & Hall, 1999; Schaafsma et al., 2008).  

 

Rho is known to regulate fundamental cellular functions such as contractile force, 

adhesion and migration as well as differentiation in smooth muscle cells, fibroblasts, 

epithelial cells, endothelial cells and immune cells (Goffin et al., 2006; Wipff et al., 

2007; Olsen, 2008; Liu et al., 2010a; Hallgren et al., 2012). Genetic or 

pharmacological inhibition of Rho signalling has been shown to prevent bleomycin-

induced lung fibrosis and remodelling (Knipe et al., 2018). Additionally, Rho 

signalling is central to apoptosis in alveolar epithelial cells as well as endothelial 

barrier function (Knipe et al., 2018). Although Rho inhibitors show potential in pre-

clinical models of lung disease, they are only being evaluated clinically for ocular 

diseases (Tanna & Johnson, 2018). 

 

1.3.1.7 Wnt signalling 

Wnt signalling consists of three distinct pathways, canonical Wnt/β-catenin 

signalling, non-canonical Wnt/Ca2+ signalling and the planar cell polarity pathway. 

TGF-β can also upregulate Wnt ligands, such as WNT5A and WNT5B, to activate Wnt 

signalling in an autocrine or paracrine manner via the extracellular Frizzled (FZD) 

receptor (Działo et al., 2018). In canonical Wnt/β-catenin signalling, this interaction 
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activates the canonical Wnt/β-catenin signalling pathway by recruiting Dishevelled 

(DVL) proteins to the low-density lipoprotein receptor-related proteins 5 and 6 

(LRP5/6) co-receptor. Activation of DVL proteins then inhibits the β-catenin 

destruction complex, composed of adenomatous polyposis coli (APC), axin, casein 

kinase-1 (CK-1) and the primary kinase glycogen synthase kinase-3 (GSK-3), to 

promote accumulation of β-catenin that directly influences gene expression by 

interacting with T cell factor (TCF) and lymphoid enhancer factor (LEF) transcription 

factors (Baarsma & Königshoff, 2017).  

 

RTK and GPCR activation is known to activate Ca2+ signalling, directly or via non-

canonical Wnt signalling. Binding of Wnt ligands to the FZD receptor and subsequent 

activation of Gq/11 subsequently activates the phospholipase C (PLC) and 

phosphatidylinositol 4,5-bisphosphate (PIP2). PIP2 then activates PKC via 

diacylglycerol (DAG) or calcineurin (CaN) and calmodulin (CaMKKβ) via inositol 1,4,5-

trisphosphate (IP3) pathway and activation of the IP3 receptor (IP3R), and finally 

augmentation of intracellular free ionised Ca2+ (Ca2+
i) by Ca2+ release from the 

sarcoplasmic reticulum and store-operated Ca2+ channels (SOCC). This process also 

inhibits β-catenin signalling (Liu et al., 1999; Nusse, 2012; Baarsma & Königshoff, 

2017).  

 

Ca2+
i augmentation itself is an important signalling mechanism that has been 

implicated in loss of epithelial barrier integrity, epithelial cell adhesion, goblet cell 

mucus secretion via Gq/11; airway smooth muscle cells contractility and cell 

migration (So et al., 1986; Denecker et al., 1997; Huang et al., 2005; Gerthoffer, 

2007; Mahn et al., 2009; Mahn et al., 2010; Tu et al., 2011; Riccardi & Kemp, 2012; 

Yang et al., 2014a; Yang et al., 2014b; Abdulnour-Nakhoul et al., 2015; Yarova et 

al., 2015; Oppenheimer & Kelly, 2017; Cazzola et al., 2019). Intracellular calcium 

may also play a role in airway smooth muscle (ASM) remodelling via mitochondrial 

biogenesis (Trian et al., 2007). Inhibition of extracellular Ca2+ influx, using calcium 

channel blockers, has been shown to reduce the pro-fibrotic response in normal 

human lung fibroblasts and bleomycin-induced lung fibrosis (Mukherjee et al., 2015), 

highlighting the importance of intracellular Ca2+ in lung fibrogenesis; however, the 
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efficacy of these therapeutics has been limited (Barnes, 1985; Oppenheimer & Kelly, 

2017).  

 

Finally, the Wnt planar cell polarity pathway is associated with regulation of 

migration, cytoskeletal changes and is activated by Wnt ligands, Go and G12/13 

activation, and subsequently JNK and Rho signalling, respectively (Kühl et al., 2000; 

Pandur et al., 2002; Bikkavilli et al., 2008; Arthofer et al., 2016; Schulte & Wright, 

2018). 

 

1.3.2 TGF-β-mediated remodelling 

TGF-β, by the signalling pathways described above, then mediates lung remodelling 

by several cellular processes, including cell adhesion, apoptosis, secretion, 

exocytosis, mitochondrial function, growth, autophagy, proliferation, 

differentiation, amino acid synthesis, senescence and ECM remodelling. Some of 

these processes and examples of the remodelling they contribute to are described 

in more detail below. 

 

1.3.2.1 Apoptosis 

Apoptosis is a key process in lung repair as it allows the control of programmed cell 

death in the resolution of inflammation and fibrosis (Dos Santos, 2008). However, 

loss of airway epithelial barrier integrity can be caused by mitochondrial dysfunction 

and apoptosis. Exposure to OVA, IL-13, and TGF-β has been shown to increase Ca2+
i 

via the PLC/IP3 pathway (Sebag et al., 2018; Ray et al., 2020). Due to the negative 

potential of the mitochondrial matrix (-180mV), mitochondria absorb this 

intracellular calcium, aided by the chaperon protein glucose regulated protein 75 

(Grp75), which is regulated by mitochondrial calcium uptake (MICU), to aid ATP 

production. However, if Ca2+ uptake exceeds a threshold the mitochondrial 

permeability transition pore (mPTP), containing translocator protein (TSPO) and 

cyclophilin-D (PPID), and voltage dependent anion channel (VDAC)1/2 open and 

overload the mitochondria with Ca2+. This accelerates ROS production and causes 

mitochondrial swelling that ultimately results in cytochrome c-induced apoptosis 

(Baines et al., 2005; Šileikytė et al., 2011; Sebag et al., 2018; Ray et al., 2020).  
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1.3.2.2 Secretion 

Secretion via exocytosis is a key mechanism in a cells ability to influence its 

extracellular microenvironment by exporting substances such as inflammatory 

cytokines, pro-collagens and mucus (Kagan, 2000; Stow & Murray, 2013). Increased 

mucus secretion, often termed mucus hypersecretion, is another process that 

contributes to obstruction of the airways of chronic lung disease sufferers. Mucus 

secretion is actioned by a process called exocytosis which involves trafficking of 

secretory granules via PLC/DAG/PKC signalling where Ras-related protein (RAB)-27 

(RAB27), melanophilin (MLPH), myristoylated alanine rich protein kinase c substrate 

(MARCKS) and RAB3 aid recruitment of secretory granules to the actin cytoskeleton 

and PLC/IP3/Ca2+ signalling mediates docking of the secretory granule with the 

plasma membrane aided by soluble N-ethylmaliemide sensitive factor attachment 

receptor proteins, such as vesicle associated membrane proteins (VAMPs), syntaxins 

(STXs) and accessory molecules, such as MUNC13 and MUNC18 (Li et al., 2001; 

Hammer III & Wu, 2002; Singer et al., 2004; Südhof, 2004; Hong, 2005; Ehre et al., 

2005; Williams et al., 2006). 

 

1.3.2.3 Growth 

Cell growth is also a key contributor to epithelial and goblet cell metaplasia as well 

as smooth muscle hypertrophy, particularly in severe asthmatics (Benayoun et al., 

2003; Innes et al., 2006; Weng et al., 2022). Cell growth occurs when the rate of 

cellular biosynthesis is greater than the rate of cellular degradation and is regulated 

independently of proliferation (Conlon & Raff, 1999; Grewal et al., 2003; Thompson, 

2010). Furthermore, TGF-β regulates cell growth, largely via the PI3K/Akt/mTOR 

pathway. Cell growth is characterised by increased total cell mass or diameter; 

ribosome biogenesis; increased mRNA translation via RNA polymerase and inhibition 

of cell degradation processes, such as autophagy (Schmelzle & Hall, 2000; Iadevaia 

et al., 2014; Platé et al., 2020).  

 

To regulate mRNA translation, mTORC1 activates Maf1 and subsequently RNA 

polymerase III (POLR3) for the transcription of 5S ribosomal RNA (rRNA). mTORC1 

also activates the multifunctional p70-S6 kinase 1 (S6K1) to upregulate RNA 

polymerase II (POLR2) activity and subsequently the ribosomal biogenesis 
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transcriptional programme, which includes genes such as Gar1 and Rrp9 (Chauvin et 

al., 2014). S6K1 also activates the RNA polymerase I (POLR1)/ upstream binding 

transcription factor (Ubf)/ transcription intermediary factor 1-alpha (TIF1A)/SL1 

complex to upregulate transcription of 47S rRNA. Finally, alongside 4E-BP1, S6K1 

upregulates cap-dependent translation. Although the primary substrate for S6K is 

RPS6, it is not the only function of S6K1 and the role of RPS6 in cell growth is unclear. 

Lastly, mTORC1 activation also activates pro-autophagy genes such as autophagy 

related 5 (ATG5) that supports autophagic vesicle forming as well as Unc-51 like 

autophagy activating kinase 1 (ULK1) which both activates or inhibits autophagy in 

a context-dependent manner (Laplante & Sabatini, 2012; Jhanwar-Uniyal et al., 

2019; Platé et al., 2020).  

 

1.3.2.4 Proliferation 

Cell proliferation is another key cell process that contributes to lung remodelling in 

a range of cell types, including epithelial, goblet cell, smooth muscle (particularly 

in mild asthmatics), fibroblasts and vascular endothelial cells (central in 

angiogenesis) (Woodruff et al., 2004; Makinde et al., 2007). Proliferation is actioned 

by progression through the cell cycle, which is known to be regulated by non-

canonical TGF-β signalling, such as ERK MAPK, PI3K/Akt/mTOR and Rac1/RhoA 

signalling, Wnt signalling, increased Ca2+
i, reduced cyclic adenosine monophosphate 

(cAMP) levels by adenyl cyclase inhibition and increased cAMP-quenching 

phosphodiesterase expression (Kim et al., 2018). LPS-containing cigarette smoke 

extract also promotes cell proliferation in airway smooth muscle cells via calcium 

signalling which involves calreticulin (CALR), orosomucoid-like 3 (ORMDL3) and 

increased Ca2+
i (Wylam et al., 2015; Guan et al., 2017; Chen et al., 2018). 

Furthermore, members of the cyclin family, such as PCNA and cyclin E, and cyclin-

dependent kinases (CDKs), such as CDK4, CDK5, and CDK7 are crucial for progression 

of a cell through the four phases of the cell cycle (Wylam et al., 2015; Qin et al., 

2020). TGF-β also promotes growth factor expression, such as fibroblast growth 

factor-2 (FGF-2), platelet-derived growth factor (PDGF), and CTGF via ERK MAPK 

signalling that positively regulate proliferation in an autocrine or paracrine fashion 

(Kay et al., 1998; Strutz et al., 2001; Bartram & Speer, 2004; Leask & Abraham, 

2004; Leask, 2009; Fagone et al., 2011; Xiao et al., 2012; Kim et al., 2018). 
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Lastly, cell proliferation is also highly resource demanding and thus needs to be 

supported by processes such as nutrient and amino acid uptake, including glucose 

(via Solute carrier (SLC) 2A1) and cystine (via SLC3A2) uptake, as well as amino acid 

synthesis, such as serine synthesis via the 4E-BP1 pathway and asparagine synthesis 

via upregulation of asparagine synthetase (ASNS) (Zhu & Thompson, 2019).  

 

1.3.2.5 Senescence 

The term senescence, describes the accumulation of dysfunctional, non-replicative 

cells that are still metabolically active. Senescence is a key age-related process that 

can also be accelerated by TGF-β. Inflamm-aging and the SASP of senescent cells is 

also associated with increased TGF-β production. Senescent cells also contribute to 

lung remodelling directly by imparting susceptibility or resistance to apoptosis in 

epithelial cells, goblet cells and fibroblasts. 

 

TGF-β is known to play a central role in senescence via Smad, p38 MAPK, PI3K/Akt 

and Wnt signalling to activate cyclin-dependent kinase inhibitors (CDKN) 1A 

(CDKN1A), CDKN1B, CDKN2A, CDNK2B and TP53 or SPARC, that upregulates the uPA 

system. The plasminogen activator urokinase (PLAU) (also known as uPA) system 

consists of PLAU; the cell surface PLAU receptor (PLAUR); the substrate plasminogen 

(Plg); and the plasminogen activator inhibitor-1 (SERPINE1). Both the activation of 

CDKNs or the uPA system results in prevention of normal cell cycle progression by 

inhibiting retinoblastoma protein (Rb); the protective senescence regulator, sirtuin-

1 (SIRT1); and the essential cell cycle progression transcription factors, E2F1, E2F2 

or E2F3 (Salminen et al., 2012; Warburton et al., 2013; Martínez- Muñoz-Espín et 

al., 2014; Salama et al., 2014; Wong & Sukkar, 2017; Zamudio et al., 2017; Rashid 

et al., 2018; Parikh et al., 2019; Gulati & Thannickal, 2019; Lehmann et al., 2020; 

Parimon et al., 2021).  

 

1.3.2.6 ECM remodelling 

Of the ~300 unique ECM proteins, collagen is the most abundant and of these an 

increased presence of type I collagen is most associated with tissue stiffness and 

scarring (Maffulli et al., 2002; Hynes & Naba, 2012; Naba et al., 2012; Asgari et al., 
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2017; Liu et al., 2021). TGF-β primarily targets collagen encoding genes using the 

Smad 2/3 complex that binds directly to DNA or in association with other factors 

that contain a Smad-binding element, such as AP1 and the p300/CBP complex, or 

SP1 that binds Smad to a CC(GG)-rich element to promote COL1A1, COL1A2, COL3A1, 

COL5A1, COL6A1 and COL6A3 expression (Chen et al., 1999; Ghosh et al., 2000; 

Rossert et al., 2000; Zhang et al., 2000; Poncelet & Schnaper, 2001; Verrecchia et 

al., 2001; Ellis et al., 2003b; Sysa et al., 2009). Additionally, Smad-independent 

pathways can be activated by TGF-β to modulate collagen gene expression. For 

example, collagen I expression is known to be modulated by MAPK (JNK and p38), 

PI3K/Akt and mTOR pathways (Varela-Rey et al., 2002; Wang et al., 2002; Reif et 

al., 2003; Runyan et al., 2004; Tsukada et al., 2005; Shi et al., 2012; Rozen-Zvi et 

al., 2013; Ricard-Blum et al., 2018). 

 

To meet the increased demands of collagen biosynthesis during fibrosis, it is 

essential to also increase production of the two principle amino acid components of 

collagen, glycine and proline (Kadler et al., 1996; Hamanaka et al., 2019). To 

achieve increased glycine production, TGF-β is known to activate the mTORC1 via 

PI3K/Akt activation and subsequent inhibition of the RAS homologue enriched in 

brain (Rheb)GTP to RhebGDP converting enzyme, TSC1/2 (Saito et al., 2017; Platé et 

al., 2020). This process accumulates RhebGTP for the activation of mTORC1 and 

ultimately the activating transcription factor 4 (ATF4) that promotes the 

transcription of solute carrier 2A1 (SLC2A1) and the enzymes required for the 4E-

BP1 pathway, such as phosphoglycerate dehydrogenase (PHGDH), phosphoserine 

aminotransferase 1 (PSAT1), phosphoserine phosphatase (PSPH), and serine 

hydroxymethyltransferase 2 (SHMT2). To achieve increased proline production, TGF-

β is thought to reprogramme metabolic pathways, via upregulation of aldehyde 

dehydrogenase 18A1 (ALDH18A1)/Δ1-pyrroline-5-carboxylate synthetase (P5CS), to 

influence the conversion of glutamine-derived glutamate to pyrroline-5-carboxylate 

(P5C) and finally proline via the P5C reductases (PYCR) 1, PYCR2 and PYCR3 (Phang 

et al., 2015; Hamanaka et al., 2019).  

 

A number of other ECM components are directly upregulated by TGF-β exposure. For 

example, elastin, the protein responsible for giving the ECM elasticity, is 
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upregulated via PI3K/Akt and p38 MAPK activation (Kuang et al., 2007). Similarly, 

fibronectin  expression is upregulated following activation of ERK and p38 MAPK 

(Uchiyama-Tanaka et al., 2002). CTGF is another molecule with potent remodelling 

effects in the lung. In fibroblasts, CTGF is known to increase ECM component 

synthesis as well as reduce adhesion in favour of a more migratory phenotype (Khalil 

et al., 2005; Xie et al., 2005; Makinde et al., 2007). TGF-β is known to upregulate 

CTGF expression via the c-Jun transcription factor and AP-1 promoter which is 

downstream of JNK in the non-canonical TGF-β pathway (Utsugi et al., 2003). 

 

MMPs, and their inhibitors called tissue inhibitors of matrix metalloproteinases 

(TIMPs), comprise a family of proteolytic enzymes that play a central role in 

regulating cytokine activity to mediate a wide range of cellular functions such as 

adhesion, proliferation, differentiation, migration and apoptosis in addition to their 

primary role as mediators of ECM degradation and turnover (Elkington & Freidland, 

2005; Pardo et al., 2016). The pathophysiological role of MMPs has been identified 

in asthma and COPD. In asthma, reduced expression of MMPs and increased 

expression of TIMPs has been associated with the aberrant ECM remodelling 

mediated by airway fibroblasts (Vignola et al., 1998; Lemjabbar et al., 1999; Suzuki 

et al., 2001; Prikk et al., 2002; Bergeron et al., 2003; Bergeron et al., 2010). 

Specifically, imbalance of MMP-9 and TIMP-1 in ECM remodelling (Atkinson & Senior, 

2003; Chen et al., 2008; Zhou et al., 2010; Churg et al., 2012); MMP-1 and MMP-2 in 

airway obstruction in asthma (Rogers et al., 2014) and COPD (Chen et al., 2008); 

MMP-1 in the inflammatory phase of IPF (Zhou et al., 2010); and loss of MMP-14 in 

promotion of bleomycin-induced fibrosis (Placido et al., 2021). Regulation of their 

transcription is thought to occur by integrin-mediated MAPK signalling (Rogers et al., 

2014) and by PI3K/Akt activation in response to TGF-β, primarily identified in various 

types of cancer (Zhu et al., 2011; Qin et al., 2016; Hung et al., 2021).  

 

Although several treatments are approved for the treatment of asthma and COPD by 

targeting inflammation, inflammatory cytokines and smooth muscle relaxation, 

asthma and COPD remain leading causes of breathing difficulties related to lung 

remodelling (Liu et al., 2021). Anti-fibrotic drugs, pirfenidone and nintedanib, have 

also been approved to treat lung remodelling directly by inhibiting growth factor 
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signalling to reduce fibroblast proliferation; however, despite the slowed decline in 

lung function and extended patient survival, the associated adverse effects offer no 

significant improvement to the quality of patient life (Ley et al., 2017; van Manen 

et al., 2017; Galli et al., 2017; Liu et al., 2021). Although these symptom relieving 

treatments are crucial for patient care, none of these treatments target the root 

cause of disease or offer curative treatment, hence the need for novel therapeutics 

to target lung remodelling. 

 

1.4 The calcium-sensing receptor 

The calcium-sensing receptor (CaSR) is a family C GPCR that has a well-established 

role in extracellular calcium ion (Ca2+
o) homeostasis and parathyroid hormone 

regulation. It is expressed ubiquitously throughout the body and its expression is 

highest in tissues involved in calcium ion homeostasis, namely the parathyroid gland, 

kidney and bone. Here, systemic activation of the receptor by its physiological 

ligand, Ca2+
o, suppresses parathyroid hormone secretion and inhibits renal Ca2+ 

reabsorption, to maintain physiological Ca2+
o in the 1.1 – 1.3 mM range (Riccardi and 

Brown 2010). In the parathyroid, activation of the CaSR suppresses parathyroid 

hormone (PTH) at a half-maximal inhibitory concentration (IC50) of 1.1-1.2 mM Ca2+, 

the physiological human serum Ca2+ concentration. The CaSR also regulates blood 

calcium ion homeostasis in the kidney, intestine and bone by mediating the 

production and secretion of Ca2+-regulating hormones, parathyroid hormone, 

calcitonin, FGF23 and the active form of vitamin D (1,25(OH)2D3) (Brown, 2013). 

Furthermore, mammals maintain hypercalcaemic serum calcium levels during fetal 

development that, acting via the CaSR, regulate tissue and organ development, 

including skeletal and lung development (Riccardi et al., 2013; Roesler et al., 2019). 

 

1.4.1 CaSR expression and function 

Although CaSR expression is most abundant in the parathyroid gland and kidney, 

CaSR expression has been identified in tissues not associated with Ca2+
o homeostasis, 

namely the lung and immune cells, where its physiological role remains unclear 

(Riccardi & Kemp, 2012; Uhlén et al., 2015; Yarova et al., 2015; Hannan et al., 

2019). In the lung it is primarily expressed in ciliated cells and alveolar epithelial 

cells (type I and II) as well as airway smooth muscle, fibroblasts, club cells, 
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endothelial cells and immune cells, including resident macrophages and T cells but 

not circulating immune cells (Braga et al., 2019; Karlsson et al., 2021).  

 

The CaSR has an overall affinity for Ca2+ in the range of 1.1–1.3 mM and responds to 

changes in Ca2+ lower than 100 µM (Brown, 1983; Brown, 1991; Ramirez et al., 1993). 

However, unlike typical GPCRs, this receptor is not only activated by its physiological 

ligand but can also be activated by other divalent and trivalent inorganic cations 

(e.g. Mg2+, Zn2+, Mn2+, Fe2+, Sr2+, Ba2+, Cd2+, Co2+, Ni2+, Pb2+, Tb3+, Gd3+, Eu3+, and 

Y3+); organic polycations (e.g. polyamines such as spermine, spermidine and 

putrescine); and cationic peptides (e.g. ECP, poly-L-arginine, protamine, and 

aminoglycoside antibiotics such as neomycin, tobramycin, and gentamicin) 

(Conigrave & Ward, 2013; Leach et al., 2020). These endogenous CaSR-agonists are 

called type I calcimimetics. 

 

As shown in Figure 1.5, the CaSR signals via activation of the three main groups of 

heterotrimeric Gα proteins, including Gq/11, Gi/o, G12/13 as well as Gs in some cases 

and release of the Gβγ subunit (Brown et al., 1993; Chang et al., 1998; Brown et al., 

1990; Kifor et al., 2001; Hofer & Brown, 2003; Huang et al., 2004; Mamillapalli et 

al., 2008; Mamillapalli & Wysolmerski, 2010; Conigrave & Ward, 2013; Liu et al., 

2015b; Leach et al., 2020). These G-proteins are encoded by the genes GNAI1-3, 

GNAQ, GNAS, GNA11-13, GNB1-5, GNG2-14, respectively and interact with signalling 

pathways independently in a cell-type specific and context-dependent manner. To 

elicit their effects these G-proteins activate the MAPK (ERK, JNK, p38), PI3K/Akt, 

mTOR and Rho; augment Ca2+
i via PLC; and breakdown cAMP via adenyl cyclase 

inhibition (Brown & MacLeod, 2001; Tu et al., 2011; Conigrave & Ward, 2013; Yarova 

et al., 2015; Yarova et al., 2016). Specifically, Gi is associated with Ras activation 

as well as inhibition of protective cAMP-producing adenyl cyclase (de Jesus Ferreira 

et al., 1998; Brennan et al., 2016). 
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Figure 1.5. A model of the CaSR homodimer conformational structure and 

downstream cell signalling. The class C G-protein coupled receptor (GPCR) 

called the calcium-sensing receptor (CaSR) consists of the two lobes of the 

orthosteric venus flytrap binding site; the cysteine-rich domain; and seven 

transmembrane domains (7TMD). The activity of the CaSR is influenced by a 

number of orthosteric or allosteric binding molecules, such as its physiological 

ligand calcium, polyamines and negative or positive allosteric modulators 

(NAMs/PAMs). The CaSR elicits its response on cell behaviour by activating or 

inhibiting a plethora of downstream signalling pathways Ras, mitogen-activated 

protein kinase (MAPK), phosphatidylinositol 3-kinase (PI3K), mechanistic target 

or rapamycin (complex) 1 and 2 (mTOR1/2), Rho, protein kinase C (PKC), inositol 

1,4,5-trisphosphate (IP3), nuclear factor kappa-light-chain-enhancer of 
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activated B cells (NFκB) and adenyl cyclase via the G-proteins coupled to the 

receptor in a ligand-biased manner (figure from Riccardi et al. (2022)). 

 

It is important to acknowledge that signalling downstream of the CaSR is biased, 

where distinct orthosteric ligands (ligand-biased signalling) or allosteric modulators 

(biased allosteric modulation) stabilise different signalling states, and cell-type-

specific depending on expression of guanine nucleotide-binding protein (G protein) 

isoforms and enzymes such as adenyl cyclase (Brennan et al., 2013; Liu et al., 

2015b). 

 

1.4.2 Allosteric modulators of the CaSR 

Allosteric modulators also exist that increase (positive; PAMs or type II 

calcimimetics) or decrease (negative; NAMs or calcilytics) the activity of the CaSR, 

by conformational change, upon binding to a site topographically distinct from the 

orthosteric “venus flytrap” (VFT) binding site, as shown in Figure 1.5. A number of 

endogenous positive allosteric modulators exist that mimic the action of Ca2+ or 

potentiate the potency of Ca2+, including L-amino acids (e.g. L-Phe, L-Trp, L-

histidine), g-glutamyl peptides (e.g. glutathione) and large changes in pH (>0.2 AU) 

that have been observed in chronic kidney disease-associated acidosis (Leach et al., 

2020). Additionally, anions such as phosphate and sulphate are known to inhibit the 

CaSR (Geng et al., 2016; Centeno et al., 2019; Leach et al., 2020).  

 

 

 

Exogenous positive allosteric modulators of the CaSR (CaSR-PAM), also known as type 

II calcimimetics, have been developed, including compounds such as arylalkyl-

amines (e.g. cinacalcet and evocalcet), benzothiazole PAMs (e.g. AC265347), 

trisubstituted urea compounds (e.g. benzothiazole trisubstituted urea (BTU) 

compound 13) and peptides (e.g. etelcalcetide). These compounds potentiate the 

affinity of Ca2+ and other CaSR-agonists. Currently, CaSR-PAMs such as cinacalcet, 

evocalcet and etelcalcetide are currently approved for the treatment of 

hyperparathyroidism by lowering the concentration of Ca2+ required to suppress PTH 

release (Akizawa et al., 2020; Leach et al., 2020). 
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Negative allosteric modulators of the CaSR (NAM), also called calcilytics, decrease 

the activity of the CaSR in the presence of an orthosteric ligand. NAMs are small 

molecule, mostly amino-alcohols, such as NPS2143, NPSP795 (also known as SHP635), 

NPS89636, ronacaleret and JTT-305, but also include quinazolinones (e.g. ATF936 

and AXT914), pyridines (e.g. BMS compound 1), 3H-quinazoline-4-ones, 3H-

pyrimidine-4-ones and benzimidazoles. Furthermore, NPSP-795, ronacaleret, JTT-

305, and AXT-914 were assessed in phase I and II clinical trials for treatment of 

osteoporosis and described as safe and well tolerated when delivered systemically 

(Kumar et al., 2010; Caltabiano et al., 2013; Halse et al., 2014; John et al., 2014). 

Furthermore, NPSP-795 is currently under clinical investigation for its therapeutic 

potential in the treatment of autosomal dominant hypocalcaemia type I (Roberts et 

al., 2019). Several NAMs have also shown efficacy in pre-clinical models of asthma 

for suppression of inflammatory cell recruitment and airway hyperresponsiveness 

(Yarova et al., 2015; Yarova et al., 2021). 

 

Like all allosteric modulators, NAMs offer several advantages as therapeutics: 1) they 

are non-competitive and do not alter plasma concentrations of endogenous ligands; 

2) they enhance or inhibit endogenous physiological responses only and do not 

activate supra-maximal or non-physiological responses; and 3) NAMs are maximally 

active at the receptor-ligand half maximal effective concentration (EC50), 

demonstrating no effect at maximal or minimal ligand concentrations (Christopoulos 

& Kenakin, 2002; Ward & Riccardi, 2012).  

 

1.4.3 Current understanding of the role of the CaSR in the lung 

The CaSR plays a central role in regulating fetal lung development and tissue 

morphogenesis. Fetal lung development occurs in a relatively hypercalcaemic 

environment of 1.6–1.7 mM free-ionised Ca2+ which is maintained through the 

regulation of parathyroid hormone-related peptide secretion (Kovacs et al., 1998). 

In this environment the CaSR suppresses the branching pattern by negatively 

controlling cell proliferation via PLC-dependent Ca2+
i release and activation of the 

PI3K/Akt pathway. The CaSR also promotes growth by driving fluid-driven lung 
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expansion through the cystic fibrosis transmembrane conductance regulator (CFTR) 

(Finney et al., 2008; Riccardi et al., 2013; Brennan et al., 2016; Chanda et al., 2019). 

 

A number of endogenous and exogenous CaSR agonists (type I and II calcimimetics) 

have also been associated with inflammatory lung diseases, such as asthma and 

COPD. These include pollutants, such as Mg2+, Cd2+ and Ni2+; upregulation of 

polycationic compounds, such as polyarginine, eosinophilic cationic protein (ECP) 

and major basic protein (MBP); increased production of arginase-derived polyamines 

(spermine, spermidine, putrescine); and increased extracellular Ca2+ (Kurosawa et 

al., 1992; Uchida et al., 1993; Gibson et al., 1998; Koller et al., 1999; Lonkvist et 

al., 2001; Brown & MacLeod, 2001; Bartoli et al., 2004; Pégorier et al., 2006; Rossol 

et al., 2012; North et al., 2013; Yarova et al., 2015; Yarova et al., 2016).  

 

Furthermore, upregulation of the CaSR has been observed in asthmatic airways 

(Yarova et al., 2015). As shown in Figure 1.6, evidence suggests the CaSR is central 

to inflammatory activation in the lung, including regulation of NLRP3 inflammasome 

activation; recruitment of inflammatory cells, including macrophages, eosinophils, 

lymphocytes and neutrophils; and production of inflammatory mediators, such as IL-

5 and IL-13 (Lee et al., 2012a; Rossol et al., 2012; Yarova et al., 2015; Yarova et al., 

2016; Yarova et al., 2021). The CaSR has also been shown to drive airway 

hyperresponsiveness in pre-clinical models of asthma via suppression of cAMP 

production and elevation of PLC/IP3 signalling (Mahn et al., 2010; Riccardi & Kemp, 

2012; Koopmans et al., 2014; Yarova et al., 2015; Yarova et al., 2021). NAMs are 

also consistent with the plethora of emerging or existing asthma drugs that target 

signalling pathways dependent on MAPK (ERK and p38) and PI3K/Akt activation 

(Burgess et al., 2008; Page & Cazzola, 2014). 
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Figure 1.6. Evidence indicating the CaSR plays a central role in inflammation. 

NAM treatment reduced (A) inflammatory cell infiltration and (B) ECP levels as 

well as inflammatory cytokines IL-5 and IL-13 in the bronchoalveolar lavage fluid 

(BALF) in a model of IgE/Th2 asthma induced by inhaled OVA sensitisation and 

challenge (Yarova et al., 2015). ECP: eosinophilic cationic protein; IL: 

interleukin; TNFα: tumour necrosis factor-alpha; NAM: negative allosteric 

modulator of the CaSR. 

 

CaSR expression can be upregulated by inflammatory cytokines, such as IL-1β, IL-6, 

IL-13, TNFα and TGF-β as demonstrated in the lung or other tissues. Specifically, 

Canaff & Hendy (2005) demonstrated that IL-1β and IL-6 upregulate CaSR mRNA 

expression in human thyroid and kidney cell lines as well as CaSR mRNA and protein 

expression in vivo in rat parathyroid (mRNA only), thyroid, and kidney tissue (Canaff 

& Hendy, 2005; Hendy & Canaff, 2016). Furthermore, IL-6 was shown to upregulate 

CaSR expression in Caco2/AQ cells and TNFα was shown to upregulate CaSR 

expression in Coga1A cells (Fetahu et al., 2014). Lastly, TNFα and IL-13 were also 

shown to upregulate CaSR mRNA and protein expression in airway smooth muscle 

cells (Yarova et al., 2015). 

 

Some evidence suggests the CaSR may also play a central role in remodelling. 

Specifically, the CaSR has been implicated in several cellular remodelling processes 

in the lung or in other tissues and cell types outside the lung, such as cell-adhesion, 
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mucus production, proliferation, differentiation, migration and ECM remodelling 

(Aggarwal et al., 2015; Tharmalingam & Hampson, 2016). For example, the CaSR 

was shown to mediate hypoxia-induced ASM proliferation, via ERK and PI3K pathways 

(Li et al., 2011), and extracellular calcium induced ovarian epithelial cell 

proliferation via ERK (Hobson et al., 2000). The CaSR has also been implicated in 

hypoxia-induced mucus hypersecretion in bronchial epithelial cells, via Gq/11, 

PLC/IP3 and intracellular Ca²⁺ as well as ERK signalling (Yang et al., 2014a; Yang et 

al., 2014b).  

 

Targeted CaSR deletion from SM22α-positive cells was also shown to reduced age-

related cardiac fibrosis in aging mice (Schepelmann et al., 2016; Figure 1.7) and 

interstitial wall thickening was reduced by NAM treatment in a guinea pig model of 

LPS-induced COPD-like neutrophilic exacerbation (Yarova et al., 2016). 

Furthermore, the CaSR was also shown to mediate IL-1β-induced collagen expression 

in mouse collecting duct cells (Wu et al., 2019). In addition, known CaSR activating 

polycations have been shown to enhance epithelial permeability (Meurs et al., 1999; 

Brown & MacLeod, 2001; Yarova et al., 2015), possibly leading to loss of epithelial 

cell integrity and reduced protection against insult by inhaled particles (Courtney & 

Spafford, 2017). 

 

 

 

Figure 1.7. Cardiac fibrosis was reduced in middle-aged SM22CaSRΔflox/Δflox 

mice with targeted CaSR deletion from SM22α-positive cells. Comparison of 

picrosirius red staining of 8 µm cryosections of paraformaldehyde fixed heart 
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sections from 14-month old (A) wild-type and (B) SM22CaRΔflox/Δflox mice showing 

reduced collagen staining following genetic ablation of the CaSR (adapted from 

Schepelmann et al., 2016). 

 

1.5 Hypothesis 

Here I propose that a chronic age- or disease-related increase in CaSR activation, by 

elevated extracellular CaSR agonist concentrations and/or increased CaSR 

expression, drives lung remodelling by aberrantly activating CaSR-mediated tissue 

remodelling in a cell-type-specific manner across a variety of lung cell types via 

signalling cascade activation, such as MAPK (p38, ERK and JNK), PI3K/Akt, mTOR, 

Rho, Wnt, Ca2+
i augmentation and suppression of cAMP production; and subsequent 

activation of cellular remodelling mechanisms, such as cell-adhesion, apoptosis, 

secretion, growth, proliferation, migration, differentiation,  autophagy, and ECM 

remodelling, as shown in Figure 1.8.  
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Figure 1.8. Hypothesised role of the CaSR in lung remodelling. Inhaled 

antigens and pollutants activate IgE/Th2 or alarmin-driven inflammation 

through the release of inflammatory cytokines and alarmins at the airway 

epithelium, many of which upregulate CaSR expression. I hypothesise that the 

CaSR plays a central role in mediating airway and interstitial lung remodelling 

in a range of different cell types, including epithelial, goblet, smooth muscle 

cells and fibroblasts via G-protein associated signalling cascades, including Ras, 

Rho, MAPK (p38, JNK, ERK), PI3K/AKT, mTOR and Wnt/β-catenin, and 

subsequent activation of cellular remodelling processes, such as loss of barrier 

integrity, apoptosis, secretion, , growth, autophagy, proliferation, gene 

expression, senescence and ECM remodelling. This figure was drawn myself but 
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referenced information from Yarova et al. (2015) and Israel & Reddel (2017). 

ECP: eosinophilic cationic protein; IL: interleukin; TNFα: tumour necrosis factor-

alpha; NAM: negative allosteric modulator of the CaSR; MBP: major basic 

protein; IgE: immunoglobulin E; TGF-β: transforming growth factor-beta; LPS: 

lipopolysaccharide; CaSR: calcium-sensing receptor; MMP: matrix 

metalloproteinase; ZO-1: tight junction protein 1; MAPK: mitogen-activated 

protein kinase; PI3K: phosphatidylinositol 3-kinase; PLC: phospholipase C; IP3: 

inositol 1,4,5-trisphosphate; cAMP: cyclic adenosine monophosphate; ERK: 

extracellular signal-regulated kinase; mTOR: mechanistic target of rapamycin; 

CTGF: connective tissue growth factor; SPARC: secreted protein acidic and rich 

in cysteine; VEGFB: vascular endothelial growth factor B; Wnt: Wingless-related 

integration site. 

 

1.6 Aims & objectives 

This thesis aimed to investigate the role of the CaSR in lung remodelling. To do this, 

the project objectives were to: 

 

1. Develop novel quantitative image analysis methodologies, to determine 

airway and alveolar interstitial remodelling in vivo using specialised 

(StrataQuest, TissueGnostics, AT) or open-source (FIJI, ImageJ) image 

analysis software. 

 

2. Determine the effect of genetic ablation of the CaSR on age-related airway 

and alveolar interstitial lung remodelling in vivo using 15-month old mice with 

targeted CaSR knock-out from SM22a positive cells. 

 

3. Determine the effect of pharmacological ablation of the CaSR, using inhaled 

NAM treatment, on pathophysiological airway and alveolar interstitial 

remodelling in vivo using three models of inflammatory lung disease, namely 

shorter-term IgE/Th2 asthma, alarmin-driven asthma and longer-term 

IgE/Th2 asthma. 
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4. Determine the effect of pharmacological ablation of the CaSR, using NAM 

treatment, NPS2143, on cell signalling and cellular mechanisms of lung 

remodelling in vitro using human fibroblasts exposed to a remodelling 

mediator, TGF-β.  
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CHAPTER 2: METHODOLOGY 

2.1 Animal experiments 

In total, five rodent models were used to investigate the role of the calcium-sensing 

receptor (CaSR) in lung remodelling, including chronic obstructive pulmonary 

disease (COPD)-like neutrophilic exacerbation in guinea pigs; targeted CaSR-deletion 

from SM22α-positive cells in aging mice; shorter-term immunoglobulin (Ig)E/ T 

helper 2 (Th2) asthma in mice; alarmin-driven asthma in mice; and longer-term 

IgE/Th2 asthma in mice. All animal procedures were performed in accordance with 

the regulations of the Animals (Scientific Procedures) Act 1986 and Declaration of 

Helsinki conventions for the use and care of animals and were approved by the Home 

Office (UK) and a local ethics committee.  

 

2.1.1 LPS-induced COPD-like neutrophilic exacerbation (guinea pigs) 

Picrosirius red stained lung sections, that had been generated as part of a previous 

study, were obtained from a model of COPD-like neutrophilic exacerbation in guinea 

pigs (Yarova et al., 2016). These lung sections chosen to develop novel 

methodologies to complete objective 1 (Section 1.6) because a professional 

histopathologist scoring previously performed at AstraZeneca was available to 

validate my findings. To generate this model, 24 male Dunkin-Hartley guinea pigs 

were obtained from Harlan Laboratories Ltd (UK) and kept in a room with a 12-hour 

dark/light cycle and ad libitum access to food and water. Using adaptions from 

protocols by Toward & Broadley (2001) and Kaneko et al. (2007), animals were 

exposed to 30 μg/ml nebulized lipopolysaccharide (LPS) in saline delivered by a 

Pulmostar nebulizer (DeVilbiss, Sunrise Medical) at 0.3 mL/min and driven by a 

constant pressure air supply at 20 psi (gauge) into a Perspex exposure chamber for 

one hour on alternating days over an 18-day period. Animals received vehicle (0.03% 

dimethyl sulfoxide (DMSO) in saline) or negative allosteric modulator of the CaSR 

(NAM) treatment (3 μM NPS89636 and 0.03% DMSO in saline) daily for 30 minutes 

following the fifth LPS exposure and this continued for 9 days using the same aerosol 

delivery technique, as shown in Figure 2.1. Yarova et al. (2016) observed leukocyte 

infiltration in the bronchoalveolar lavage fluid (BALF) of LPS-treated guinea pigs on 

day 18 of the protocol that was suppressed by NAM treatment without changes in 

systemic free ionized calcium.  
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Figure 2.1. Experimental timeline for therapeutic model of COPD-like 

neutrophilic exacerbation in guinea pigs. 24 guinea pigs were challenged with 

30 µg/ml nebulised lipopolysaccharide (LPS) in saline every other day for 18 

days. Nebulised vehicle (0.03% DMSO in saline) or NAM treatment (3 µM 

NPSP89636 and 0.03% DMSO in saline) was delivered every other day from day 

9, 30 minutes prior to the LPS exposure (Yarova et al., 2016). DMSO: Dimethyl 

sulfoxide; NAM: Negative allosteric modulator of the calcium-sensing receptor; 

LPS: Lipopolysaccharide. 

 

2.1.2 Age-related fibrosis in 15-month-old mice with targeted CaSR deletion from 

SM22α-positive cells (mice) 

The novel quantitative image analysis methods developed in the previous 

experiment were then used, alongside existing methods, to determine the role of 

the CaSR in age-related lung remodelling using seven 15-month-old cre-positive 

SM22αCaSRΔflox/Δflox mice with targeted CaSR deletion from smooth muscle protein 22α   

(SM22α)-positive cells and 5 Cre-negative (wild-type (WT)). This model of targeted 

CaSR ablation from SM22α-positive cells was previously generated by Dr Martin 

Schepelmann (Schepelmann et al., 2016) by crossing commercially available SM22α-

Cre+ mice (Jackson Immunoresearch Laboratories, Bar Harbor, ME) (Lepore et al., 

2005) with exon7-LoxP CaSR mice, generated by blastocyst injection of floxed CaSR-

containing embryonic stem cells (ES) (Chang et al., 2008), and inbreeding for at least 

three generations. The resulting CaSR-LoxP SM22α-Cre mice were then used for 

experiments with Cre-negative mice available as WT controls. LoxP sites flanking 

exon 7 of CaSR gene enables the deletion of the seven transmembrane domains and 

four intracellular loops of the CaSR in cells expressing the SM22α promoter region 



43 

 

without alteration to SM22α expression, as shown in Figure 2.2 (Chang et al., 2008; 

Schepelmann et al., 2016). This resulted in a 75 % reduction in CaSR protein 

expression in the lung and significantly reduced function in airway smooth muscle 

cells (Yarova et al., 2015; Schepelmann et al., 2016). CaSR expression and function 

was not directly assessed in fibroblasts from these mice; however, human and mouse 

lung fibroblasts are known to express the CaSR (Zhang et al., 2014, also see chapter 

6) as well as SM22α, also known as transgelin (Lawson et al., 1997). Therefore, the 

cell types targeted with CaSR deletion were lung fibroblasts, airway smooth muscle 

cells, and lung vascular cells. Genotyping for CaSR-LoxP sites and Cre was also 

performed by Dr Martin Schepelmann as shown in Figure 2.2B-C (Holtwick et al., 

2002; Chang et al., 2008; Yarova et al., 2015). Lungs were harvested from these 

mice at approximately 15-months of age. 

 

 

 

Figure 2.2. Breeding protocol for targeted CaSR deletion from SM22α-

positive cells in SM22αCaSRΔflox/Δflox mice. (A) Graphical representation of the 

gene targeting strategy used to introduce loxP sequences to flank exon 7 of CaSR 

to obtain heterozygous (CaSRWT/flox) and homozygous (CaSRflox/flox) mice, 

published in Chang et al. (2008). (B) To confirm integration of the targeting 
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sequences PCR genotyping was performed on genomic DNAs from floxed CaSR-

containing embryonic stem cells (ES) before blastocyst injection as well as from 

the tails of CaSRwt/wt (WT), heterozygous CaSRwt/flox (Het), and homozygous 

CaSRflox/flox (Hom) mice. (C) polymerase chain reaction (PCR) genotyping was 

also performed on genomic DNA after incubation with (+Cre) or without (−Cre) 

bacteriophage P1 Cre recombinase in vitro for 30 min. The 284-bp band 

represents the DNA fragment due to excision of exon 7 of the CaSR (ΔExon7). 

Breeding programmes and genotyping experiments were performed by Martin 

Schepelmann in collaboration with Wenhan Chang (University of California, San 

Francisco, USA) and described in more detail in Chang et al. (2008) and 

Schepelmann et al., (2016) (adapted from Chang et al., 2008). BP: Base pair; 

Het: heterozygous; Hom: homozygous; PCR: Polymerase chain reaction; DNA: 

Deoxyribonucleic acid; ES: embryonic stem cells; CaSR: Calcium-sensing 

receptor; WT: wild-type. 

 

2.1.3 Shorter-term IgE/Th2 asthma delivered by intranasal instillation (mice) 

To investigate the role of the CaSR in IgE/Th2 asthma-like lung remodelling, a model 

of shorter-term IgE/Th2 was performed using intraperitoneal (IP) ovalbumin (OVA) 

sensitisation and intranasally instilled (IN) OVA challenge, as shown in Figure 2.3. 

Here, 18 female Balb/c mice (approximately 6-8 weeks old) were sensitised with 

two intraperitoneal injections of 100 µg/mouse OVA (Sigma-Aldrich, Missouri, United 

States) emulsified with 10 % aluminium hydroxide (Al(OH)3 (50 µg/mouse) in 

phosphate-buffered saline (PBS) solution at days 1 and 13 to evoke an allergic 

response that was confirmed by determining IgE levels. Sensitised mice were then 

randomly distributed into three treatment groups: vehicle (VEH), ovalbumin + 

vehicle (OVA+VEH) and ovalbumin + NAM + vehicle (OVA+NAM). Although previous 

power analysis calculations performed by my colleague, Miss Ping Huang, suggested 

an optimum sample size of 8 animals, only 6 mice from each group exhibited signs 

of OVA-sensitisation and were qualified to continue in the experiment. Mice were 

then challenged with intranasal instillations of 50 µg of OVA in vehicle daily from 

day 21 until day 26. Inhaled vehicle (50 µl of 0.05% tween-80 and 0.3% DMSO in 

saline) or NAM treatment (50 µl of 200 µg NPSP795, 0.05% tween-80 and 0.3% DMSO 

in saline) was then delivered by intranasal instillation twice daily from day 22 until 
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day 26. At day 27, the mice were euthanised and organs were harvested. This 

experiment was performed by Miss Ping Huang. 

 

 

Figure 2.3. Experimental timeline for therapeutic model of shorter-term 

IgE/Th2 asthma delivered by intranasal instillation in Balb/c mice. 18 female 

Balb/c mice were sensitised two intraperitoneal injections of OVA (100 µg) and 

10 % Al(OH)3 (50 µg/mouse) in PBS solution at days 1 and 15 to induce an allergic 

response. Animals were then challenged from day 21 with intranasal instillations 

of 50 µg of OVA in saline daily for 6 days. Intranasal vehicle (50 µl of 0.05% 

tween-80 and 0.3% DMSO in saline) or NAM (50 µl of 200 µg NPSP795, 0.05% 

tween-80, 0.3% DMSO in saline) treatment occurred twice daily from day 22 until 

day 26 and organs harvested at day 27. This experiment was performed by a 

colleague Miss Ping Huang. DMSO: Dimethyl sulfoxide; NAM: Negative allosteric 

modulator of the calcium-sensing receptor; OVA: Ovalbumin; PBS: Phosphate 

buffered saline; IP: intraperitoneal; IN: Intranasal; IgE: Immunoglobulin.  

 

2.1.4 Alarmin-driven asthma (mice) 

To investigate the role of the CaSR in alarmin-driven asthma-like lung remodelling, 

an alarmin-driven asthma model was generated using interleukin (IL)-33 challenge 

in non-sensitised mice, as shown in Figure 2.4. Here, 18 female 6- to 8-week-old 

Balb/c mice were challenged with intranasal instillation of 30 ng IL-33 (R&D Systems, 

Minneapolis MN, USA) in 50 µl saline for 6 days. From day 2, inhaled treatment with 

vehicle (50 µl of 0.05% tween-80 and 0.3% DMSO in saline) or NAM (50 µl of 200 

μg/mouse NPSP795, 0.05% tween-80 and 0.3% DMSO in saline) was delivered by 

intranasal instillation twice daily, 2h before IL-33 administration. Mice were then 
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euthanised and organs harvested on day 7. This experiment was also performed by 

Miss Ping Huang. 

 

 

Figure 2.4. Experimental timeline for therapeutic model of alarmin-driven 

asthma in Balb/c mice. This model of alarmin-driven asthma was developed in 

parallel with the intranasal IgE/Th2 asthma model excluding the sensitisation 

stage. 18 female Balb/c mice were challenged intranasally with IL-33 daily for 

6 days. Intranasal instillations of vehicle (50 µl of 0.05% tween-80 and 0.3% DMSO 

in saline) or NAM treatment (50 µl of 200 µg NPSP795, 0.05% tween-80 and 0.3% 

DMSO in saline) occurred twice daily from day 2. Mice were then euthanised and 

organs harvested on day 7. This experiment was performed by a colleague Miss 

Ping Huang. DMSO: Dimethyl sulfoxide; NAM: Negative allosteric modulator of 

the calcium-sensing receptor; IL-33: Interleukin-33; IN: Intranasal.  

 

2.1.5 Longer-term IgE/Th2 asthma delivered by nebulisation and head-to-head 

comparison with NAM and an inhaled corticosteroid (mice) 

The final model used to investigate the role of the CaSR in asthmatic lung 

remodelling, named the longer-term IgE/Th2 asthma model, was generated by 

delivering nebulised OVA challenge and inhaled NAM treatment in OVA sensitised 

mice. Here, 30 female Balb/c mice (approximately 6-8 weeks old) were obtained 

from Envigo (UK) and maintained under standard conditions with food and water ad 

libitum. Female mice were used in this experiment due to their association with a 

heightened inflammatory response compared to males (Melgert et al., 2005; 

Blacquiere et al., 2010). A colleague Polina Yarova performed a priori F test power 

calculation for one-way analysis of variance (ANOVA) (where α = 0.05, power = 0.8 

and effect size = 0.7) and six mice were suggested as suitable for each treatment 
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group (G*Power v.1.3.9.6). They were sensitised with two intraperitoneal injections 

of OVA (50 µg) and aluminium hydroxide Al(OH)3 (50 mg) in phosphate-buffered 

saline (PBS) solution at days 0 and 10 of the experiment where subsequent IgE 

measurements were used to confirm sensitisation. Again, sensitised mice were then 

randomly distributed into treatment groups with 6 mice assigned to each group. Mice 

were then challenged from day 21 every other day with 0.5 % OVA aerosol until day 

29. Treatment with nebulised NAM (6µM of NPSP795), fluticasone propionate (FP) 

(0.25 mg) or vehicle (0.01 % Tween-80/0.03 % DMSO) occurred twice daily from day 

25 until day 30. At day 32, the mice were euthanised and organs were harvested 

(Figure 2.5). The following analyses were performed with the experimenter blinded 

to the experimental conditions. This protocol is now published in Yarova et al. 

(2021).  

 

 

Figure 2.5. Experimental timeline for therapeutic model of longer-term 

IgE/Th2 asthma delivered by nebulisation in Balb/c mice. 18 female Balb/c 

mice were sensitised two intraperitoneal (IP) injections of OVA (50 µg) and 50 

mg aluminium hydroxide (Al(OH)3) in phosphate-buffered saline (PBS) solution 

at days 0 and 10 to induce an allergic response. Animals were then challenged 

from day 21 to 29 with five nebulised instillations of 0.5 % OVA aerosol every 

other day for one hour for 9 days. Aerosolised treatment with vehicle (0.01 % 

Tween-80 and 0.03% DMSO in saline), NPSP795 (6 μM, 0.01 % Tween-80 and 0.03% 

DMSO in saline) or fluticasone propionate (FP) (0.25 mg FP, 0.01 % Tween-80 

and 0.03% DMSO in saline) was delivered twice daily for 15 min, 1 hour prior to 

and 7 hours after each OVA challenge for six days. At day 32, the mice were 

euthanised and organs were harvested. This experiment was performed by Miss 
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Ping Huang and Dr Polina Yarova (Yarova et al., 2021). DMSO: Dimethyl 

sulfoxide; NAM: Negative allosteric modulator of the calcium-sensing receptor; 

OVA: Ovalbumin; PBS: Phosphate buffered saline; IP: intraperitoneal; IN: 

Intranasal; IgE: Immunoglobulin; FP: Fluticasone propionate. 

 

2.1.6 Ethics 

All animal procedures were approved by local ethical review and conformed to the 

regulations of the United Kingdom Home Office according to the Animals (Scientific 

Procedures) Act 1986. All animal experiments were carried out by colleagues 

following ethical review, in accordance with UK legislation and ARRIVE guidelines 

(Kilkenny et al., 2013), independently reviewed and approved by the UK Home Office 

(Home Office Project License 30/3007) and conformed to the guidelines from 

directive 2010/63/EU of the European Parliament on the protection of animals used 

for scientific purposes. Euthanasia for tissue collection was performed by cervical 

dislocation or intraperitoneal injection of pentobarbital overdose according to UK 

legislation [A(SP)A 1986, Schedule 1].  

 

2.1.7 Histology 

Lungs from these animals were harvested and promptly fixed in neutral buffered 

formalin for 24 hours before being mounted in a paraffin block for sectioning. Syringe 

injection to inflate the lung was only performed on lungs from SM22αCaSRΔflox/Δflox 

mice. 

 

2.1.7.1 Picrosirius red and Periodic Acid-Schiff (PAS) staining 

Formalin-fixed paraffin-embedded (FFPE) 5µm thick sagittal lung cross-sections 

were taken from the three larger lobes of the right lung of all 12 female Dunkin-

Hartley guinea pigs used to simulate COPD-like neutrophilic exacerbation, 

deparaffinised, rehydrated and stained with Picrosirius Red and periodic acid Schiff 

(PAS) for the identification of collagen and mucosubstances, respectively. These 

experiments were carried out by Dr Polina Yarova (Yarova et al., 2016)) using a Leica 

Autostainer XL (Leica Microsystems, Milton Keynes, UK) according to the 

manufacturer’s protocol, as published in Yarova et al. (2016). Reagents purchased 

from Sigma-Aldrich (Dorset, UK). Imaging was performed by myself at a later date 
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using an Olympus BX40 slide scanner and individual airways and regions of distal lung 

parenchyma were identified at random with the experimenter blinded to the 

experimental conditions.  

 

2.1.7.2 Masson’s trichrome staining 

FFPE 5µm thick sagittal plane lung cross-sections were taken from the left lung of 

all animals from the models of age-related fibrosis in SM22αCaSR𝛥flox/𝛥flox mice and 

shorter-term IgE/Th2 asthma, alarmin-driven asthma, and longer-term IgE/Th2 

asthma in Balb/c mice. Additionally, following sagittal sectioning of lungs from the 

longer-term IgE/Th2 asthma model, these lungs were re-orientated for sectioning in 

the transverse plane for the identification of more consistent larger airway cross-

sections. All sections were mounted on glass slides and embedded in paraffin wax 

for tissue preservation. To remove the paraffin wax for histological staining the lung 

sections were immersed twice in xylene (Atom Scientific, UK) for 4 minutes. This 

was followed by submerging slides twice in 100 % ethanol for two minutes, once in 

90 % ethanol for two minutes, once in 70 % ethanol for two minutes and finally in 

distilled water for five minutes to remove the paraffin. Masson’s trichrome staining 

was then performed in accordance with the manufacturer’s kit guidelines 

(Polysciences Inc., DE) by submerging slides in Bouin’s solution for 1 hour at 60˚C in 

a water bath. Slides were then washed for 5 mins under running tap water and 

transferred to Weigert’s iron haematoxylin working solution (1:1 ratio of solution A 

and B) for 10 mins. This was followed by a wash in running tap water for 5 minutes 

and rinse with ddH2O. Then slides were placed in Biebrich scarlet - acid fuchsin 

solution for 5 minutes and subsequently washed in ddH2O. Slides were then 

incubated in 5% phosphotungstic/phosphomolybdic acid for 10 minutes before slides 

were drained and transferred to aniline blue for 5 minutes before three consecutive 

washes in ddH2O. Slides were subsequently placed in 1% Acetic acid for 1 minute 

before a final rinse in ddH2O and dehydration of tissue back to xylene. Sections were 

then mounted with a xylene-based mounting medium (Distryene plasticiser xylene 

(DPX); Atom Scientific, UK). This staining was carried out by myself for the age-

related fibrosis in SM22αCaSR𝛥flox/𝛥flox mice, shorter-term IgE/Th2 asthma and alarmin-

driven asthma models but Masson’s trichrome staining for the longer-term IgE/Th2 
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asthma model was performed by the Cardiff university bioimaging hub using a Leica 

Autostainer XL (Leica Microsystems, Milton Keynes, UK). 

 

2.1.7.3 Quality control 

Due to obtaining pre-stained or autostainer stained lung sections for some of my 

experiments, implementation of a staining quality control step was not always 

possible. Instead, only images where markers could be identified successfully with 

StrataQuest image analysis software were included in these studies, which is 

described in more detail later in this chapter. In some instances, overstained 

sections were still permitted to be included in my studies where identification of 

the markers is undisrupted; however, in future controlling the quality of staining in 

these experiments should be included to ensure accurate component identification. 

 

2.1.7.4 Brightfield imaging 

With the experimenter blinded to the experimental conditions, imaging of the whole 

lung section was performed using the 20x objective of an Olympus BX40 slide scanner 

(Olympus, Southend-on-Sea, UK) before suitable airways were selected at random 

for analysis. Suitable airways were defined as those of a suitable size, larger (> 

50,000 µm2) and smaller (< 50,000 µm2), with a closed circular shape and little or no 

elongation, indicating cross-section error. Consistency was maintained within these 

size limits by ensuring all airways occupied approximately 40% of the total image 

area for images taken with the 10x objective lens (larger airways) or 20x objective 

lens (smaller airways). 

 

Areas of distal lung parenchyma were selected at random providing they lacked 

interfering airways or vasculature and were not adjacent to the exterior wall of the 

lung where artifacts are more common. Ashcroft et al. (1988) and Hübner et al. 

(2008) used 10x objective lenses to determine alveolar interstitial remodelling; 

however, it was not possible to collect more than three 10x objective images (2772 

x 2068 px) of the alveolar interstitium per lung section due to interference with 

airways or vasculature and was deemed unrepresentative; therefore, 12 iterations 

of 20x objective images (1386 x 1034 px) were obtained instead, totalling the same 
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area of lung but less susceptible to interference. The number of images (aka regions 

of interest; ROI) per experiment are detailed in Table 2.1. 

 

 

Table 2.1 Summary of in vivo image analysis information. This table 

summarises the number of animals; number of technical repeats; total regions 

of interest (ROIs); and range of ROI’s per animal for the quantitative image 

analysis experiments performed in this thesis. 
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2.1.7.5 Experimental group blinding 

Experimental group blinding was achieved using a two-step approach, first by 

colleagues prior to the imaging process using coded names for each animal, and 
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secondly by coding the name of each image file using the opensource protocol 

published by Salters (2016) named blindrename.pl script (Mariani et al., 2016). 

 

2.1.8 In vivo image analysis 

2.1.8.1 Adaptation of the Ellis et al. (2003) approach 

Using a murine model of IgE/Th2 asthma, induced by OVA sensitisation and inhaled 

OVA challenge, Ellis et al. (2003) developed a novel method of determining the 

percentage of peribronchial collagen surrounding 1st generation airways. To do this, 

concentric rings were mapped to Masson’s trichrome, or αSMA, stained airway cross-

sections from the left superior, right inferior and left inferior lobes and regions of 

vasculature were excluded from the analysis. Here, the most sensitive region for 

determining peribronchial collagen was determined as the 20µm for the larger 

airways; however, significant changes were observed in all regions.  

 

The lobes deemed most suitable, the left superior and inferior lobes, were used to 

maintain consistency; however, the sample sizes recommended by Ellis et al. (2003) 

were larger than those that could be accommodated in my experiments due to 

obtaining lung sections from previous experiments. Instead sample sizes were 

aligned with previous power analyses performed by my colleague, Dr Polina Yarova, 

suggesting an optimum sample size of 8 animals (Yarova et al., 2015). Furthermore, 

the organs used in this thesis had already been harvested, FFPE, mounted, and 

sectioned in the sagittal plane resulting in the loss of 1st generation airways. 

Although the longer-term IgE/Th2 asthma model was later reorientated to obtain 

larger, likely 1st generation, airways; the airway position could not be confirmed. 

Therefore, adaptation of the Ellis et al. (2003) method was required for sagittal 

plane cross-sectioning across the range of airway sizes analysed, including larger (> 

50,000µm2) and smaller (< 50,000µm2) airways, as shown in Figure 2.6.  
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Figure 2.6. Graphical representation of the adaptation to the Ellis et al. 

(2003) method in StrataQuest. (A) Smaller airways were (B) manually 

identified by airway lumen (yellow) and airway epithelium (green). StrataQuest 

(TissueGnostics, AT) was then programmed to analyse the percentage of 

positively stained blue pixels with seven peribronchial rings extending away 

from the airway epithelium in increments of 10 µm. The same method was used 

for the larger airways except the rings increased in increments of 30 µm. Image 

shown from Masson’s trichrome stained smaller airway from 15-month-old Cre-

negative SM22αCaSRflox/flox (Wild-type) mouse. Graticule (A and B) 50 µm. AT: 

Austria. 

 

In collaboration with Mr Robert Nica at TissueGnostics (Vienna, AT), larger and 

smaller airways were incorporated into the adapted Ellis et al. (2003) method by 

adjusting the increment used to produce the concentric ring that would serve as the 

region for determining peribronchial collagen remodelling. To do this, the airway 

lumen and epithelium was identified manually and the outer circumference of this 

region was used to define the airway region, represented as 0µm. The concentric 

ring used for determining collagen deposition then grew outwards from this point.  

 

Due to the anatomical differences between species and experimental differences in 

the expected severity of different models of lung remodelling, the size of collagen 

region used to determine peribronchial collagen was not kept the same. The 
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rationale for the deviations from Ellis et al. (2003) recommendations are detailed in 

Table 2.2.  

 

Table 2.2. Summary of rationale used to adapt the Ellis et al. (2003) method 

to different species and experimental models. 

Model Airway size Increment used Rationale 

COPD-like 

neutrophilic 

exacerbation 

Larger 

Smaller 

60µm 

20µm 

Smooth muscle region too large 

for smaller increments 

Age-related 

fibrosis 

Smaller 10µm Half the recommended size for 

larger airways and remodelling 

expected to be mild 

IgE/Th2- and 

alarmin-driven 

asthma 

Larger 

Smaller 

 

60µm 

20µm 

Moderate to severe smooth 

muscle and peribronchial collagen 

remodelling expected 

 

2.1.8.2 Quantitative Histomorphometry of Airway Cross-section Components 

(qHACC) 

Quantitative image analysis is well suited to determining changes in lung remodelling 

particularly due to its ability to combine marker location, histology and tissue 

morphology in a quantitative manner, this is termed histomorphometry. A number 

of published methodologies to determine characteristics of airway remodelling were 

found in the literature, including epithelial thickness (Royce et al., 2009); mucus-

producing epithelial cells (i.e. goblet cells) (Zeki et al., 2010; Pini et al., 2010); 

smooth muscle thickness (Pini et al., 2010); and subepithelial/peribronchial collagen 

(Ellis et al., 2003; Royce et al., 2009).  

 

However, many of these approaches were not applicable to a range of airway sizes 

as desired and were instead limited to first generation airways which were often 

unavailable due to the orientation of the pre-cut sections obtained from previous 

experiments. For example, Zeki et al. (2010) used a “mean goblet cell index” to 

determine goblet cell remodelling by quantifying the percentage of primary, 

secondary and tertiary conducting airway PAS-positive cells out of 100 or more 

epithelial cells over 5 regions of interest. To overcome this problem of unknown 

airway positioning, Pini et al. (2010) identified airways at random using size as a 
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control parameter, before manually measuring the thickness of the smooth muscle 

layer and the percentage of epithelial cells positively stained for mucins. Similarly, 

Royce et al. (2009) used size as a determinant of airway positioning by only including 

airways with a lumen diameter of between 150-350µm to determine epithelial and 

subepithelial collagen thickness.  

 

Therefore, a novel approach was developed using StrataQuest by building on 

previously described methods and addressing their limitations such as prior 

knowledge of airway locus; the need for multiple staining protocols for each marker; 

manual cell counting; and lack of general airway health measurement. To do this, 

the bronchi and bronchioles were first separated by their size, larger (> 50,000µm2) 

and smaller (< 50,000um2), in a similar manner to the approach described by Hirota 

et al. (2006) to account for the morphological differences between airways of 

different sizes and location within the lung. Where pre-stained lung sections were 

not the only available resource, sections were stained with Masson’s trichrome with 

aniline blue that is capable of staining both mucosubstances and collagen 

simultaneously. Airways were then imaged with the highest resolution objective that 

produced a file size suitable for StrataQuest (20x objective). Airway regions were 

identified manually using StrataQuest with the experimenter blinded to the 

experimental conditions, as shown in Figure 2.7.  

 

 

Figure 2.7. Graphical representation of manual region identification for the 

novel qHACC method using StrataQuest. (A) Normal smaller airway stained 

Airway 

Blood vessel 
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with Masson’s trichrome. (B) In the novel qHACC method airway structures are 

identified manually including the airway lumen (yellow), airway epithelium 

(green), RBM/smooth muscle (red) and peribronchial region (blue capsule). This 

method was also adapted for the larger airways. Image shown from Masson’s 

trichrome stained smaller airway from 15-month-old Cre-negative 

SM22αCaSRflox/flox (Wild-type) mouse. Graticule (A and B) 50 µm. qHACC: 

quantitative histomorphometry of airway cross-section components. 

 

Technical input on the StrataQuest programming was obtained from Mr Robert Nica 

from TissueGnostics (Vienna, AT), specifically to devise a method for determining 

total tissue, epithelial tissue, goblet cells, smooth muscle and total peribronchial 

collagen using histomorphometry. To do this, different tissues (mucosubstances, 

collagen and other tissues) were separated by colour using multiple reference shades 

for each marker taken from approximately 15 different instances of positive signal 

from examples of a range of staining intensities irrelevant of treatment group (due 

to experimenter blinding). This approach controls for inconsistencies in staining 

colour and intensity by eliminating any staining that does not match the reference 

shades or intensity threshold for positive signal. This control measure was performed 

for each individual experiment and was consistent across all experimental groups. 

In these experiments, Picrosirius Red stains collagen as dark red, nuclei brown and 

other tissues light red and PAS stains goblet cells purple, other tissues blue and 

nuclei brown. Alternatively, Masson’s trichrome stains collagen dark blue, goblet 

cells light blue, nuclei brown and other tissues red. Although two shades of blue are 

present in this stain, that would typically be difficult to distinguish, the region in 

which the staining was present was also used to differentiate between 

mucosubstance staining in the airway epithelium and collagen staining in the 

subepithelial and peribronchial region. Each tissue was then translated into a grey 

image where the intensity of grey/white is proportional to the staining intensity for 

that marker. This is comparable to signal strength in a fluorescence image. Providing 

positively stained pixels surpassed the threshold for positive staining intensity 

(which was automatically determined by StrataQuest using the reference shades), 

the pixels were used to generate a positive signal mask. Here, only pixels within the 

specified regions of interest were included, shown in Figure 2.8E-H. These masks 



58 

 

and the known area of each pixel (determined by the Cardiff University Bioimaging 

Hub; Table 2.3) was used for subsequent area measurements. Furthermore, all 

tissue edges were marked by a blue photo-bleaching artifact,  which was caused by 

the highly contrasting bright white background. To avoid mislabelling this 

photobleaching as blue staining, any blue colouration immediately adjacent to the 

white background (up to a distance of 1 pixel) was automatically removed.  
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Figure 2.8. Visual representation of positive pixel quantification in qHACC using StrataQuest. Manually identified regions 

of interest (B-D) were used for positive pixel identification and measurements. For masson’s trichrome staining, as shown in 

(A), and simiarly for picrosirius red staining (not shown), the tissues of interest, including cytoplasm (red), nuclei (brown), 

collagen (dark blue) and mucus (light blue), were separated into individual layers based on multiple reference shades and 

staining intensities for each colour. “Masks” (E-H) were then generated from the positive signal layers for each colour and 

used for subsequent area measurements to determine (E) Total tissue, (F) Epithelial tissue, (G) Goblet cells, smooth muscle 

(not shown), and (H) Peribronchial collagen. All calculations were then normalised to airway size. Image obtained from 
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Masson’s trichrome stained Balb/c mouse exposed to OVA-sensitisation and –challenge. Graticule (A-D) 50 µm. OVA: ovalbumin; 

qHACC: quantitative histomorphometry of airway cross-section components (this figure is published in Yarova et al., 2021). 
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Due to the versatility of manual region identification and the histological 

identification of mucosubstances, collagen and lung tissue, the quantitative 

histomorphometry of airway cross-section components (qHACC) approach can be 

used to determine epithelial thickening, goblet cells, smooth muscle, and 

peribronchial collagen. These measurements are defined in Table 2.3. 

 

Several other markers were evaluated for the potential to be included in the qHACC 

analysis, including epithelial cell count and goblet cell count, perivascular tissue, 

perivascular collagen, peribronchial and perivascular tissue, peribronchial and 

perivascular collagen, as well as peribronchial and perivascular cell count using a 

combination of nuclei, collagen and/or tissue staining. However, cell identification 

was poor due to the image resolution of the 20x objective lens and poor nuclear 

staining intensity. Furthermore, vascular analyses were obstructed by extensive 

cross-section error and an inability to control for this. Therefore, these 

measurements were deemed too inaccurate to be included in the qHACC approach 

without significant improvement and could not be optimised within the timeframe 

of my PhD. 

 

Table 2.3. Summary of qHACC image analysis measurement definitions. 

Measurement Definition  

Pixel size 1px = 1.03µm2 

Airway size Total epithelial region and airway lumen surface area (Figure 2.8B). 

Positive 

staining/pixels 

Any coloured pixels that exceeds the intensity threshold automatically 

determined by StrataQuest based on multiple reference shades taken from 

multiple randomly-selected images. 

Total tissue 

All positively stained light red, dark red, and brown pixels (Picrosirius red) 

or red, light blue, dark blue and brown (Masson’s trichrome) pixels within 

the total tissue region (Figure 2.8A) divided by the airway size and 

expressed as a percentage of positive pixels 100µm-2. 

Epithelial tissue 

All positively stained light red, dark red, and brown pixels (Picrosirius red) 

or red, light blue, dark blue and brown (Masson’s trichrome) pixels within 

the epithelial region (Figure 2.8B) divided by the airway size and 

expressed as a percentage of positive pixels 100µm-2. 

Goblet cells 
Only positively stained purple (periodic acid-Schiff) or light blue (Masson’s 

trichrome) pixels located within the goblet cell region (Figure 2.8C) 
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divided by the airway size and expressed as a percentage of positive pixels 

100µm-2. 

Smooth muscle 

Only positively stained light red (Picrosirius red) or red (Masson’s 

trichrome) pixels within the peribronchial region (Figure 2.7B; red) 

divided by the airway size and expressed as a percentage of positive pixels 

100µm-2 

Peribronchial 

collagen 

Only positively stained dark red (Picrosirius red) or dark blue (Masson’s 

trichrome) pixels within the peribronchial region (Figure 2.8D) divided by 

the airway size and expressed as a percentage of positive pixels 100µm-2 

 

2.1.8.3 Quantitative Histomorphometry of Interstitial Tissue (qHIT) 

Ashcroft et al. (1988) first developed a semi-quantitative scoring approach to 

determine fibrosis using pre-clinical models of bleomycin-induced fibrosis. This 

approach is easily accessible and requires only a microscope; however, there are 

several limitations such as histopathological experience is required to achieve 

reproducible results; the assignment of scoring is subjective and vulnerable to 

experimenter bias; and the discontinuous scale (from 0 to 8), designed to score 

severe bleomycin-induced fibrosis, and is not well suited to models where fibrosis is 

less severe (i.e. where fibrotic foci are absent). 

 

Grading of the Ashcroft scoring system involves qualitative assessment of the level 

of thickening to the alveolar or bronchiolar walls, distortion of lung structure and 

formation of fibrous masses (Ashcroft et al., 1988). Hübner et al. (2008) built upon 

this method by improving the detail of each definition, separating the alveolar septa 

from the lung structure and defining the differences between scores in terms of the 

percentage of the field of view area affected by fibrotic masses (Hübner et al., 

2008).  

 

Here, I identified that all these observations will result in a net increase in alveolar 

interstitial tissue. Therefore, using Fiji image analysis software and the imaging 

protocol described in section 2.1.7.4, regions of alveolar parenchyma were 

identified at random in picrosirius red or Masson’s trichrome stained lung sections 

with the experimenter blinded to the experimental conditions. Once images were 

imported into Fiji, the “Huang” thresholding feature was used to create a “mask”, 
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a term describing the generation of a new image where all negatively stained pixels 

(i.e. the white background) have been removed. The area of the remaining pixels 

were then calculated as a percentage of the original image size (Figure 2.9). 

Therefore, using the principles of the Ashcroft and modified Ashcroft scoring 

systems, a novel methodology, termed quantitative histomorphometry of interstitial 

tissue (qHIT), was built. However, unlike the modified Ashcroft scoring system this 

approach is non-specific, unbiased and sensitive to changes in lung morphology. 

Here, the change in tissue area between treatment groups is a surrogate for alveolar 

interstitial tissue and extracellular matrix (ECM) remodelling as well as cellular 

remodelling such as alveolar epithelial metaplasia and angiogenesis. Furthermore, 

a net decrease in tissue area would be indicative of emphysema-like alveolar 

destruction. However, due to the non-specific nature of this approach, inflammatory 

cells or is not specifically identified or removed and so is included in the analysis. 

Therefore, any changes observed are described as a change in interstitial tissue and 

inflammation until this method can be further developed to identify specific cell 

types and eliminate non-remodelling characteristics from the analysis. 

 

 

 

Figure 2.9. Visual representation of qHIT positive signal identification using 

Fiji. (A) The same Masson’s trichrome or picrosirius red stain was used to 

identify regions of tissue lacking airways and vasculature. (B) The “Huang” 

thresholding feature was used to mask positive signal (red) and exclude the 

background (white) for the quantification of the area of interstitial tissue and 
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inflammation. Image obtained from Masson’s trichrome stained Balb/c mouse 

exposed to OVA-sensitisation and –challenge. Graticule (A and B) 50 µm. qHIT: 

quantitative histomorphometry of interstitial tissue; OVA: Ovalbumin. 

 

2.1.8.4 Modified Ashcroft Scale 

Although the presence of collagen is not a discrete marker of pathology, collagen is 

a major component of fibrous extracellular matrix deposited by (myo)fibroblasts and 

is often used as a marker of ECM remodelling (Redente et al., 2011; Redente et al., 

2014). Semi-quantitative scoring systems, such as the modified Ashcroft scale 

(Hübner et al., 2008), are often used to determine extent of parenchymal fibrosis in 

severe models of lung fibrosis, such as bleomycin injury, and represents the current 

industry standard measurement of lung fibrosis. A modified Ashcroft scale (Hübner 

et al., 2008) was used to determine the severity of fibrosis observed on a grade scale 

of 0 – 8 using images of the distal lung parenchyma obtained for the qHIT analysis. 

Example photos provided by Hübner et al. (2008) were used for reference.  

 

2.2 In vitro studies 

2.2.1 Normal human lung fibroblasts 

All consumable and equipment was disinfected with 70% ethanol prior to use.  

Normal human lung fibroblasts (NHLFs) were purchased from Lonza (Slough, UK) 

three ethically consented patients, between the ages of 56 and 67, that did not 

exhibit inflammatory or interstitial lung disease characteristics. These cells were 

cultured in accordance with the protocol provided by Lonza. Cells were seeded onto 

8-chamber Millicell EZ slides (Merck Millipore, Watford, UK) at densities of 0.5 x 103 

in Lonza custom fibroblast basal medium-2 (FBM-2) with additional Lonza SingleQuot 

supplements (FGM-2) containing insulin, recombinant human fibroblast growth 

factor B (hFGF-B), GA-1000 antibiotics (containing 0.1 % gentamicin and 0.1 % 

amphotericin B), and fetal bovine serum (FBS) and incubated at 37 °C in a humidified 

incubator with 5% CO2. Medium was replaced every other day until the start of the 

experiment. During the experiment, once cells had reached ~60% confluency, cells 

were changed to the experimental medium containing 50 ml fibroblast basal medium 

(FBM)-2, 0.1 % insulin, 0.1 % human fibroblast growth factor (hFGF)-B and 0.1% fetal 

bovine serum (FBS) but gentamicin and amphotericin (GA)-1000 was ablated as 
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aminoglycoside antibiotics, such as gentamicin are CaSR activators (McLarnon et al., 

2002; Ward et al., 2002). The experimental medium also contained 1.81 mM free 

ionised Ca2+ as measured by my colleague, Dr Kasope Wolffs. Cells were split into 

four groups once desired confluence had been reached and serum-containing 

medium had been removed to halt cell cycle progression, including 1) vehicle 

control: 0.01% DMSO in phosphate-buffered saline (PBS); 2) NAM only: 1 µM NPS2143 

and 0.01% DMSO in PBS for 72 hours; 3) transforming growth factor (TGF)-β: 

recombinant human TGF-β1 (5 ng/ml TGF-β1 and 0.01% DMSO in PBS) in 

experimental medium for 72 hours; and 4) TGF-β + NAM: a 4-hour pre-incubation 

with NAM (1 µM NPS2143 and 0.01% DMSO in PBS) followed by treatment with TGF-

β1 and NAM (5 ng/ml TGF-β1, 1 µM NPS2143 and 0.01% DMSO in PBS) in experimental 

medium for 72 hours. Figure 2.10 shows the experimental timeline for this 

experiment that was planned and performed by my colleague Dr Kasope Wolffs with 

my occasional aid.  

 

Figure 2.10. Experimental timeline for normal human lung fibroblast 

experiment. Lung fibroblasts from normal donors (patient CC-2612; Lonza ,UK) 

were incubated at 37 °C under humidified conditions with 5% CO2. At 80 - 90% 

confluence cells were seeded into 8-chamber Millicell EZ slides at densities of 

0.5x10⁴ in Lonza custom fibroblast basal medium-2 (FBM-2) with additional 

Lonza SingleQuot supplements (FGM-2). On day 0, when cells presented 50 - 60% 

confluency, growth medium was replaced with experimental medium. On the 

next day the cells were starved (serum-free experimental medium) to halt cell 
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growth cycle. On day 2, medium was aspirated, and cells were treated with 

TGF-β1 (5 ng/ml TGF-β1 and 0.01% DMSO in experimental medium) or TGF-β + 

NAM (0.1 µM NPS2143, 5 ng/ml TGF-β1 and 0.01% DMSO in experimental 

medium). Pre-treatment involved an incubation with NAM (1 µM NPS2143 and 

0.01% DMSO in experimental medium) 4 hours prior to treatment with TGF-β1. 

NAM: Negative allosteric modulator of the calcium-sensing receptor; DMSO: 

Dimethyl Sulfoxide; TGF-β1: Transforming growth factor beta 1; FBS: Fetal 

bovine serum; FBM: Fibroblast basal medium; FGM: Fibroblast growth medium. 

 

2.2.2 Immunofluorescence 

2.2.2.1 CaSR and αSMA labelling 

CaSR and α-smooth muscle actin (αSMA) immunolabelling was first optimised in 

human embryonic kidney cells transfected with the CaSR (CaSR-HEK 293) (Figure 

2.11) using negative primary antibody controls and a non-specific IgG2a isotype 

control was used to ensure target specificity, as shown in Figure S9.2. The 

antibodies used in these studies are described in more detail in Table 2.4. Following 

optimisation, this protocol was performed on normal human lung fibroblasts fixed 

with a 20-minute incubation with 2% paraformaldehyde (PFA) solution in PBS. Fixed 

cells were then incubated in blocking buffer, containing 1% bovine serum albumin 

(BSA), 3% goat serum and 0.1% triton X100 in filter sterilised PBS (pH 7.4) for one 

hour before primary antibody co-incubations of the anti-CaSR (ab19347; 1:200) and 

anti-αSMA (ab5694; 1:300) suspended in blocking buffer solution, at recommended 

concentrations listed in Table 2.4 overnight (>12 hours). Next, phosphate-buffered 

saline (PBS) solution (pH 7.4) washes were performed in three iterations of five-

minutes following medium aspiration and antibody incubation steps. Secondary 

antibody incubation was performed with AlexaFluor488 (ab150077; 1:500) and 

AlexaFluor594 (A11005; 1:1000) in blocking buffer for one hour. Antibody solutions 

suspended in blocking buffer were centrifuged for 5 minutes at 15,000 relative 

centrifugal field (RCF). Mounting was then performed using glycerol based 

Vectashield (Vector Labs, UK) containing the nuclei stain, 4,6-diamidino-2-

phenylindole (DAPI), overnight at 4 ˚C. Nail varnish was then used to seal the glass 

coverslips to the slide for longevity. Negative control incubations were included to 

distinguish immunoreactivity from off-target staining and auto-fluorescence. This 
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was achieved by abrogating the primary antibody incubation step for a blocking 

buffer only incubation while all other steps and reagents remained the same.  

 

Table 2.4. Summary of antibodies used in immunohistochemical and 

immunofluorescence experiments. A range of antibodies were used to identify 

specific protein targets (primary antibodies; unconjugated) or label these 

targets for detection (secondary antibodies; AlexaFluor488/594) using 

immunofluorescence or immunohistochemistry. CaSR: Calcium-sensing 

receptor; αSMA: alpha smooth muscle actin; ROCK1: Rho-associated coiled-coil 

containing protein kinase 1; IgG: Immunoglobulin G; IgG2a: Immunoglobulin G 

isotype 2a. 
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Figure 2.11. Optimisation of CaSR and αSMA immunoreactivity in (A, B) CaSR-

HEK293 cells and (C, D) normal human lung fibroblasts, respectively. (A) 

Immunoreactivity was observed using the ab19347 human anti-CaSR antibody 

[5C10, ADD] (1:200) and (C) the ab5694 human anti-αSMA (1:300). (B, D) 

Negative controls. Immunofluorescence was performed on 2% paraformaldehyde 

fixed HEK-293 cells transfected with the human CaSR. Blocking and 

permeabilisation was achieved with 1% BSA-PBS, 3% goat serum and 0.1% triton 

X100. Areas selected at random using the DAPI field. CaSR-HEK293 cells and 

fibroblasts seeded at different densities. Mag: 10x and 40x. Brightness + 40%; 

contrast + 40%. Background subtracted using ImageJ (“separate colour”; 50.0 

pixels). Graticule 100 µm larger image and 50 µm smaller image. CaSR-HEK293: 

Human embryonic kidney cells transfected with the calcium-sensing receptor; 

BSA: Bovine serum albumin; PBS: phosphate buffered saline; CaSR: calcium-
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sensing receptor; αSMA: alpha smooth muscle actin; DAPI: 4,6-diamidino-2-

phenylindole. 

 

2.2.2.2 ROCK1 protein expression 

Rho-associated coiled-coil containing protein kinase 1 (ROCK1) immunostaining was 

optimised in human embryonic kidney cells transfected with the CaSR (CaSR-HEK 

293) cells. Following the 20-minute fixation step using 2% paraformaldehyde (PFA) 

solution in PBS, cells were incubated in blocking buffer, containing 1% BSA, 3% goat 

serum and 0.1% triton X100 in filter sterilised PBS (pH 7.4) for one hour before 

incubation of primary human anti-ROCK1 antibody (Cat# 21850-1-AP; 1:500) 

suspended in blocking buffer solution, at recommended concentrations listed in 

Table 2.4 overnight (>12 hours). Phosphate-buffered saline (PBS) solution (pH 7.4) 

washes were performed in three iterations of five-minutes following medium 

aspiration and following antibody incubation steps. Three further iterations of 5-

minute PBS (pH 7.4) washes then preceded secondary antibody incubation with anti-

rabbit AlexaFluor488 (ab150077; 1:500) in blocking buffer for one hour. Antibody 

suspensions were centrifuged at 15,000 relative centrifugal force (RCF) for 5 minutes 

before use. Cells were mounted using phalloidin (1:250) in PBS in 1:1 ratio with 

glycerol based Vectashield with DAPI (Vector Labs, UK) overnight at 4 ˚C. Nail 

varnish was then used to seal the glass coverslips to the slide for longevity. Negative 

control incubations were included to distinguish immunoreactivity from off-target 

staining and auto-fluorescence. This was achieved by abrogating the primary 

antibody incubation step for a blocking buffer step while all other steps and reagents 

remained the same.  

 

2.2.2.3 Immunofluorescent imaging 

An Olympus BX61 fluorescent microscope (CaSR and αSMA) or Zeiss LSM 880 upright 

confocal microscope (Zeiss, UK) (ROCK1) was used to image NHLFs at wavelengths 

358nm (DAPI), 488nm (FITC) and 594nm (TRITC) using the 63x objective lens. 

Exposure times were optimised automatically using inbuilt surveyor (Objective 

Imaging Ltd, Cambridge, UK) programming and were maximised without exceeding 

the point of saturation (approx. 1-5 seconds). Areas of suitable cell density (40 % of 

the image area) were identified using the DAPI filter. Following imaging the 
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background was subtracted for analysis using StrataQuest utilising the “separate 

colour” function in ImageJ (Schneider et al., 2018) set at the default level (50.0 

pixels).  

 

2.2.3 In vitro immunofluorescent image analysis 

The StrataQuest software was also used to determine the mean intensity of CaSR, 

αSMA and ROCK1 immunolabelling in vitro using normal human lung fibroblasts to 

investigate the effect of NAM treatment on TGF-β-induced protein. To do this, cells 

were identified as nuclei-containing areas of positive staining. Therefore, cells 

without a visible nuclei or cells where the nuclei were outside the image region were 

excluded. An algorithm was then set to identify positive pixels by increasing in size 

in all directions (i.e. growing out from the nucleus) until there was a break in the 

staining or interaction with another cell and the algorithm “growing out” from that 

nucleus, as shown in Figure 2.12. High marker presence is indicated by white and 

low marker presence indicated by black. All measurements were then normalised to 

the number of cells in that region of interest. This protocol was also used to 

determine positive staining surface area. 
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Figure 2.12. Visual representation of immunofluorescent labelling protocol using StrataQuest. (A) representative 

immunoreactivity from all three excitation wavelengths (DAPI, 488, 594) stacked together with artificial colouration. (B, C, 

D) shows representative images from each wavelength without artificial colouration (B) nuclei, (C) CaSR and (D) αSMA staining 

shown in white on their respective images. Finally, (E, F, G) show representative (E) nuclei and (F and G) cell barrier 

identification and the  to determine (F) CaSR, (G) αSMA and (not shown) ROCK1 immunoreactivity as a measurement of protein 

marker expression. Images obtained from normal human lung fibroblasts exposed to 5 ng/ml TGF-β1; 63x objective; graticule 
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50 µm. αSMA: alpha-smooth muscle actin; CaSR: calcium-sensing receptor; ROCK1; Rho-associated coiled-coil containing 

protein kinase 1. 
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2.2.4 RNA-sequencing 

Ribonucleic acid (RNA) was extracted from NHLFs cultured as described in section 

2.2.1 in 6-well plates, using the RNeasy Mini Kit, including the optional on-column 

DNase digestion (Qiagen, Manchester, UK) according to the manufacturer’s protocol 

for cell culture. This was performed by Dr Kasope Wolffs. Sequencing libraries were 

prepared at the Genome Hub facility (Cardiff University) using 500 ng total RNA and 

the Illumina Truseq standard mRNA kit in accordance with the manufacturer’s 

protocols (Illumina, Cambridge, UK). Dual Indexes were made using the Truseq RNA 

UD indexing plate to ensure accurate library sequencing. The resulting libraries were 

sequenced on the Illumina NextSeq 500 sequencer platform (Illumina, Cambridge, 

UK) in 75 bp single end sequencing method, generating approximately 40-42 million 

reads per sample. Reads in fastq format were aligned to the human reference 

genome version GRCh38.100 (Ensembl, v.103; Yates et al., 2020) and annotated 

using Spliced Transcripts Alignment to a Reference (STAR) alignment (STAR/2.7.3a; 

Dobin et al., 2013). Reads per gene were counted and normalised by the STAR 

alignment programme in Linux. Finally, differential gene expression was calculated 

using DESeq2 (Love et al., 2014) using SARTools (v1.7.3; Varet, 2019) in the R 

Statistical Environment. The changes in gene expression were calculated for 

pairwise group comparisons, adjusting the p value to account for the false discovery 

rate (padj) using the Benjamini-Hochberg correction. This was achieved in 

collaboration with Dr Daniel Pass in the Genome Hub facility (Cardiff University).  

 

Gene Ontology (GO) enrichment analysis was then performed on these shortlisted 

differentially expressed genes using the GOnet tool by inputting up- and down-

regulated genes in separately to determine the direction of regulation (Pomaznoy 

et al., 2018). The results of this GO enrichment analysis were analysed manually by 

cross-referencing known TGF-β signalling pathways and remodelling processes in a 

hypothesis-driven manner. This was further investigated using a gene-by-gene 

pathway analysis to investigate the expression of key pathway genes to help 

determine the direction of pathway regulation.  
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2.3 Data analysis and statistics 

Sample sizes and statistical approaches were decided before the data had been 

collected and the threshold for significance was set to α = 0.05. A Shapiro-Wilk test 

was used to determine data normality (parametric or non-parametric data). Based 

on the outcome of this test, a T test (parametric data) or Mann-Whitney U test (non-

parametric data) was used to statistically analyse data in experiments where only 

two treatment groups were used. In experiments with three or more treatment 

groups a one-way ANOVA with post hoc Holm-Sidak p-value adjusted (padj) multiple 

comparisons test (parametric) or Kruskal Wallis with post hoc Dunn’s p-value 

adjusted (padj) multiple comparisons test (non-parametric) was performed. 

Unnecessary multiple comparisons tests were also minimised. This was the case for 

all studies except for the RNA-sequencing experiment that was analysed as described 

in section 2.2.3. 

 

Microsoft Excel was used to collate raw data and make calculations and GraphPad 

Prism 9 was used to analyse data, perform all statistical analyses and produce figures 

unless otherwise specified. Data are expressed as median per biological replicate 

(i.e. per animal or per plate of cells for in vitro studies) throughout. Data are 

presented as medians calculated from the combination of randomly selected regions 

of interest for each animal or well (i.e. in vitro experiments). Truncated violin-plots 

were used to present the median, upper and lower quartiles as well as variation 

within the data. Statistical significance between groups is also labelled on each 

graph. In this thesis, N represents the number of biological replicates (animals in 

vivo or different plate-downs in vitro) and n represents the number of technical 

replicates (e.g. the number of lung sections stained separately for in vivo 

experiments or the number of wells per plate in in vitro experiments).  
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CHAPTER 3: METHOD DEVELOPMENT 

 

3.1 Introduction 

Before I could begin to investigate the role of the calcium-sensing receptor (CaSR) 

in lung remodelling, I had to identify a suitable method of determining molecular, 

cellular and tissue remodelling in the lung. To my knowledge, no quantitative 

method existed capable of determining a range of airway remodelling components. 

Methods involving quantitative image analysis have become a preferred method for 

determining lung remodelling due to their ability to quantify markers in a loci-

specific manner and reduction in experimenter bias and subjectivity.  

 

Inhaled lipopolysaccharide (LPS) challenge is often used in pre-clinical investigations 

due to its ability to recapitulate many features of chronic obstructive pulmonary 

disease (COPD) pathophysiology, particularly neutrophilia, increased cytokine 

(interleukin (IL)-1β, IL-6, and tumour necrosis factor (TNF)-α) production, goblet 

cell hyperplasia, increased airway smooth muscle mass, peribronchial collagen 

deposition, airway and interstitial wall thickening and emphysematous destruction 

of alveolar walls (Toward & Broadley, 2002; Savov et al., 2002; Vernooy et al., 2002; 

Savov et al., 2003; Brass et al., 2003; Brass et al., 2004; Willemse et al., 2005a; 

Savov et al., 2005; Saetta et al., 2006; Brass et al., 2007a; Hogg & Timens, 2009; 

Pera, 2011). Therefore, this model should be a suitable choice for determining a 

variety of airway and interstitial lung remodelling characteristics. Furthermore, 

professional histopathologists at AstraZeneca had already determined that inhaled 

NAM reduced interstitial wall thickening in these animals (Yarova et al., 2016).  

 

The aim of this study was to to compare quantitative image analysis approaches for 

determining changes in airway and alveolar interstitial lung remodelling in a model 

of COPD-like neutrophilic exacerbation on 1) five major COPD-like airway 

remodelling characteristics in the larger and smaller airways, using the Ellis et al. 

(2003) and quantitative histomorphometry of airway cross-section components 

(qHACC) approach, and 2) interstitial remodelling using quantitative 

histomorphometry of interstitial tissue (qHIT) in direct comparison with existing 

histopathological analysis performed by AstraZeneca.  
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3.2 Results 

Lung remodelling was induced in this model using nebulised LPS-challenge (30 

µg/ml) on alternating days over an 18-day period and inhaled therapeutic treatment 

with a nebulised negative allosteric modulator of the CaSR (NAM; 3 µM) was provided 

from day 9. Following organ harvest, fixation and lung sectioning, lung sections were 

stained with picrosirius red and the larger airways (> 50,000um2), smaller airways (< 

50,000um2) and alveolar insterstitial regions were imaged for analysis of remodelling 

characteristics. Previously, this model has been shown to present histological 

evidence of oedema, epithelial disruption, leukocyte infiltration and goblet cell 

metaplasia but not emphysematous alveolar disruption (Toward & Broadley, 2001). 

However, airways from naïve animals were unavailable to confirm the degree of 

remodelling induced. All statistical analyses were performed using T tests. 

 

3.2.1 COPD-like peribronchial collagen remodelling was unaffected by NAM 

treatment.  

The Ellis et al. (2003) method was used to determine peribronchial collagen in these 

airways due to its proven effectiveness in determining peribronchial collagen 

remodelling in murine models of inflammatory lung disease following adaptation to 

match the altered physiology of guinea pig airways, compared to mouse airways. 

Using this approach, this study found NAM treatment did not affect peribronchial 

collagen remodelling in the larger airways (p = 0.66, 60µm region) or the smaller 

airways (p = 0.74, 20µm region) compared to the LPS-challenged positive control 

group, as shown in Figure 3.1.  

  



77 

 

 

 

Figure 3.1. No significant differences were observed in larger or smaller airway peribronchial collagen in the COPD-like 

neutrophilic exacerbation model using the Ellis et al. (2003) method. (A) Larger airways (> 50,000 µm2) and (B) smaller 

airways (< 50,000 µm2) stained with picrosirius red were analysed for the percentage of collagen in the (C) 60µm region or (D) 
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20µm region using the Ellis et al. (2003) method, respectively. Statistical significance identified using a T test. Truncated 

violin plots were used to demonstrate frequency distribution of the data where dashed lines represent the median and dotted 

lines represent the upper and lower quartiles, respectively. N = 6, n = 3, ROI = 2-7 (larger airways) and 1-7 (smaller airways), 

ns (p > 0.05). Graticule (A) 100 µm and (B) 50 µm. LPS: lipopolysaccharide; NAM: negative allosteric modulator of the calcium-

sensing receptor; COPD: chronic obstructive pulmonary disease. 
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3.2.2 COPD-like airway remodelling was unaffected by NAM treatment 

Here, the novel qHACC approach was used to determine characteristics of airway 

remodelling not incorporated in the Ellis et al. (2003) method. In this experiment, 

the measurement of total peribronchial collagen differs from the Ellis et al. (2003) 

method by incorporating the total presence of collagen in the peribronchial region, 

opposed to the concentration in a specified region. In the larger airways, NAM 

treatment had no significant effect on total tissue (p = 0.61), epithelial tissue (p = 

0.47), goblet cells (p = 0.093), smooth muscle (p = 0.29) and total peribronchial 

collagen (p = 0.95) remodelling when compared to inhaled LPS challenge alone, as 

shown in Figure 3.2E. In the smaller airways, NAM treatment had no significant 

effect on total tissue (p = 0.085), epithelial tissue (p = 0.054), goblet cells (p = 

0.82), smooth muscle (p = 0.083) or total peribronchial collagen (p = 0.28), as 

shown in Figure 3.2F. Unfortunately, too few suitable airways from naïve animals 

could be identified to provide an adequate baseline for the characteristics assessed 

in the Ellis et al. (2003) and qHACC methods, representing a major limitation. 
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Figure 3.2. Inhaled NAM treatment had no statistically significant effect on smaller airway remodelling in a guinea pig 

model of COPD-like neutrophilic exacerbation. In the (A, B) larger airways (> 50,000 µm2) and (C, D) smaller airways (< 

50,000 µm2) (A, C) picrosirius red and (B, D) PAS stained airways were used to determine the effect of NAM treatment (E, F) 

airway remodelling in LPS-challenged guinea pigs using the qHACC approach. Statistical significance was identified using a T 

test and truncated violin plots were used to demonstrate the frequency distribution of the data, where dashed lines represent 

the median and dotted lines represent the upper and lower quartiles. N = 6 (larger airways), 12 (smaller airways) and 6 

(smaller airway goblet cells), n = 3, ROI = 2-7 (larger airways), 2-14 (larger airway goblet cells), 1-7 (smaller airways) and 3-

19 (smaller airway goblet cells), ns (p > 0.05). PAS: periodic acid-schiff; COPD: chronic obstructive pulmonary disease; LPS: 

lipopolysaccharide; qHACC: quatitative histomorphometry of airway cross-section components; NAM: negative allosteric 

modulator of the calcium-sensing receptor. 
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3.2.3 NAM treatment reduced interstitial tissue and inflammation in a guinea pig 

model of COPD-like neutrophilic exacerbation 

In this model of COPD-like neutrophilic exacerbation, inhaled NAM treatment 

abolished LPS-induced interstitial tissue and inflammation (p = 0.037), as shown in 

Figure 3.3. Here, interstitial tissue and inflammation were determined using the 

qHIT method and these findings support the previously published professional 

histopathologist analysis performed at AstraZeneca (Yarova et al., 2016).  
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Figure 3.3. Inhaled NAM treatment abolished interstitial remodelling in the 

guinea pig model of COPD-like neutrophilic exacerbation. In the alveolar 

interstitium (A) picrosirius red staining was used to determine (B) interstitial 

area in LPS-challenged guinea pigs. Here a significant reduction in interstitial 

tissue remodelling and/or inflammation was observed following inhaled NAM 

treatment (NPS89636) using the qHIT approach. Statistical significance 

identified using a T test. Truncated violin plot was used to demonstrate 

frequency distribution of the data where dashed lines represent the median and 

dotted lines represent the upper and lower quartiles, respectively. N = 6, n = 3, 

ROI = 3-10, * (p < 0.05). Graticule (A) 100 µm. LPS: lipopolysaccharide; NAM: 

negative allosteric modulator of the calcium-sensing receptor; COPD: chronic 

obstructive pulmonary disease; qHIT: quantitative histomorphometry of 

interstitial tissue. 



85 

 

 

3.3 Discussion 

Prior to my PhD studies, there were no methods capable of quantifying a range of 

airway remodelling characteristics in pre-clinical models of inflammatory lung 

disease, particularly if resources are limited or pre-cut lung sections have been 

obtained. Furthermore, the industry standard method for determining interstitial 

remodelling, the Ashcroft score, is semi-quantitative and relies heavily on 

experimenter subjectivity and histopathological experience. Here, I have developed 

two novel quantitative techniques for determining changes in airway and interstitial 

lung remodelling, respectively, that address key limitations of previously described 

methods and maximise the potential research output of novel experiments or lung 

tissue available from previous experiments.  

 

The qHACC approach was developed to address the current shortfalls of quantifying 

remodelling in the lung. The qHACC approach is capable of determining four key 

markers of airway remodelling, epithelial and goblet cell metaplasia, smooth muscle 

hypertrophy and peribronchial fibrosis, across a range of airway sizes using a 

maximum of two histological stains. This maintains marker loci-specificity while 

reducing the resource-demand of conventional quantitative image analysis in the 

lung. Furthermore, the fifth measurement of total tissue permits the assessment of 

how multiple remodelling characteristics can have a compounding effect on overall 

airway health and airflow limitation. The measurement of total peribronchial 

collagen incorporates both a measurement of concentration and penetration of ECM 

remodelling into the lung parenchyma, the latter of which is information lost when 

using the Ellis et al. (2003) approach.  

 

The qHACC approach was also employed on lung tissue obtained from a previous 

experiment designed to assess the effect of NAM treatment on inflammatory cell 

infiltration in the lung. Developing methods that can detect remodelling in shorter-

term models is desirable for ethical reasons, such as minimising animal suffering, as 

well as practical reasons, such as increasing the value of previous experiments 

designed to investigate inflammation, which are usually shorter than those designed 

to evaluate remodelling. Lastly, the qHACC approach has been peer-reviewed 
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(Yarova et al., 2021) in addition to the peer-review of the approaches, found in the 

literature, that it was built upon (Ellis et al., 2003; Royce et al., 2009; Zeki et al., 

2010; Pini et al., 2010).  

 

The qHIT approach was also assessed in this study for its ability to determine a net 

increase in alveolar interstitial tissue and/or inflammation, to build on the analysis 

performed by professional histopathologists at AstraZeneca. The qHIT approach 

successfully identified a net change in interstitial tissue remodelling and/or 

inflammation that was induced by inhaled NAM treatment. This suggests that the 

qHIT approach may be a suitable method for alleviating labour and histopathological 

training demands of current approaches. This approach can also be performed on 

tissue samples from previous experiments with no specific tissue staining 

constraints. It also requires an open-source software which was used to maintain the 

accessibility of the current industry standard Ashcroft scoring system. This method 

could also be used to detect a net loss of interstitial tissue such as the 

emphysematous destruction of alveolar walls in severe cases of COPD, that usually 

occurs without obvious fibrosis (Snider et al., 1985; Blundell et al., 2004; Schindelin 

et al., 2012).  

 

Mechanistically, the reduction of interstitial tissue remodelling and/or inflammation 

following NAM treatment is interesting in this model. LPS is thought to bind to LPS-

binding protein (LBP) and mediate its effects via the toll-like receptor 4 (TLR4), 

which is itself implicated in the development of COPD in humans (Vogelzang et al., 

1998; Brass et al., 2003; Brass et al., 2004;  Wang et al., 2005; Brass et al., 2007b; 

Pera, 2020). Activation of TLR4 is then thought to activate downstream signalling 

pathways including nuclear factor kappa-light-chain-enhancer of activated B cells 

(NFκB) and extracellular signal-regulated kinase (ERK) signalling via transforming 

growth factor-β (TGF-β)-activated kinase 1 (TAK1). These signalling pathways are 

associated with the increased expression of inflammatory cytokines such as IL-1β, 

IL-6 and TNF-α which have previously been shown to modulate CaSR expression in 

the lung or other tissues (Ulich et al., 1991; Vernooy et al., 2001; Vernooy et al., 

2002; Brass et al., 2004; Canaff & Hendy, 2005; Brass et al., 2007b; Fetahu et al., 

2014; Hendy & Canaff, 2016; Yarova et al., 2015; Pera, 2020). Furthermore, these 
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signalling pathways are all considered downstream signalling targets of the CaSR 

which demonstrates considerable overlap between the mechanism of action of LPS 

and the CaSR. Therefore, there is scope for and evidence to suggest the CaSR is 

central to the regulation of both remodelling and inflammatory cell infiltration in 

the lung parenchyma of these animals. However, future studies require more 

detailed analyses to further investigate these mechanisms to determine if NAM 

treatment can inhibit LPS-induced lung remodelling in the alveolar interstitium by 

inhibition of the aforementioned cell signalling pathways. 

 

Evidence suggests there are several temporal factors relevant to COPD in humans. 

The disease can be present early in 20-45 year olds and develops progressively over 

a long time period before being detected usually much later following deterioration 

in lung function (Celli et al., 2003; De Marco et al., 2004). For logistical, as well as 

biological reasons, animals cannot be used to model the temporal factors of severe 

or long-term COPD and must be much shorter in duration (Wright et al., 2008; Vlahos 

& Bozinovski, 2014; Tanner & Single, 2020).  

 

However, the acute phase of COPD exacerbation, ranging from 4 to 15 days in 

duration, can be modelled in guinea pigs relatively well (Toward & Broadley, 2001; 

Toward & Broadley, 2002; Miravitlles et al., 2013; Yarova et al., 2016). Acute 

exacerbation of COPD, often caused by infection, is known to accelerate the rate of 

remodelling, loss of elasticity and subsequent decline in lung function in COPD 

patients, especially if the exacerbations are frequent (Stolz et al., 2017; 

Karakioulaki et al., 2020). LPS may also be a good candidate for modelling acute 

exacerbation of COPD because it is a component of the cell wall of gram-negative 

bacteria, such as Haemophilus influenzae, that together with gram positive 

bacterial infections account for approximately 40% of acute exacerbations of COPD 

(Dimopoulos et al., 2012). LPs is also linked to the pathogenesis of COPD due to its 

presence in cigarette smoke and the BALF of COPD patients (Tanner & Single, 2020). 

LPS is also produces an inflammatory cytokine in guinea pigs that is comparable to 

human disease (Toward & Broadley, 2001; Toward & Broadley, 2002; Patel et al., 

2002; Wilkinson et al., 2006; Wright et al., 2008; Tanner & Single, 2020). 

Furthermore, although the viral infections that account for the other 60% of cases 
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don’t contain LPS, some still contain CaSR-activating polyamines in the viral 

envelope or produce polyamines in order to replicate, including influenza A 

(Bachrach, 1970; McCann, 1987). Therefore, the relevance of LPS exposure, for this 

time period, is an important tool for investigating mechanisms of lung remodelling 

during acute exacerbations of COPD in humans.  

 

3.4 Study limitations 

It is not clear if lung remodelling was induced by LPS-challenge in this model of 

COPD-like neutrophilic exacerbation due to the lack of naïve or negative control 

treatment group. Although histological evidence of remodelling has been previously 

observed using the same protocol in guinea pigs this represents a major limitation 

of this experiment (Toward & Broadley, 2001; Toward & Broadley, 2002). Future 

studies should always incorporate a negative control group where possible to 

establish a baseline level of remodelling. Furthermore, collagen was the only ECM 

remodelling marker assessed in the airways of this model. Diverse roles for individual 

ECM components are currently emerging suggesting this approach is limited in detail 

(Burgess et al., 2016; Burgess et al., 2019). For example, the concentration of 

collagen subtypes, tenascin, laminin, elastin, fibronectin and versican may be 

valuable to determine how closely this model resembles exacerbation of human 

disease (Jones et al., 2016). Although the qHACC and qHIT methods could be adapted 

to quantify a range of markers, this would incur additional staining, imaging and 

manual component identification that could not be completed within the timeframe 

of my PhD. 

 

This model of acute exacerbation, using LPS-challenge, induces several features of 

COPD-like neutrophilic exacerbation but is limited because it does not induce the 

key hallmark of COPD, emphysema, in guinea pigs and instead seems to induce 

characteristics of alveolar interstitial fibrosis (Snider et al., 1985; Toward & 

Broadley, 2001; Blundell et al., 2004; Schindelin et al., 2012). When interstitial 

fibrosis is detected in COPD patients it is described as a co-morbidity, such as 

combined pulmonary fibrosis and emphysema (CPFE), and isn’t directly linked to 

COPD. Therefore, the effects observed in this model may more closely resemble 

rapid LPS-induced pulmonary fibrosis in mice, thought to occur via the PI3K-Akt-
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mTOR/PFKFB3 pathway (Hu et al., 2020b). However, the CaSR has also been shown 

to play a role in the regulation of fluid secretion which may affect lung edema which 

is known to occur in this model (Toward & Broadley, 2001; Lazrak et al., 2023). Due 

to the absence of some key COPD-like features and presence of fibrotic features in 

this model, the relevance to COPD in this region of the lung must be acknowledged; 

however, this model may still be valuable for investigating remodelling mechanisms 

in models of COPD exacerbation.  

 

This study, and others using this protocol, have also failed to assess the persistence 

of remodelling after the removal of LPS stimulus, a key feature of COPD in humans. 

Although studies using chronic LPS exposure (12 weeks) found that these features 

persist for at least 8 weeks after the stimulus is no longer present, it is unclear if 

these features will persist in shorter-term models like the protocol used in this 

experiment and therefore, it is unclear how well this represents the remodelling  

observed in human disease (Vernooy et al., 2002).  

 

It is also important to acknowledge that these animals, like most animal models, 

lack the underlying pathophysiology that is present in humans with COPD before the 

onset of acute exacerbation. In future, more complete modelling of acute 

exacerbation of COPD could be induced in dogs, known to naturally develop features 

of COPD such as pulmonary emphysema which can be induced using cigarette smoke 

exposure (Chapman et al., 2008; Williams & Roman, 2016; Ghorani et al., 2017); 

hamsters, known to develop emphysema and airway remodelling using LPS-challenge 

(Stolk et al., 1992); or guinea pigs combined with a chronic cigarette smoke-induced 

model of COPD, known to induce emphysema, to better establish the underlying 

pathophysiological changes associated with COPD (Wright & Churg, 1990; Ghorani et 

al., 2017). This could also be investigated using humans cells isolated from COPD 

patients; however, in vitro methods are limited in terms of loss of the immune 

system and diversity of resident lung cell types that are implicated in lung 

remodelling processes. 

 

Remodelling in the lung is also not always uniform and can exhibit a degree of 

localisation (Chung & Adcock, 2008). In this experiment, airways were categorised 
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by their size due to the differences in morphology and cellular composition between 

bronchi and bronchioles in humans and guinea pigs (Canning & Chou, 2008). Airway 

size was also used to normalise airway remodelling measurements because the area 

occupied by markers of remodelling is proportional to the size of the airway. 

However, airway size may not be completely reliable as an index of airway 

comparability due to the potential effect of remodelling on airway size. Although 

this is difficult to measure directly, remodelling has been observed to reduce the 

lumen of COPD airways (Hirota & Martin, 2013). For this reason, the region including 

the airway lumen and epithelial layer (stopping at the reticular basement 

membrane) was used to determine airway size. Nevertheless, the reticular basement 

membrane and epithelial region also undergo remodelling in COPD which, to my 

knowledge, has an unknown effect on airway size (Liesker et al., 2009). The sampling 

method used in this study could be improved by moving towards approaches that 

attempt to represent and map the airways in whole lung. To my knowledge this 

would require a refined sectioning protocol to identify specific generations of 

airways. Unfortunately, retrospective studies using lung tissue from previous 

experiments are often unable to incorporate this. However, future studies using 

approaches similar to those described by Tatler et al. (2023) could achieve this. At 

the cost of increased time and resource-demands. Advancements in the field of 

machine learning could also be applied to further alleviate resource demands and 

move towards better representation of the whole lung during analysis. Additionally, 

certain types of lung samples, such as those from human lung biopsies, may require 

a different method of categorising and normalising the analysis where airway size 

cannot be calculated. In this case, reticular basement membrane length may be a 

suitable alternative, as proposed by Zeki et al. (2010).  

 

Low power may have impacted the probability of correctly rejecting the null 

hypothesis in these experiments, particularly where p values were low but did not 

pass the threshold for significance. For example, the epithelial tissue analysis in the 

smaller airways had an effect size of 0.4, calculated using Cohen’s d method, and a 

power of 0.3, calculated using a power calculation analysis (Statistics Kingdom 

Statistical Power Calculator). The recommended power for an experiment is at least 

0.5 to improve the likelihood of detecting a false null hypothesis (Aktas & Keskin, 
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2013). This could possibly be improved by adding more lung sections to each slide 

to increase the number of comparable airways that are available.  Ultimately, for 

more effective hypothesis testing, a negative vehicle control group is required to 

establish a baseline for the characteristics assessed and ideally resources would 

allow for optimisation of these novel or adapted methodologies.  

 

The qHIT method benefits from its non-specific approach, incorporating a range of 

remodelling processes into a single measurement; however, despite the use of an 

exclusion criteria, this approach did not eliminate some cells that also undergo 

changes in quantity, such as inflammatory cells, and artifacts, such as red blood cell 

contamination from organ harvesting, that are not indicators of remodelling. 

Furthermore, the CaSR has been shown to play a role in inflammatory cell infiltration 

in the lungs of these animals (Yarova et al., 2016). Due to the effect of NAM 

treatment on inflammation, it is not possible to distinguish the effects of NAM 

treatment on remodelling and inflammation as it may have influenced a change in 

either or both due to the simple marker quantified by qHIT. This inclusion of 

unwanted components that alter interstitial area could be eliminated using a 

staining protocol to identify inflammatory cells, such as Congo red staining to 

identify eosinophils and immunohistochemical identification of neutrophil elastase 

to identify neutrophils (Dulek et al., 2014; Li et al., 2015). To my knowledge it was 

not possible to eliminate this using FIJI software so a more sophisticated image 

analysis software, such as StrataQuest, may be required. However, for the purposes 

of this study, it is not clear if NAM treatment had any effects on interstitial 

remodelling, additional to the previously observed decrease in interstitial wall 

thickening following NAM treatment (Yarova et al., 2016). Therefore, this is a major 

limitation of the current qHIT approach used in this chapter and following chapters 

of this thesis. 

 

3.5 Conclusions 

In this study, I have demonstrated that the qHACC approach should be further 

investigated as a method to determine total tissue, epithelial tissue, goblet cell, 

smooth muscle and peribronchial collagen remodelling in a range of airway sizes 

using a single analysis, minimal histological staining and negligible experimenter 
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subjectivity. Furthermore, this study also demonstrates the capability of qHIT to 

identify interstitial remodelling in a manner comparable to professional 

histopathologist assessment at AstraZeneca. Lastly, these findings suggest that 

further studies are required to investigate whether inhaled NAM treatment can 

reduce characteristics of airway remodelling in pre-clinical models of COPD. 

 

3.6 Future directions  

Minimising the number of histological stains used in an experiment is essential to 

improve the efficiency of quantitative image analysis. In this study, picrosirius red 

staining was used; however, a more versatile stain, such as Masson’s trichrome with 

aniline blue, a dark blue pan-collagen stain that also stains mucosubstances light 

blue, has the potential to improve the efficiency of this approach by staining 

mucosubstances, lung tissue and collagen, simultaneously (Aumann, 1994).  

 

Future experiments could benefit from a more elaborate lung sectioning protocol to 

improve the availability of comparable larger airways while maintaining the number 

of smaller airways. To do this, separation of the upper and lower regions of the lung 

would be required to section them in different orientations. In later chapters of this 

thesis, I will further test different staining and sectioning protocols as well as the 

viability of the qHACC approach using a range of experiments aimed at determining 

the role of the CaSR in lung remodelling using different mouse models of 

immunoglobulin (Ig)E/ T helper 2 (Th2) asthma and alarmin-driven asthma. 

 

Although NAM treatment had no statistically significant effect on some 

characteristics of smaller airway remodelling, including total tissue, epithelial tissue 

and smooth muscle remodelling; the American Statistical Association advises that 

scientific conclusions should not be entirely based on p value thresholds suggesting 

further investigation is required to determine if the true effect is consistent with 

the null hypothesis (Wasserstein & Lazar, 2016).  
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CHAPTER 4: INVESTIGATING THE ROLE OF THE CASR IN AGE-RELATED LUNG 

REMODELLING 

 

4.1 Introduction 

Increased numbers of activated fibroblasts and an altered airway and interstitial 

extracellular matrix (ECM) composition are key hallmarks of the aging lung (D’Errico 

et al., 1989; Fulop et al., 2001; Quirk et al., 2016; Godin et al., 2016; Cho & Stout-

Delgado, 2020). Inflamm-aging and senescence are thought to be central to these 

processes by chronically activating the innate and adaptive immune response and 

increasing the baseline expression of interleukin (IL)-1β, IL-6, tumour necrosis factor 

(TNF)-α and transforming growth factor (TGF)-β (Baker et al., 2016; Papageorgis, 

2017; Zhang et al., 2017; Vitenberga & Pilmane, 2018; Hudgins et al., 2018).  

 

IL-1β, IL-6 and TNF-α have also previously been shown to upregulate calcium-sensing 

receptor (CaSR) expression in lung cells and other tissues (Canaff & Hendy, 2005; 

Fetahu et al., 2014; Yarova et al., 2015; Hendy & Canaff, 2016). Furthermore, a 

previous study from our lab identified a reduction in cardiac collagen deposition 

following targeted CaSR deletion from smooth muscle protein 22α (SM22α)-positive 

cells (fibroblasts, smooth muscle and vascular cells). It was suggested that this was 

a direct consequence of CaSR deletion on autophagy-related cardiac fibrosis; 

however, these animals also exhibited a reduced heart rate which may have played 

a role (Liu et al., 2015a; Schepelmann et al., 2016). Although a role for the CaSR 

has been described in lung development and tissue morphogenesis, little is known 

about the physiological role of the CaSR in the aging lung (Riccardi et al., 2013; 

Brennan et al., 2016; Chanda et al., 2019). 

 

In this study, I aim to investigate the role of the CaSR in age-related lung remodelling 

by determining the effect of targeted CaSR deletion from SM22α-positive cells, 

which includes smooth muscle cells, fibroblasts and macrophages on airway and 

interstitial ECM remodelling in 15-month-old SM22αCaSR𝛥flox/𝛥flox mice. To achieve this, 

Masson’s trichrome stained lung sections were analysed using the adapted Ellis et 

al. (2003) method to determine peribronchial collagen in the smaller airways. 
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Quantitative histomorphometry of interstitial tissue (qHIT) and modified Ashcroft 

scoring was also used to determine interstitial remodelling in the lung parenchyma. 

 

4.2 Results  

Targeted CaSR ablation of the CaSR from SM22α-positive cells was achieved in these 

mice by crossing mice with LoxP-flanked exon 7 of the CaSR gene and Cre-

recombinase positive mice and subsequent inbreeding for three generations. The 

resulting CaSR-LoxP SM22α-Cre positive mice (aka SM22αCaSR𝛥flox/𝛥flox or CaSR-KO 

mice) as well as Cre-negative mice wild-type (WT) controls were then aged to induce 

age-related fibrosis for the following experiments. Lungs were harvested from these 

mice when they were 15-months-old to determine the effect of the CaSR in SM22α-

positive cells on smaller airway ECM remodelling, using the Ellis et al. (2003) 

approach, and alveolar interstitial fibrosis, using the qHIT and the industry-standard 

Ashcroft scoring. All statistical analyses were performed using T tests. 

 

4.2.1 SM22αCaSR𝛥flox/𝛥flox mice are protected from age-related peribronchial collagen 

deposition 

To determine the effect of genetic ablation of the CaSR from SM22α-positive cells 

on peribronchial collagen in aging mice, the Ellis et al. (2003) method was adapted 

for the smaller airways using a 10µm ring (half the recommended size for larger 

airways). Here, a significant reduction in peribronchial collagen (p = 0.020) was 

identified following targeted CaSR deletion from SM22α-positive cells, compared to 

WT (Cre-negative) mice, as shown in Figure 4.1.  
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Figure 4.1. Targeted CaSR deletion from SM22α-positive cells protected aging 

mice from smaller airway peribronchial collagen remodelling. (A) Lung 

sections from 15-month-old mice with targeted CaSR deletion from SM22α-

positive cells were stained with Masson’s trichrome and analysed using an 

adaptation to the Ellis et al. (2003) method to determine (B) the percentage of 

pixels stained for collagen per 100µm2 of tissue in the peribronchial region 

extending 10µm into the parenchyma away from the basement membrane. 

Statistical significance identified using T test and data is displayed using a 

truncated violin plot to demonstrate frequency distribution of the 

data where dashed lines represent the median and dotted lines represent 
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the upper and lower quartiles, respectively, N = 5-7, n = 3, ROI = 8-17, * (p < 

0.05). Graticule (A) 50 µm. SM22α: transgelin; CaSR: calcium-sensing receptor; 

CaSR-KO: SM22αCaSR𝛥flox/𝛥flox mice with targeted CaSR deletion from SM22α-

positive cells. 

 

4.2.2 SM22αCaSR𝛥flox/𝛥flox mice are protected from age-related interstitial fibrosis 

qHIT and modified Ashcroft scoring were used to determine the effect of genetic 

ablation of the CaSR from SM22α-positive cells on interstitial tissue remodelling in 

aging mice. Here, qHIT identified a significant reduction in interstitial tissue 

remodelling and/or inflammation (p = 0.0088) following targeted CaSR deletion 

from SM22α-positive cells, compared to WT (Cre-negative) mice, as shown in Figure 

4.2.  
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Figure 4.2. Targeted CaSR deletion from SM22α-positive cells protected aging 

mice from interstitial tissue remodelling and/or inflammation. (A) Interstitial 

regions of Masson’s trichrome stained lung sections from 15-month-old mice 

with targeted CaSR deletion from SM22α-positive cells were analysed to 

determine (B) interstitial tissue area using the qHIT method. Statistical 

significance identified using a T test. Image size = 1034 x 1386 px. Truncated 

violin plot, N = 5-7, n = 3, ROI = 12, ** (p < 0.01). Graticule (A) 50 µm. qHIT: 

quantitative histomorphometry of interstitial tissue; SM22α: transgelin; CaSR: 

calcium-sensing receptor. 
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Modified Ashcroft scoring also identified a significant reduction in interstitial fibrosis 

of grade 4 or above (p = 0.027, Figure 4.3B). Furthermore, a colleague, Dr Kasope 

Wolffs, repeated this experiment and similarly identified a significant reduction in 

absolute Ashcroft score values (p = 0.013; Figure 4.3C) following targeted CaSR 

deletion from SM22α-positive cells.  

 

 

 

Figure 4.3. Targeted CaSR deletion from SM22α-positive cells protected aging 

mice from interstitial fibrosis. (A) Masson’s trichrome stained lung sections 

from 15-month-old mice with targeted CaSR deletion from SM22α-positive cells 

were analysed (B) by myself and (C) by a colleague, Dr Kasope Wolffs, to 

determine modified Ashcroft scores using two separated methods (B) the 

percentage of grade 4 or above and (C) absolute values. Statistical significance 

identified using a T test. Truncated violin plot, N = 5-7, n = 3, ROI = 12 (B) and 
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9-11 (C), * (p < 0.05). Graticule (A) 50 µm. SM22α: transgelin; CaSR: calcium-

sensing receptor; WT: wild-type; CaSR-KO: Targeted CaSR deletion from SM22α-

positive cells. 

 

4.3 Discussion 

Prior to this study, the mechanisms that drive the age-related progression of airway 

and interstitial ECM remodelling were not well understood (Lowery et al., 2013). 

Here, I provide indication that the CaSR, in SM22α-positive cells, plays a central role 

in age-related peribronchial and interstitial remodelling. This evidence provides a 

mechanistic link between aging, remodelling and the physiological role of the 

extracellular cation sensor, CaSR, in the lung. Additionally, I have demonstrated the 

Ellis et al. (2003) method can be adapted to determine peribronchial collagen 

remodelling in the smaller airways of aging mice. 

 

4.3.1 Inflamm-aging likely upregulates CaSR expression in the aging lung 

The CaSR-activating polycations and damage-associated molecular patterns that are 

usually upregulated following lung damage, infection and inflammation are not 

hallmarks of the aging lung. In fact, polyamines have been shown to decrease in the 

lung with age (Minios et al., 2011). Although molecules associated with lung aging 

and CaSR activation are still emerging (Ohnishi & Razzaque, 2010); the current body 

of evidence suggests increased CaSR activation in the aging lung is not likely caused 

by increased local polycations. In other words, alternative mechanisms must be 

present to influence the role of the CaSR in the aging lung.  

 

One possible explanation could be that activation of the CaSR is achieved by an 

increase in receptor expression without alteration to physiological polycation levels. 

In the aging lung, baseline expression of pro-inflammatory mediators, such as IL-1β, 

IL-6, TNF-α and TGF-β are known to be increased as a consequence of inflamm-aging 

and cellular senescence (Franceschi et al., 2000; Baker et al., 2016; Kovacs et al., 

2017; Papageorgis, 2017; Zhang et al., 2017; Vitenberga & Pilmane, 2018; Hudgins 

et al., 2018). These cytokines are also known to increase CaSR expression (Fetahu 

et al., 2014; Leach et al., 2020; also see Chapter 6).  
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Although cytokine levels were not directly evaluated in these animals, it is possible 

that age-related increases in pro-inflammatory mediator expression could indirectly 

increase activation of the receptor by upregulation of CaSR expression. However, 

physiological polycation levels must at least exceed the threshold for transient 

receptor activation (1.1 - 1.3 mM free ionised Ca2+ for half-maximal response), for 

this to be the case. Although CaSR expression has not been measured in aging lungs, 

CaSR expression has been shown to change with age in other tissues including 

pancreatic islets and keratinocytes (Oh et al., 2016; Celli et al., 2021). 

 

4.3.2 SM22α-positive cells mediate age-related remodelling via the CaSR 

Fibroblasts and smooth muscle cells are the predominant producers of ECM 

components and key mediators of ECM turnover in the lung (Black et al., 2003; 

White, 2015). Considering both cell types also express SM22α, loss of the fibroblast 

and smooth muscle cell CaSR expression and function in this experiment likely 

played a direct role in reducing the production and secretion of ECM components in 

SM22αCaSR𝛥flox/𝛥flox mice. This may be mediated by signal pathways associated with 

CaSR activation, such as TGF-β, mitogen-activated protein kinase (MAPK) (p38, 

extracellular signal-regulated kinase (ERK) and Jun N-terminal kinase (JNK)), 

phosphatidylinositol 3-kinase (PI3K)/Akt, mechanistic target of rapamycin (mTOR), 

Ras homolog kinase (RhoK) and wingless-related integration site (Wnt)/β-catenin 

signalling, that have all been associated with ECM remodelling processes in lung 

fibroblasts and are considered potential therapeutic targets (MacLeod et al., 2003; 

Tfelt-Hansen et al., 2003; Chattopadhyay et al., 2004; Tu et al., 2011; Rey et al., 

2012; Thomsen et al., 2012; Yuan et al., 2019). However, fibroblasts and smooth 

muscle cells also play a central role in the production and secretion of inflammatory 

cytokines that directly influence ECM remodelling in the lung so further studies are 

required to determine the mechanism by which CaSR ablation reduced ECM 

remodelling in these animals. 

 

However, other cell types, such as vascular cells and macrophages, are also known 

to express the CaSR and SM22α (Uhlen et al., 2015). These cells may have also played 

a central role in the observed reduction in lung remodelling in these animals. For 

example, macrophages are considered regulators of the wound healing process in 
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combination with fibroblasts (Alber et al., 2012). Furthermore, vascular cells may 

also play a role due to the high prevalence of hypertension in patients with IPF and 

COPD (Nadrous et al., 2005; Chaouat et al., 2005; Patel et al., 2007) and their 

implicated role in IPF pathogenesis (Gaikwad et al., 2020). Although the evidence 

from this study suggests that the CaSR is central to age-related remodelling in 

SM22α-positive cells, which include fibroblasts, smooth muscle cells, vascular cells 

and macrophages; identifying the role of each cell-type in this process was beyond 

the scope of this experiment. 

 

4.3.3 Morphologically normal SM22αCaSR𝛥flox/𝛥flox mice exhibit cardiac and vascular 

changes 

Lungs from SM22αCaSR𝛥flox/𝛥flox mice were described as morphologically normal and the 

diameter of internal intralobular bronchi was unchanged (Yarova et al., 2015; 

Schepelmann et al., 2016). Furthermore, the appearance, litter size, body weights 

and survival rates were also unchanged. However, SM22αCaSRΔflox/Δflox mice did exhibit 

impaired vasoconstriction, systemic hypotension, and bradycardia (Schepelmann et 

al., 2016). Although pulmonary hypertension is associated with lung remodelling in 

humans (Lettieri et al., 2006) and aging mice (Caporarello et al., 2020), hypotension 

has not been associated with increased protection against lung remodelling. 

Therefore, it is unlikely that the changes observed in this study were the result of 

unwanted on- or off-target effects on animal physiology.  

 

Furthermore, SM22αCaSR𝛥flox/𝛥flox mice were also hypercalcaemic and exhibited 

elevated 1,25-dihydroxyvitamin D, parathyroid hormone (PTH) and fibroblast growth 

factor 23 (FGF23) levels (Schepelmann et al., 2013). Elevated serum calcium 

(hypercalcaemia), FGF23 and PTH levels have been associated with worsened lung 

remodelling (Park et al., 2015; Jayakrishnan et al., 2018; Gulati et al., 2019); 

however, elevated 1,25-dihydroxyvitamin D levels may in fact be protective against 

lung remodelling (Janssens et al., 2009; Ramirez et al., 2010; Tzilas et al., 2019). 

However, the extent of protection from this phenomenon requires further 

investigation. 
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Finally, in healthy C57BL/6 mice the decline in lung function and structure 

associated with aging is similar to those observed in humans (Huang et al., 2007); 

however, NIA's strain survival information indicates 75 % of the C57Bl/6 mice live to 

approximately 24-months-old. Therefore, the 15-month-old mice used in this 

experiment are relatively middle-aged for mice of this strain and more severe 

remodelling would likely be exhibited closer to the end of their lifespan.  

 

4.3.4 Implications for understanding mechanisms of age-related lung disease 

Age-related changes to lung structure, cell senescence and inflammation are 

associated with poor prognosis and mortality in chronic lung disease patients 

(Thannickal, 2013; Lowery et al., 2013; Raghu et al., 2014). Despite differences in 

rate and severity, ECM remodelling is also a hallmark of age-related inflammatory 

lung diseases such as chronic obstructive pulmonary disease (COPD) and idiopathic 

pulmonary fibrosis (IPF). The CaSR is emerging as a novel therapeutic target for its 

potential to mediate inflammatory cell recruitment, profibrotic cytokines and 

airway hyperresponsiveness in murine models of asthma (Yarova et al., 2015) as well 

as target difficult-to-treat neutrophilic phenotypes and remodelling in COPD (Yarova 

et al., 2016; see Chapter 3). The evidence presented in this study suggests the CaSR 

may also be a potential therapeutic target for peribronchial collagen and interstitial 

remodelling in chronic lung diseases where age is a key risk factor.  

 

It is unclear whether the same mechanisms of age-related remodelling are mediated 

by the CaSR in the aging lung and chronic lung disease. Although this was not directly 

investigated, the reduction in cardiac fibrosis observed in SM22αCaSR𝛥flox/𝛥flox mice was 

hypothesised to be a direct consequence of CaSR deletion from cardiomyocytes and 

the consequent dampening effect on autophagy via inhibition of the calmodulin 

(CaMKKβ)/AMP-activated protein kinase (AMPK)/mTOR pathway (Schepelmann et 

al., 2016; Liu et al., 2015a). Autophagy has also been implicated in promoting 

senescence, a key mediator of remodelling, particularly ECM remodelling, in the 

aging lung (Slobodnyuk et al., 2019; Zou et al., 2019; Braicu et al., 2019).  

 

Mechanistically, impairment or overactivation of autophagy is thought to promote 

fibrogenesis, a process highly dependent on increased Ca2+
i (Patel et al., 2012; 
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Mukherjee et al., 2015). This highlights the importance of Ca2+
i
 in lung fibrogenesis 

and Ca2+
i
 is known to be elevated following CaSR activation in fibroblasts (Wolffs, 

2022) as well as airway smooth muscle cells (Yarova et al., 2015). Furthermore, loss 

of proteostasis and mitochondrial dysfunction in COPD patients have been linked to 

increased markers of autophagy (Brandsma et al., 2017). This may indicate a 

plausible role for the CaSR in mediation of fibrogenesis in SM22α-positive cells in the 

aging lung. However, further studies are required to adequately investigate the role 

of CaSR-mediated autophagy-related remodelling. This is further addressed in 

Chapter 6. 

 

4.4 Study limitations 

Local CaSR-activating polycation levels, such as polyamine levels, and CaSR 

expression-altering cytokines and growth factors, such as IL-1β, IL-6, TNF-α and TGF-

β, were not assessed in these animals. Although the CaSR is central to age-related 

airway and interstitial ECM remodelling, it is unclear whether CaSR activation drives 

this process. The effect of targeted CaSR deletion from SM22α-positive cells on 

larger airway remodelling was also not investigated due to sagittal plane sectioning 

reducing the availability of suitable larger airways. Therefore, due to the position-

dependent differences in cellular composition throughout the airways of the lung, it 

is not recommended that my results are generalised to other regions of the lung, 

such as the larger airways, without further analysis. 

 

The absence of lung sections from young WT mice was a limitation of this experiment 

because it was not possible to determine a baseline for physiological peribronchial 

collagen. This measurement is important to determine whether the reduction in ECM 

remodelling was a return to baseline or a reduction below baseline levels. Reducing 

peribronchial collagen levels around the airways may actually be detrimental to the 

structural integrity and mechanical microenvironment of the lung, and therefore 

function of the lung (Narciso et al., 2022). Lastly, as discussed in Chapter 3 (section 

3.4), the qHIT analysis observed a reduction in interstitial area suggesting a 

reduction in interstitial tissue remodelling and/or inflammation; however, because 

this method does not eliminate inflammatory cells from the analysis it is not capable 

of distinguishing between tissue remodelling and inflammation. Therefore, either 



104 

 

remodelling, inflammation or a combination of both features may have influenced 

this result. This methodology should be further improved by eliminating 

inflammatory cells based on additional staining and more sophisticated image 

analysis software. It would also be of interest to know if the inflamm-aging in this 

region of the lung was affected by targeted CaSR deletion from SM22α cells, an 

additional benefit of incorporating inflammatory cell measurements in this 

approach. However, for the purposes of this study, Ashcroft scoring remains a more 

reliable index of interstitial remodelling in this model. 

 

4.5 Conclusions 

In conclusion, I have demonstrated the CaSR in SM22α-positive cells is central to 

age-related ECM remodelling in the airways and parenchymal interstitium. This is 

likely a direct consequence of CaSR ablation on downstream cell signalling and 

remodelling processes such as inflamm-aging, autophagy and senescence. Although 

identifying the specific mechanisms and the cell-types involved is beyond the scope 

of this study, this evidence has implications for understanding the physiological role 

of the CaSR in the lung and provides a promising avenue for identifying why age is a 

key risk factor for the development of chronic lung diseases. Moreover, in addition 

to previous evidence indicating a role for the CaSR in inflammatory cell recruitment, 

cytokine production and airway smooth muscle hyperresponsiveness; the CaSR may 

represent a potential therapeutic target for the treatment of age-related ECM 

remodelling in the lung.  

 

4.6 Future directions 

To test whether CaSR expression is altered in the aging lung future studies should 

aim to determine CaSR expression in vivo using immunohistochemistry or 

quantitative proteomic analysis techniques using western blotting or ELISA in lung 

tissue homogenate. Although there is evidence polyamine concentrations are 

reduced in the aging lung, it is not clear if other CaSR-agonists are upregulated in 

the aging lung. To investigate this CaSR-transfected HEK293 cells could be treated 

with the BALF isolated from young and aging mice. Calcium imaging could then be 

used to determine if the CaSR is activated by determining whether intracellular 

calcium is released from intracellular stores. Following this, ion chromatography 
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(ions) and western blotting or ELISA (polycationic proteins) could be used to 

investigate which known CaSR agonists, if any, are present in the BALF isolated from 

the aging lung.  

 

In this experiment, it was not clear whether targeted CaSR-deletion from SM22α-

positive cells or unwanted effects on animal physiology influenced lung remodelling. 

Inhaled type I or II calcimimetics could be used to determine the effect of 

pharmacological CaSR activation on lung remodelling in aging mice. If CaSR 

activation drives lung remodelling,  chronic CaSR activation would enhance 

remodelling changes in the lung beyond those observed in untreated aging WT mice. 

However, ligand-biased signalling may diversify the roles of some CaSR activators. 

Systemic PAMs should be avoided as this is likely to evoke further unwanted effects 

on animal physiology, such as hypocalcaemia which could affect lung remodelling in 

an undetermined manner.  

 

Furthermore, in this study I hypothesised that upregulation of CaSR expression in 

the presence of physiological free ionised Ca2+ may indirectly increase CaSR 

activation in the aging lung. Future studies should aim to quantify the state of CaSR 

activation in the presence of physiological free ionised Ca2+ and inflamm-aging or 

senescence-associated secretory phenotype (SASP) cytokines known to upregulate 

CaSR expression. This could be achieved in vitro using normal or aging human lung 

fibroblasts.  

 

Finally, a pan-collagen stain was used in these experiments as a marker to determine 

total ECM turnover in the peribronchial and alveolar interstitium. However, of the 

28 total collagens that are considered fibroblast collagens (fibrillar type I, II, III, V, 

and VI collagens) only alterations to collagens I, II, IV and V are associated with age 

(Karsdal et al., 2016; Karsdal et al., 2017). The ECM is also comprised of elastins, 

proteoglycans, glycoproteins (e.g. fibronectin) and matrix metalloproteinases 

(MMPs)/ tissue inhibitor of metalloproteinases (TIMPs) that were not investigated in 

this experiment but have key implications on remodelling processes and lung 

function. To address this, the role of the CaSR in regulating other ECM components 

is further investigated in Chapter 6. 



106 

 

 

These findings have implications for the role of the CaSR in remodelling associated 

with chronic inflammatory and interstitial lung diseases. A model of more severe 

fibrosis such as bleomycin challenge in male aging SM22αCaSR𝛥flox/𝛥flox mice could be 

used to determine the protective effects of targeted CaSR deletion from SM22α-

positive cells in a more robust model of age-related lung fibrosis. Additionally, the 

pharmacological tools exist to inhibit activation of the receptor using inhaled 

negative allosteric modulators of the CaSR (NAMs). However, this would 

pharmacologically ablate the CaSR in a greater range of cell types than observed in 

this experiment, including epithelial and immune cells, and the results would not 

clarify the role of the CaSR in SM22α-positive cells alone. A more complete CaSR-

knock-out (KO) model is not possible due to the non-viable offspring produced and 

its importance in lung development (Chang et al., 2008; Finney et al., 2008; Brennan 

et al., 2016). Therefore, investigating the role of the CaSR in vitro using normal and 

aging human lung fibroblasts, smooth muscle cells and vascular endothelial cells 

exposed to inflamm-aging cytokines such as IL-1β, IL-6, TNFα or TGF-β could be used 

to determine the role of the CaSR in SM22α-positive cells in ECM remodelling in the 

lung.   
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CHAPTER 5: INVESTIGATING THE ROLE OF THE CASR IN ASTHMA-RELATED LUNG 

REMODELLING 

 

5.1 Introduction 

Asthma is expected to exceed 400 million sufferers worldwide by 2025 and although 

treatment options exist, airway remodelling in asthma is not adequately controlled 

using current therapeutics (Payne et al., 2003; Rajanandh, 2015). Although the 

different endotypes of asthmatic disease are aetiologically distinct, the airway 

remodelling characteristics remain consistent. Here, the irreversibly narrowed, 

obstructed, constricted and stiffened airways are the direct result of  remodelling 

features such as epithelial thickening, goblet cell proliferation, smooth muscle 

thickening and peribronchial extracellular matrix (ECM) remodelling (Bergeron et 

al., 2010).  

 

To investigate these phenomena, features of immunoglobulin (Ig)E/ T helper 2 (Th2) 

(allergic) asthma can be recapitulated by using sensitisation and challenge with 

organic dusts, such as ovalbumin. This induces characteristics such as Th2 

inflammation; a thickened epithelium; increased numbers of goblet cells; 

hypertrophied smooth muscle; and peribronchial fibrosis (Ellis et al., 2003; Kumar 

et al., 2008). Models of alarmin-driven (non-allergic) asthma have also been 

produced using inhaled challenge to alarmins such as interleukin (IL)-33. This 

reproduces features such as a T helper (Th)1 and Th2 inflammatory profile; 

increased goblet cells; smooth muscle hypertrophy, ECM remodelling, angiogenesis; 

and increased levels of cytokines and growth factors, such as IL-6 and transforming 

growth factor (TGF)-β after 36 days of exposure (Hamzaoui et al., 2013; Tang et al., 

2014; Li et al., 2015).  

 

Previous studies by our lab have demonstrated that the calcium-sensing receptor 

(CaSR) is central to other features of asthma pathophysiology, including 

inflammatory cell infiltration, cytokine production and airway hyperresponsiveness 

in a mouse model of IgE/Th2 asthma (Yarova et al., 2015; Yarova et al., 2021). CaSR 

expression is also upregulated in asthmatic human and mouse airways, likely due to 

elevated levels of cytokines known to upregulate the CaSR in airway smooth muscle 
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cells and other tissues, such as IL-1β, IL-6, IL-13 and tumour necrosis factor (TNF)-α 

(Canaff & Hendy, 2005; Fetahu et al., 2014; Yarova et al., 2015). Furthermore, 

systemic and local CaSR agonists, such as eosinophilic cationic protein (ECP), major 

basic protein (MBP), polyamines and extracellular Ca2+ are known to be elevated in 

asthma (Kurosawa et al., 1992; Gibson et al., 1998; Koller et al., 1999; Lonkvist et 

al., 2001; Bartoli et al., 2004; Rossol et al., 2012; North et al., 2013; Yarova et al., 

2015). 

 

This study aimed to investigate the role of the CaSR in larger airway, smaller airway 

and interstitial remodelling. To do this, quantitative histomorphometry of airway 

cross-section components (qHACC) and quantitative histomorphometry of interstitial 

tissue (qHIT) was employed to determine the effect of pharmacological ablation of 

the CaSR, using inhaled negative allosteric modulator of the CaSR (NAM) treatment, 

in three pre-clinical murine models, including shorter-term IgE/Th2 asthma, 

alarmin-driven asthma and longer-term IgE/Th2 asthma. In the longer-term IgE/Th2 

asthma model, NAM treatment was compared head-to-head with the current 

standard of asthma care, fluticasone propionate (FP). 

 

5.2 Results 

To investigate the role of the CaSR in asthma-like lung remodelling, lung sections 

from three models of shorter-term IgE/Th2 asthma, alarmin-driven asthma, and 

longer-term IgE/Th2 asthma were obtained from previous experiments and stained 

with Masson’s trichrome for analysis of airway and alveolar interstitial remodelling. 

The methodology of each animal experiment is briefly described in each respective 

subsection of the results. 

 

5.2.1 NAM treatment abolished smaller airway remodelling in shorter-term IgE/Th2 

asthma 

The shorter-term IgE/Th2 asthma model was generated using intraperitoneal (IP) 

ovalbumin (OVA) sensitisation (100 µg/mouse OVA on day 0 and day 12) that was 

confirmed by IgE levels. OVA challenge was then intranasally instilled (IN; 50 µg of 

OVA) for 6 days and inhaled therapeutic treatment performed with IN NAM (200 µg 

NPSP795) twice daily from the 2nd day of OVA challenge until the end of the 
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experiment. All statistical analyses were performed using a one-way analysis of 

variance (ANOVA) with Holm-Sidak post hoc test 

 

In the larger airways of shorter-term IgE/Th2 asthma, OVA induced epithelial tissue 

and goblet cell remodelling that was unaffected by inhaled NAM treatment, as shown 

in Figure 5.1D. In the smaller airways, OVA induced several features of airway 

remodelling that were abolished by inhaled NAM treatment, including total tissue 

remodelling (padj = 0.048), goblet cell remodelling (padj = 0.015) and total 

peribronchial collagen remodelling (padj = 0.019). NAM treatment also had no effect 

on epithelial tissue as this result did not pass the threshold for significance (padj = 

0.06), as shown in Figure 5.1E. In the lung parenchyma, no remodelling was induced 

by OVA (Figure 5.1F). 
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Figure 5.1. Inhaled NAM treatment abolished smaller airway remodelling in shorter-term IgE/Th2 asthma. (A) Larger 

airways (> 50,000 µm2), (B) smaller airways (< 50,000 µm2) and (C) interstitial regions were identified from Masson’s trichrome 

stained lung sections from the model of shorter-term IgE/Th2 asthma in OVA-sensitised and challenged mice. (D) Remodelling 

was mild in the larger airways and NAM treatment had no effect on reducing larger airway remodelling. (E) All components of 

smaller airway remodelling, apart from epithelial tissue (padj = 0.06), was significantly reduced by inhaled NAM treatment 

(padj < 0.05). (F) OVA did not induce interstitial remodelling and/or inflammation in this experiment. Airway remodelling 

markers were quantified using qHACC and interstitial remodelling and/or inflammation was quantified using qHIT. Statistical 

significance identified using one-way ANOVA with Holm-Sidak post-hoc test or Kruskal-Wallis with Dunn’s post-hoc test. A 

truncated violin plot was used to demonstrate frequency distribution of the data where dashed lines represent the median 

and dotted lines represent the upper and lower quartiles, respectively. N = 4-7, n = 3, ROI = 1-4 (larger airways), 1-7 (smaller 

airways) and 9 (interstitium), ns (padj > 0.05), * (padj < 0.05), ** (padj < 0.01). Graticule (A) 100 µm and (B and C) 50 µm. ANOVA: 

analysis of variance; IgE: immunoglobulin E; NAM: negative allosteric modulator of the calcium-sensing receptor; OVA: 

ovalbumin; qHACC: quantitative histomorphometry of airway cross-section components; qHIT: quantitative histomorphometry 

of interstitial tissue. 
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5.2.2 NAM treatment abrogated interstitial remodelling and/or inflammation but 

not airway remodelling in the alarmin-driven asthma model 

The alarmin-driven asthma model was generated using IN IL-33 challenge (30 ng per 

mouse) for 6 days. Inhaled therapeutic treatment with IN NAM (200 μg/mouse) was 

delivered twice daily, 2h before IL-33 administration, from the 2nd day of challenge 

to the end of the experiment. All statistical analyses were performed using a one-

way ANOVA with Holm-Sidak post hoc test 

 

In the larger airways of alarmin-driven asthma, IL-33 challenge induced total tissue 

and epithelial tissue remodelling. Here, inhaled NAM treatment had no effect on 

total tissue as this result failed to pass the threshold for significance (padj = 0.053), 

as shown in Figure 5.2D. In the smaller airways, IL-33 only induced goblet cell 

remodelling and inhaled NAM treatment had no significant effect (padj = 0.063) 

remodelling as shown in Figure 5.2E. IL-33 also induced interstitial remodelling 

and/or inflammation in the lung parenchyma that was significantly abrogated by 

inhaled NAM treatment (padj = 0.044), as shown in Figure 5.2F. 
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Figure 5.2. Inhaled NAM treatment abolished interstitial remodelling and/or inflammation in the alarmin-driven asthma 

model. (A) Larger airways (> 50,000 µm2), (B) smaller airways (< 50,000 µm2) and (C) interstitial regions were identified from 

Masson’s trichrome stained lung sections from the model of alarmin-driven asthma in IL-33 challenged mice. (D) Only total 

tissue and epithelial tissue remodelling in the larger airways and (E) goblet cell remodelling in the smaller airways was induced 

by IL-33 challenge, likely due to the short duration of this experiment (Li et al., 2015). Inhaled NAM treatment had no 

significant effect on larger or smaller airway remodelling. (F) Interstitial remodelling and/or inflammation was significantly 

reduced by inhaled NAM treatment. Airway remodelling markers were quantified using qHACC and interstitial remodelling 

and/or inflammation was quantified using qHIT. Statistical significance identified using one-way ANOVA with Holm-Sidak post-

hoc test or Kruskal-Wallis with Dunn’s post-hoc test. A truncated violin plot was used to demonstrate frequency distribution 

of the data where dashed lines represent the median and dotted lines represent the upper and lower quartiles, respectively. 

N = 5-8, n = 3, ROI = 2-6 (larger airways, 1-7 (smaller airways) and 9-10 (interstitium), ns (padj > 0.05), * (padj < 0.05), ** (padj 

< 0.01). Graticule (A) 100 µm and (B and C) 50 µm. ANOVA: analysis of variance; IL-33; interleukin-33; NAM: negative allosteric 

modulator of the calcium-sensing receptor; qHACC: quantitative histomorphometry of airway cross-section components; qHIT: 

quantitative histomorphometry of interstitial tissue. 
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5.2.3 NAM treatment, not FP, abolished smaller airway goblet cell remodelling in 

longer-term IgE/Th2 asthma 

The longer-term IgE/Th2 asthma model, was generated by sensitising mice with two 

intraperitoneal injections of OVA (50 µg) at day 0 and 10 where IgE measurements 

were used to confirm sensitisation. Mice were then challenged with nebulised OVA 

(0.5 %) on alternate days for 9 days, starting from day 21, and inhaled therapeutic 

treatment with nebulised NAM (6µM) or fluticasone propionate (FP; 0.25 mg) was 

performed twice daily from the 5th day of OVA challenge for 6 days. All statistical 

analyses were performed using a one-way ANOVA with Holm-Sidak post hoc test 

 

In the larger airways of longer-term IgE/Th2 asthma, OVA induced total tissue, 

epithelial tissue and goblet cell remodelling that was unaffected by inhaled NAM, FP 

or NAM + FP treatment. However, in direct comparison with FP, NAM treatment 

performed significantly better for peribronchial collagen remodelling (padj = 

0.0094), as shown in Figure 5.3D. In the smaller airways, OVA induced all features 

of airway remodelling, with the exception of smooth muscle. Here, NAM treatment 

significantly abolished goblet cell remodelling (padj = 0.013), where FP did not. In 

fact, inhaled FP treatment significantly worsened peribronchial collagen 

remodelling, when compared to vehicle (padj = 0.0074). Furthermore, in direct 

comparison with FP, NAM exhibited significantly improved total tissue and 

peribronchial collagen remodelling, as shown in Figure 5.3E. OVA also induced 

interstitial remodelling and/or inflammation in the lung parenchyma. Here, inhaled 

NAM, FP or co-treatment had no effect on interstitial remodelling and/or 

inflammation in the lung parenchyma, as shown in Figure 5.3F.  
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Figure 5.3. Inhaled NAM treatment significantly reduced goblet cell remodelling in the smaller airways of the longer-

term IgE/Th2 asthma model. (A) Larger airways (> 50,000 µm2), (B) smaller airways (< 50,000 µm2) and (C) interstitial regions 

were identified from Masson’s trichrome stained lung sections from the model of longer-term IgE/Th2 asthma in OVA-sensitised 

and -challenged mice. (D) Inhaled NAM treatment had no effect on total tissue, epithelial tissue and goblet cell remodelling 

in the larger airways but (E) significantly reduced goblet cell remodelling in the smaller airways. (F) Inhaled NAM treatment 

had no effect on interstitial remodelling and/or inflammation. In head-to-head comparison, inhaled NAM treatment out-
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performed FP in reducing peribronchial collagen in the larger airways as well as total tissue and peribronchial collagen 

remodelling in the smaller airways. No significant differences were found between NAM and FP in the interstitial region. 

Airway remodelling markers were quantified using qHACC and interstitial remodelling and/or inflammation was quantified 

using qHIT. Statistical significance identified using one-way ANOVA with Holm-Sidak post-hoc test. A truncated violin plot was 

used to demonstrate frequency distribution of the data where dashed lines represent the median and dotted lines represent 

the upper and lower quartiles, respectively. N = 3-6, n = 3-4, ROI = 2-6 (larger airways), 9-22 (smaller airways) and 10-12 

(interstitium), ns (padj > 0.05), * (padj < 0.05), ** (padj < 0.01), *** (padj < 0.001). Graticule (A) 100 µm and (B and C) 50 µm. 

ANOVA: analysis of variance; IgE: immunoglobulin E; NAM: negative allosteric modulator of the calcium-sensing receptor; OVA: 

ovalbumin; qHACC: quantitative histomorphometry of airway cross-section components; qHIT: quantitative histomorphometry 

of interstitial tissue. 
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5.3 Discussion  

In this study, I aimed to investigate the role of the CaSR in asthma-related lung 

remodelling. Here, I have presented evidence that suggests inhaled NAM treatment 

reduces a range of lung remodelling characteristics in the larger and smaller airways 

as well as the parenchymal interstitium. This evidence suggests a mechanistic link 

between the CaSR and the previously observed presence of CaSR expression altering 

cytokines and endogenous polycations in the lung that have been implicated in 

asthmatic lung remodelling. Furthermore, inhaled NAM treatment may a better 

alternative for treating lung remodelling, particularly goblet cells, than the current 

standard of asthma care, FP.  

 

The CaSR is known to be expressed throughout the lung epithelium, including 

MUC5AC expressing cells (Yang et al., 2014a; Yang et al., 2014b; Yarova et al., 

2015), airway smooth muscle (Yarova et al., 2015), human lung fibroblasts (see 

Chapter 6), vascular cells (Schepelmann et al., 2016) and immune cells where NAM 

treatment has previously been shown to influence cell behaviour (Yarova et al., 

2015; Yarova et al., 2016; Yarova et al., 2021). Therefore, it is plausible that inhaled 

NAM treatment was able to target these cell types in this study.  

 

Interestingly, activation of the receptor is required for NAMs to elicit their effects, 

as they only bind to the receptor in the presence of an orthosteric ligand. However, 

the animals in this study were not exposed to exogenous CaSR-agonists. 

Furthermore, OVA and IL-33 are not known to be direct CaSR activators. Therefore, 

I hypothesise that CaSR activation was induced by the plethora of extracellular 

polycations implicated in asthma that are known to activate the CaSR, such as ECP, 

MBP, extracellular Ca2+ or most notably ornithine-derived polyamines (Kurosawa et 

al., 1992; Gibson et al., 1998; Koller et al., 1999; Lönnkvist et al., 2001; Bartoli et 

al., 2004; Rossol et al., 2012; North et al., 2013; Yarova et al., 2015).  

 

Furthermore, OVA has been shown to upregulate CaSR expression in the epithelium 

of mouse lungs and both OVA and IL-33 have been shown to upregulate production 

of CaSR expression-regulating cytokines, including IL-1β, IL-6, IL-13, TNF-α and TGF-
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β (Canaff & Hendy, 2005; Fetahu et al., 2014; Yarova et al., 2015; Li et al., 2015; 

see Chapter 6).  

 

The effects of FP observed in this study, causing significant worsening of 

peribronchial collagen in the smaller airways, have been previously observed. 

Although these findings are contradictory to suggestions that FP can reduce 

epithelial thickening, goblet cell metaplasia, smooth muscle and extracellular 

matrix remodelling in models of asthma and rhinitis (Vanacker et al., 2001; 

Wakahara et al., 2008; Riesenfeld et al., 2010; Evans et al., 2012; Leclere et al., 

2012; Ballone et al., 2017); other studies have found no prevention of airway 

remodelling at low doses or even worsening of ECM remodelling in the airway wall 

that support the findings of this study (Vanacker et al., 2002a; Vanacker et al., 

2002b; Liu et al., 2009b). This is likely not the cause of incorrect administration as 

both NAM and FP treatment reduced total leukocyte and eosinophil cell count in the 

bronchoalveolar lavage fluid (BALF) of these animals suggesting the compound was 

correctly administered (Yarova et al., 2021). Further studies are required to 

adequately investigate the effect of FP on peribronchial collagen remodelling. 

Nonetheless, this evidence may support the hypothesis that inhaled NAMs impart 

direct protection against airway remodelling, in addition to the previously described 

effects on inflammation; however, it may also highlight differences in the 

mechanisms of action between NAMs and FP on inflammation (Yarova et al., 2015; 

Yarova et al., 2021). This difference in mechanism of action, may relate to the 

hypothesis that airway hyperresponsiveness drives airway remodelling in the 

asthmatic lung because NAMs, and not FP, have been shown to play a central role in 

reducing airway hyperresponsiveness in vitro (Yarova et al., 2015). It may also 

explain why this alteration of lung remodelling was observed in the smaller airways 

but not the alveolar interstitium in this experiment. 

 

5.3.1 Inhaled NAM treatment reduces interstitial remodelling and/or inflammation 

Interstitial remodelling and/or inflammation in the alveolar walls of the distal lung 

parenchyma is not considered a feature of human asthma; however, there is 

evidence to suggest the distal lung parenchyma is altered in the asthmatic lung 

(Dolhnikoff et al., 1998; Angeli et al., 2008; Starling et al., 2009; Boser et al., 2017). 
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OVA sensitisation and challenge has been shown to induce this remodelling 

characteristic in guinea pig models of asthma (Possa et al., 2012; Pigati et al., 2015; 

Fehrenbach et al., 2017). Here I present evidence that may suggest this is also a 

feature of murine models of IgE/Th2 asthma; however, further studies are required 

to identify if this is an artefact of parenchymal inflammation. The relevance of this 

to human asthma is limited but it is important to not overlook these features in 

models of disease as they may provide insight into the mechanisms of remodelling 

that have relevance to asthma or other diseases that induce remodelling in the lung 

parenchyma, such as chronic obstructive pulmonary disease (COPD) or idiopathic 

pulmonary fibrosis (IPF).  

 

5.3.2 The effects of NAM treatment are not the consequence of unwanted effects 

of the drug on systemic Ca2+ homeostasis 

For all experimental animals, the lungs were morphologically normal and no 

alterations to serum calcium or parathyroid hormone (PTH) levels were observed 

following NAM treatment (Yarova et al., 2015; Yarova et al., 2021). This suggests 

the effects of the NAM administered were limited to the lung and did not alter 

systemic calcium homeostasis and parathyroid hormone regulation. In the models of 

shorter-term IgE/Th2 asthma and alarmin-driven asthma, serum Ca2+ was also 

unchanged, as measured by my colleague Ping Huang (unpublished). Therefore, any 

changes to lung remodelling observed in these experiments was unlikely to be 

mediated by unwanted effects on Ca2+ homeostasis. 

 

This study has also demonstrated the suitability of the qHACC approach for 

determining airway and ECM remodelling in models of IgE/Th2 and alarmin-driven 

asthma. This is particularly remarkable considering the acute experimental duration 

used for these experiments that were designed to investigate inflammation and 

airway hyperresponsiveness. Typically, longer exposure duration or severity is 

required to investigate lung remodelling (Li et al., 2015).  

 

5.4 Study Limitations 

On a number of occasions, such as total tissue in the larger airways of alarmin-driven 

asthma, epithelial tissue in the smaller airways of shorter-term IgE/Th2 asthma, and 
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goblet cells in the smaller airways of alarmin-driven asthma, evidence of a net 

benefit to airway remodelling was not found (padj > 0.05). However, these 

experiments all showed a low probability of occurring by chance. Following 

suggestions made by the American Statistical Association, advising that scientific 

conclusions should not be entirely based on p value thresholds, further studies are 

required to determine if the true effect is consistent with the null hypothesis 

(Wasserstein & Lazar, 2016). To increase statistical power, reducing the variation 

between airways was a priority; however, the stringent exclusion criteria resulted 

in a low number of representative airways in some cases. This should be addressed 

in future studies by increasing the number of lung sections for each animal and 

therefore increase the likelihood of identifying a greater number of comparable 

airways per animal.  Furthermore, in some models remodelling characteristics 

remained unchanged from the vehicle control. Where this was the case it was not 

possible to investigate the effect of NAM treatment on that characteristic of lung 

remodelling. Therefore, the severity of remodelling induced in the models used in 

these experiments may have been suboptimal and represents a limitation of these 

experiments. 

 

As discussed in the Chapter 3 study limitations (section 3.4), the qHIT analysis was 

also limited by the inability to distinguish lung tissue cells from resident or 

infiltrating inflammatory cells. Although the magnification is increased from the 

conventional Ashcroft scoring protocol, permitting identification of these cells that 

may not have been previously possible, it highlights the presence of inflammatory 

infiltration into the lung parenchyma that must be removed to permit quantification 

of alveolar interstitial tissue remodelling alone. Therefore, the inability of qHIT to 

distinguish remodelling from inflammation is a limitation of this approach.  

 

Further studies are also supported by the findings that CaSR played a central role in 

many of the same remodelling characteristics in other models or size of airway. 

Therefore, this may indicate limitations in my methodology. Sample size largely 

conformed to the power analysis recommendation of 8 animals per treatment group. 

Therefore, it is more likely that remodelling severity was a limitation in these 

experiments that were designed for investigating the effects of NAM on 
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inflammation. Longer challenge exposure duration or severity is typically required 

to investigate lung remodelling (Li et al., 2015). 

 

Another limitation of this study is that endogenous CaSR agonist levels were not 

assessed in these animals to confirm activation of the CaSR. To further investigate 

these phenomena, future studies could aim to increase the severity of remodelling 

by extending the duration of exposure to inhaled challenge or by co-exposing these 

animals to an inhaled challenge as well as an exogenous CaSR agonist or PAM. 

 

5.5 Conclusions 

In conclusion, this study demonstrates the CaSR is central to asthma-like airway, 

including epithelial, goblet cell and ECM remodelling, as well as alterations to 

remodelling and/or inflammation in the lung parenchyma. NAM treatment may also 

be a better alternative to the current standard of asthma care, FP, for preventing 

lung remodelling. This evidence, in addition to the previously described effects on 

inflammatory cell recruitment, cytokine production and airway 

hyperresponsiveness, further supports the repurposing of inhaled NAMs for the 

treatment of asthma. 

 

5.6 Future directions 

To confirm that CaSR activation drives asthma-related airway and interstitial 

remodelling, co-exposure of OVA or IL-33 with known CaSR agonists, or positive 

allosteric modulators of the CaSR (PAMs), could be used to proof of concept to 

investigate whether increased CaSR activation worsens lung remodelling. Although 

treatments in these experiments were therapeutic, to mimic the treatment of real 

world asthma, a time course experiment using normal and asthmatic human lung 

fibroblasts exposed to mediators of asthmatic ECM remodelling, such as TGFβ, could 

be used to investigate whether NAM treatment has the potential to reverse ECM 

remodelling, an aspect that was beyond the scope of the studies in this experiment. 

Hydrogels are also emerging as the best platform from investigating changes ECM 

remodelling that better represent the mechanical microenvironment of the lung (de 

Hilster et al., 2020). Furthermore, tight junction protein (ZO)-1 and E-cadherin 

immunohistochemistry could be used to identify the epithelial barrier and individual 
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cells to allow the determination of epithelial alterations and distinguish between 

changes in cell number and cell size (i.e. hyperplasia and hypertrophy). Additionally, 

providing there is a net change in tissue morphometry or by using additional 

immunohistochemical staining of tight junction proteins such as E-cadherin and tight 

junction protein 1, epithelial barrier integrity could be incorporated into the qHACC 

approach.  

 

Although these markers are informative, the current standard for assessing epithelial 

barrier integrity is to determine the transepithelial electrical resistance (TEER). It 

is not possible to implement TEER measurements in vivo; however, precision cut 

lung slices from in vivo experiments or in vitro human bronchial epithelial cells in 

air-liquid interface could be analysed using this technique to determine the effect 

of NAM treatment of models of loss of barrier integrity, as used by Swaby et al. 

(2023). A combination of these approaches would be most effective to determine 

the effect and potential mechanism by which this occurs. Lastly, cluster of 

differentiation (CD)31+ staining could also be used to investigate neovascularisation 

known to occur in the murine models of IL-33 and OVA challenge (Li et al., 2015).  

 

Lastly, the precise mechanisms of remodelling, such as the cellular signalling 

cascades downstream of the CaSR, could be investigated in vitro using human cells, 

such as human bronchial epithelial cells or fibroblasts. To investigate the specific 

pathways associated with CaSR activation in these cell types RNA-sequencing and 

western blotting could be used to investigate regulation of signalling molecule 

expression and phosphorylation, respectively.  
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CHAPTER 6: INVESTIGATING THE ROLE OF THE CASR IN TGF-β-INDUCED LUNG 

REMODELLING IN FIBROBLASTS 

6.1 Introduction 

Transforming growth factor (TGF)-β is a potent mediator of remodelling implicated 

in aging, asthma, chronic obstructive pulmonary disease (COPD) and idiopathic 

pulmonary fibrosis (IPF). To elicit its effects on cell adhesion, secretion, growth, 

proliferation, differentiation, senescence and extracellular matrix (ECM) 

remodelling, TGF-β activates its canonical Smad signalling pathway but also 

activates non-canonical pathways, including mitogen-activated protein kinase 

(MAPK) (extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), 

p38), phosphatidylinositol 3-kinase (PI3K)/Akt, mechanistic target of rapamycin 

(mTOR), RhoA and Wingless-related integration site (Wnt).  

 

Although TGF-β is not known to directly activate the calcium-sensing receptor 

(CaSR), bidirectional transactivation has been demonstrated between the TGF-β 

receptor (TGF-βR) and other G-protein coupled receptors (GPCRs) to greatly expand 

the repertoire of cellular responses induced by TGF-β (Burch et al., 2010; Little et 

al., 2010; Little et al., 2011; Dayati et al., 2018). TGF-β also upregulates the 

production of inflammatory cytokines known to increase CaSR expression, such as 

interleukin (IL)-1β, IL-6, IL-13 and tumour necrosis factor (TNF)-α, as well as CaSR-

activating polycations, such as polyamines via increased arginase activity (Boutard 

et al., 1995; Canaff & Hendy, 2005; Fetahu et al., 2014; Yarova et al., 2015). 

 

Previous chapters of this thesis or previous studies have demonstrated that genetic 

or pharmacological ablation of the CaSR can reduce tissue remodelling in the lung 

or other organs (Yarova et al., 2016; Schepelmann et al., 2016). Coincidentally, the 

pattern of non-canonical TGF-β signalling closely resembles elements of CaSR 

signalling. Although CaSR-mediated activation of MAPK (ERK, JNK, p38), PI3K/Akt, 

mTOR, RhoA, Wnt and Ca2+
i augmentation has been mechanistically linked to tissue 

remodelling, the mechanism by which the CaSR mediates lung remodelling is 

unclear. 
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This study aimed to investigate the role of the CaSR in mechanisms of TGF-β-induced 

lung remodelling. To do this, mRNA and protein expression was used to determine 

the effect of negative allosteric modulator of the CaSR (NAM) treatment on signalling 

pathway and remodelling process regulation in fibroblasts exposed to the 

remodelling mediator, TGF-β. In particular the gene enrichment (GO) term 

enrichment tool was used to connect patterns of differentially expressed genes to 

terms that describe their biological function within the cell (Pomaznoy et al., 2018). 

The identified pathways were then further investigated using a hypothesis-driven 

gene-by-gene approach. 

 

6.2 Results 

Normal human lung fibroblasts (NHLFs), from three ethically-consented patients 

between the ages of 56 and 67, were treated for 72 hours with 1) Vehicle only (0.01% 

dimethyl sulfoxide (DMSO) in phosphate-buffered saline (PBS)); 2) NAM only (1 µM 

NPS2143 in vehicle); 3) TGF-β1 (5 ng/ml in vehicle); or 4) a 4-hour pre-incubation 

with NAM (1 µM NPS2143) followed by treatment with TGF-β1 and NAM (5 ng/ml TGF-

β1, 1 µM NPS2143 in vehicle).  

 

6.2.1 NAM treatment ameliorates TGF-β-induced TGF-β, Wnt and CaSR signalling 

To determine the effect of NAM treatment on TGF-β-induced cell signalling, GO 

terms were used to connect patterns of differentially expressed genes to TGF-β- or 

CaSR-related signalling pathways. These terms, and their direction of regulation, 

are summarised in Table 6.1. As expected, TGF-β exposure upregulated GO terms 

associated with TGF-β receptor and Wnt signalling. However, TGF-β exposure also 

downregulated genes associated with MAPK cascade activation and regulation of Ras, 

stress-activated MAPK, JNK, p38, PI3K and Rho signalling. NAM treatment 

upregulated the regulation of Ras, stress-activated MAPK, JNK, Rho and specifically 

upregulated negative regulation of mTOR signalling. NAM treatment also 

downregulated TGF-β receptor signalling, Ras signal transduction, Wnt signalling and 

positive regulation of mTOR signalling. This demonstrates that NAM treatment plays 

a central role in the regulation of TGF-β signalling pathways and provides rationale 

to further investigate the role of the CaSR in these pathways. 
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Table 6.1. NAM treatment abrogates the activation or regulation of TGF-β-induced signalling pathways in human lung 

fibroblasts. This table summarises the differentially expressed GO terms describing biological function within the cell; the 

direction of regulation; the number of differentially expressed genes that match that term; and the adjusted p value (padj). 

Up- and down-regulated genes were input into the GOnet enrichment tool separately to provide the direction of regulation. 

Here, NAM treatment abrogated activation or regulation of several TGF-β signalling processes, including TGF-βR, Ras, MAPK 

(JNK, p38), PI3K, mTOR, Rho and Wnt signalling. Statistical significance calculated using a Fisher exact test with Benjamini-

Hochberg  p value correction. N = 3, n = 6. * (padj < 0.05), ** (padj < 0.01), *** (padj < 0.001), **** (padj < 0.0001). TGF-βR: 

Transforming growth factor beta receptor; MAPK: Mitogen activated protein kinase; JNK: Jun N-terminal kinase; PI3K: 

Phosphatidylinositol 3-kinase; mTOR: Mechanistic target of rapamycin; Wnt: Wingless-related integration site; NAM: Negative 

allosteric modulator of the calcium-sensing receptor. 
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6.2.1.1 Canonical TGF-β signalling 

Here, TGF-β upregulated its own expression (TGFB1) as well as SMAD7 and 

downregulated the TGFBRIII co-receptor, SMAD3 and SMAD6 indicating 

downregulation of Smad2/3 signalling after 72 hours (log2 fold change TGFB1 = 

1.39, SMAD7 = 1.04, TGFBR3 = -2.39, SMAD3 = -1.72, SMAD6 = -0.81; padj < 0.05; 

TGF-β vs vehicle). This is consistent with reports that TGF-β upregulates Smad2/3 

signalling within 1 hour and downregulates Smad2/3 signalling after 3 hours which 

then remains downregulated for at least 72 hours (Baugé et al., 2011). NAM 

treatment significantly reversed TGFB1, TGFBRIII, and SMAD3 but also upregulated 

the TGF-BR associated protein 1 (TGFBRAP1) expression demonstrating that NAM 

treatment regulates central Smad2/3 signalling components (log2 fold change 

TGFB1 = -0.56, TGFBR3 = 0.27, SMAD3 = 0.37, TGFBRAP1 = 0.69; padj < 0.05; 

TGF-β + NAM vs TGF-β). When compared to baseline expression, SMAD4 and SMAD6 

expression was indistinguishable from baseline expression indicating dampening of 

TGF-β-induced effects on Smad2/3 signalling (padj > 0.05; TGF-β + NAM vs vehicle), 

as shown in Figure 6.1.  

 

  



133 

 

 



134 

 

 

Figure 6.1. NAM treatment differentially regulated TGF-β-induced Smad signalling components in human lung fibroblasts. 

(A) TGF-β binds to the TGF-βR complex activating canonical Smad signalling aided by co-receptors Betaglycan (TGF-βRIII), 

adaptor proteins (Grb2, Shc), interacting proteins (SARA) and exchange factors (Sos). TGF-β down-regulated TGFBRIII, Smad3 

and inhibitory Smad7 (red) indicating Smad signalling was down-regulated after 72 hours. (B) NAM treatment reversed the 

expression of some TGF-β signalling components (bold*) but had little overall effect on Smad signalling component expression 

(green and red), when compared to the vehicle control. (C) A truncated violin plot was used to demonstrate frequency 

distribution of the data where the dashed line represents the median. Differentially expressed signalling pathways and 

remodelling processes were identified using gene ontology (GO) and further investigation was conducted with a gene-by-gene 

approach. Statistical significance identified using Deseq2 (Sartools) with Benjamini-Hochberg p-value adjustment. 

Upregulation compared to vehicle control (green); downregulation compared to vehicle control (red); significant difference 
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between TGF-β alone and TGF-β + NAM treatment (bold*). N = 3, n = 6, ns (padj > 0.05), * (padj < 0.05), ** (padj < 0.01), *** (padj 

< 0.001). TGF-β: Transforming growth factor beta 1; NAM: Negative allosteric modulator of the calcium-sensing receptor; GO: 

Gene ontology; Smad: small mother against decapentaplegic; Grb2: Growth factor receptor binding protein 2; Shc: Src 

homology 2 domain-containing transforming protein C; SARA: Smad anchor for receptor activation; Sos: Son Of Sevenless. 
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6.2.1.2 Non-canonical Ras signal transduction activation 

The GO term “Regulation of Ras protein signal transduction” was downregulated by 

TGF-β. TGF-β also upregulated genes involved in Ras activation, including GRB2, 

HRAS, NRAS, RRAS and MRAS expression but downregulated the receptor tyrosine 

kinase (RTK) substrate Shc isoforms SHC3 and SHC4 (log2 fold change GRB2 = 0.26, 

HRAS = 0.70, NRAS = 0.43, RRAS = 0.52, MRAS = 0.86, SHC3 = -1.26, SHC4 = -

1.33; padj < 0.05; TGF-β vs vehicle). NAM treatment downregulated the GO term 

“Ras protein signal transduction”, upregulated “Regulation of Ras protein signal 

transduction” and reversed the expression of GRB2, NRAS, RRAS, SOS1 and SOS2 but 

not SHC3 or SHC4 (log2 fold change GRB2 = -0.32, HRAS = -1.00, RRAS = -0.73, 

SOS1 = 0.64, SOS2 = 0.58; padj < 0.05; TGF-β + NAM vs TGF-β). Following NAM 

treatment, all Ras signal transduction genes were indistinguishable from baseline 

levels (padj > 0.05; TGF-β + NAM vs vehicle) indicating that NAM treatment 

abolished TGF-β-induced Ras signal transduction, as shown in Figure 6.2. 
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Figure 6.2. NAM treatment abolished TGF-β-induced Ras protein signal transduction regulation in human lung fibroblasts. 

(A) To activate non-canonical TGF-β signalling, TGF-β activates the TGF-βR to recruit molecules such as the Grb2/Sos complex 

by binding the substrate Shc to bring Sos to the plasma membrane which subsequently catalyses Ras by exchanging Ras-bound 

GDP for GTP (Zhang et al., 2009). TGF-β upregulated Grb2, HRAS and NRAS (green) but down-regulated Shc (red), when 

compared to vehicle control. (B) NAM treatment significantly reversed Sos, Grb2, SARA, HRAS and RRAS expression (bold*), 

when compared to TGF-β. All of these genes were indistinguishable from baseline levels following NAM treatment (white). (C) 

C 
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A truncated violin plot was used to demonstrate frequency distribution of the data where the dashed line represents the 

median. Differentially expressed signalling pathways and remodelling processes were identified using gene ontology (GO) and 

further investigation was conducted with a gene-by-gene approach. Statistical significance identified using Deseq2 (Sartools) 

with Benjamini-Hochberg p-value adjustment. Upregulation compared to vehicle control (green); downregulation compared 

to vehicle control (red); significant difference between TGF-β alone and TGF-β + NAM treatment (bold*). N = 3, n = 6, ns (padj 

> 0.05), * (padj < 0.05), ** (padj < 0.01), *** (padj < 0.001). TGF-β: Transforming growth factor beta 1; NAM: Negative allosteric 

modulator of the calcium-sensing receptor; GO: Gene ontology; Grb2: Growth factor receptor binding protein 2; Shc: Src 

homology 2 domain-containing transforming protein C; SARA: Smad anchor for receptor activation; Sos: Son Of Sevenless; 

HRAS: H-Ras isoform; NRAS: N-Ras isoform; RRAS: R-Ras isoform.
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6.2.1.3 Non-canonical MAPK (ERK, JNK, p38) signalling 

TGF-β upregulated the expression of ERK-activating MEK2 and the downstream ERK 

target α-smooth muscle actin (αSMA) (ACTA2) but downregulated mitogen- and 

stress-activated protein kinase (MSK1) (RPS6KA5), and the ERK transcription factor 

targets NFκB1 and FOSL2 (log2 fold change MEK2 = 0.46, ACTA2 = 1.12, RPS6KA5 

= -1.60, NFKB1 = -0.53, FOSL2 = -0.63; padj < 0.05) suggesting TGF-β had a 

complex effect on ERK signalling regulation. NAM treatment downregulated MEK2 

and αSMA (ACTA2) as well as ERK6 but also upregulated ERK3, ERK5, and 

transcription factor targets ELK1, MSK1 (RPS6KA5) and NFκB1 (log2 fold change 

MEK2 = -0.63, ACTA2 = -0.93, ERK6 = -0.52, ERK3 = 0.49, ERK5 = 0.49, ELK1 = 

0.40, RPS6KA5 = 1.17, NFKB1 = 0.64; padj < 0.05; TGF-β + NAM vs TGF-β). When 

compared to baseline expression, NAM treatment upregulated ERK3 and 

downregulated ERK6 in the presence of TGF-β (log2 fold change ERK3 = 0.59, ERK6 

= -0.68; padj < 0.05; TGF-β + NAM vs Vehicle) but all other genes were 

indistinguishable from baseline levels (padj > 0.05; TGF-β + NAM vs vehicle) 

suggesting the CaSR plays a central role in TGF-β-induced ERK signalling regulation, 

as shown in Figure 6.3. 
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Figure 6.3. NAM treatment had a significant effect on ERK signalling regulation in human lung fibroblasts. (A) TGF-β 

activations non-canonical ERK signalling via Ras, which recruits Raf and subsequently MEK1/2 to activate ERK1/2 which 

influences processes such as cell adhesion, proliferation, differentiation and gene transcription by interacting with 

transcription factors, such as the calcium metabolism and growth signalling regulator ELK1; actin cytoskeletal component 

regulator AP-1 to influence αSMA expression; MSK1 (RPS6KA5) that is involved in the epidermal growth factor receptor (EGFR) 

pathway; and inflammation via NFκB (Davies et al., 2005; Kim et al., 2007a; Thiel et al., 2012; Janknecht et al., 1993; Deak 
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et al., 1998; Hu et al., 2006; Carpenter & Wu, 2014; Šmerdová et al., 2014; Vicent et al., 2009). TGF-β upregulated MEK2 

(green), when compared to vehicle control. (B) NAM treatment significantly reversed TGF-β-induced BRAF, MEK2, and ERK5 

expression (bold*); upregulated ERK3 (green); and down-regulated ERK6 (red), when compared to TGF-β. All of these genes, 

except ERK3, ERK6 and ELK1, were indistinguishable from baseline levels following NAM treatment (white). (C) A truncated 

violin plot was used to demonstrate frequency distribution of the data where the dashed line represents the median. 

Differentially expressed signalling pathways and remodelling processes were identified using gene ontology (GO) and further 

investigation was conducted with a gene-by-gene approach. Statistical significance identified using Deseq2 (Sartools) with 

Benjamini-Hochberg p-value adjustment. Upregulation compared to vehicle control (green); downregulation compared to 

vehicle control (red); significant difference between TGF-β alone and TGF-β + NAM treatment (bold*). N = 3, n = 6, ns (padj > 

0.05), * (padj < 0.05), ** (padj < 0.01), *** (padj < 0.001). TGF-β: Transforming growth factor beta 1; NAM: Negative allosteric 

modulator of the calcium-sensing receptor; GO: Gene ontology; Grb2: Growth factor receptor binding protein 2; Shc: Src 

homology 2 domain-containing transforming protein C; SARA: Smad anchor for receptor activation; Sos: Son Of Sevenless; 

BRAF: B-Raf isoform; MEK: MAPK/ERK Kinase; ERK: Extracellular signal-regulated kinase; AP-1: Activator protein 1; αSMA: 

alpha smooth muscle actin; MSK1: Ribosomal protein S6 kinase; EGFR: Epidermal growth factor receptor.  
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TGF-β can also activate MAPK JNK and subsequently JUN signalling via Ras to 

influence the expression of remodelling markers such as connective tissue growth 

factor (CTGF). Here TGF-β increased the expression of Rac1, JUNB , JUND and CTGF 

but downregulated MEKK1 indicating upregulation of JNK signalling (log2 fold change 

RAC1 = 0.64, JUNB = 0.99, JUND = 0.51, CTGF = 1.16, MEKK1 = -0.85; padj < 

0.05; TGF-β vs Vehicle). NAM treatment reversed the expression of Rac1, JUNB, 

JUND, CTGF and MEKK1 (log2 fold change RAC1 = -0.76, JUNB = -0.71, JUND = -

0.88, CTGF = -0.87, MEKK1 = 0.79; padj < 0.05; TGF-β + NAM vs TGF-β) to levels 

indistinguishable from baseline expression (padj > 0.05; TGF-β + NAM vs vehicle) 

indicating TGF-β-induced JNK activation was returned to baseline levels by NAM 

treatment, as shown in Figure 6.4. 
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Figure 6.4. NAM treatment abolished TGF-β-induced JNK signalling regulation in human lung fibroblasts. (A) TGF-β 

acitvates JNK signalling via Ras, Rac1, as well as by potential GPCR transactivation and G-protein activation of MEKK1 and 

MKK4/7 (dashed arrows), to regulate cell adhesion, migration and ECM remodelling via interaction with JUN transcription 

factors and subsequent expression of genes such as CTGF. TGF-β upregulated Rac1, CDC42, GNA13, JUND, JUND and CTGF 

(green) but downregulated MEKK1 (red). (B) NAM treatment significantly reversed TGF-β-induced Rac1, CDC42, GNA12, JUNB, 

JUND and CTGF expression (bold*), when compared to TGF-β. All of these genes were indistinguishable from baseline levels 

following NAM treatment (white). (C) A truncated violin plot was used to demonstrate frequency distribution of the data 

where the dashed line represents the median. Differentially expressed signalling pathways and remodelling processes were 

identified using gene ontology (GO) and further investigation was conducted with a gene-by-gene approach. Statistical 
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significance identified using Deseq2 (Sartools) with Benjamini-Hochberg p-value adjustment. Upregulation compared to 

vehicle control (green); downregulation compared to vehicle control (red); significant difference between TGF-β alone and 

TGF-β + NAM treatment (bold*). N = 3, n = 6, ns (padj > 0.05), * (padj < 0.05), ** (padj < 0.01), *** (padj < 0.001). TGF-β: 

Transforming growth factor beta 1; NAM: Negative allosteric modulator of the calcium-sensing receptor; GO: Gene ontology; 

Grb2: Growth factor receptor binding protein 2; Shc: Src homology 2 domain-containing transforming protein C; SARA: Smad 

anchor for receptor activation; Sos: Son Of Sevenless; JNK: Jun N-terminal kinase; CDC42: Cell division cycle 42; G12: Guanine 

Nucleotide-Binding Protein subunit alpha (12); G13: Guanine Nucleotide-Binding Protein subunit alpha (13); Gi: Guanine 

Nucleotide-Binding Protein subunit alpha (i); JIP: Jun N-terminal kinase interacting protein; MLK3: Mixed lineage kinase 3; 

MEKK: MAPK/ERK kinase kinase; MKK: Mitogen activation protein kinase kinase; CTGF: Connective tissue growth factor; ECM: 

Extracellular matrix. 
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TGF-β downregulated the GO term “Regulation of p38 MAPK cascade” as well as the 

p38δ (MAPK13) subunit (log2 fold change MAPK13 = -0.94; padj < 0.05; TGF-β vs 

vehicle). NAM treatment downregulated p38β (MAPK11), p38γ (MAPK12) and 

upregulated p38δ (MAPK13) expression but no GO terms were differentially 

expressed for this pathway (log2 fold change MAPK11 = -0.70, MAPK12 = -0.52, 

MAPK13 = 0.77; padj < 0.05). p38δ (MAPK13) was the only p38 subunit returned to 

baseline levels (padj > 0.05; TGF-β + NAM vs vehicle). 

 

6.2.1.4 Non-canonical PI3K/Akt signalling 

Class I PI3K complexes are formed of a p110 catalytic subunit (PIK3C-A, -B, -C, -D or 

-Y) and a p85 regulatory subunit (PIK3R1 or PIK3R2) which are bound to the PI3K 

complex by PI3K adaptor protein 1 (PIK3AP1). Inhibitors of PI3K activation also exist, 

such as PIK3 interacting protein 1 (PIK3IP1) (Gheyas et al., 2017). The PI3K complex 

then phosphorylates Akt, enhanced by Akt interacting protein (AKTIP), to influence 

the activity of over 100 downstream substrates (Khalil et al., 2021; Aytenfisu et al., 

2022). TGF-β upregulated PIK3AP1 and AKT1-phosphorylation enhancing AKTIP 

expression as well as downregulated PIK3R1 and the inhibitory PIK3IP1 gene 

indicating upregulation of PI3K/Akt signalling (log2 fold change PIK3AP1 = 3.85, 

AKTIP = 0.60, PIK3R1 = -0.76, PIK3IP1 = -0.68; padj < 0.05; TGF-β vs vehicle). 

NAM treatment reversed PIK3R1 expression but also significantly altered expression 

of PI3K catalytic subunits by upregulating PIK3CA and PIK3CB and downregulating 

PIK3CD (log2 fold change PIK3R1 = 0.55, PIK3CA = 0.44, PIK3CB = 0.38, PIK3CD = 

-0.51; padj < 0.05; TGF-β + NAM vs TGF-β). When compared to baseline expression, 

NAM treatment only altered the expression of AKT3 (log2 fold change AKT3 = 0.64; 

padj < 0.05; TGF-β + NAM vs vehicle) and expression of PIK3CA, PIK3CB, PIK3CD, 

PIK3R1, PIK3IP1 and AKTIP could not be distinguished from baseline levels (padj > 

0.05; TGF-β + NAM vs vehicle). This suggests TGF-β-induced PI3K signalling was 

returned to baseline levels, with the exception of AKT3, following NAM treatment, 

as shown in Figure 6.5. 
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Figure 6.5. NAM treatment abolished TGF-β-induced PI3K/Akt signalling regulation in human lung fibroblasts. (A) TGF-β 

activates class I PI3K complexes via Ras and subsequently activation of Akt. TGF-β upregulated PIK3AP1 and AKTIP (green) and 

downregulated PIK3R1 and inhibitory PIK3IP1 (red) indicating upregulation of PI3K/Akt signalling. (B) NAM treatment 

significantly reversed TGF-β-induced PIK3R1 expression but also up-regulated PIK3CA, PIK3CB and AKT3 (green) and 

downregulated PIK3CD (bold*), when compared to TGF-β. All of these genes, except AKT3 were indistinguishable from baseline 

levels following NAM treatment (white). (C) A truncated violin plot was used to demonstrate frequency distribution of the 

data where the dashed line represents the median. Differentially expressed signalling pathways and remodelling processes 

were identified using gene ontology (GO) and further investigation was conducted with a gene-by-gene approach. Statistical 
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significance identified using Deseq2 (Sartools) with Benjamini-Hochberg p-value adjustment. Upregulation compared to 

vehicle control (green); downregulation compared to vehicle control (red); significant difference between TGF-β alone and 

TGF-β + NAM treatment (bold*). N = 3, n = 6, ns (padj > 0.05), * (padj < 0.05), ** (padj < 0.01), *** (padj < 0.001). TGF-β: 

Transforming growth factor beta 1; NAM: Negative allosteric modulator of the calcium-sensing receptor; GO: Gene ontology; 

Grb2: Growth factor receptor binding protein 2; Shc: Src homology 2 domain-containing transforming protein C; SARA: Smad 

anchor for receptor activation; Sos: Son Of Sevenless; PIK3AP1: Phosphatidylinositol 3-kinase adaptor protein 1; PIK3R1: 

Phosphatidylinositol 3-kinase regulatory subunit 1; PIK3CA: Class I phosphatidylinositol 3-kinase catalytic subunit alpha; 

PIK3CB: Class I phosphatidylinositol 3-kinase catalytic subunit beta; PIK3CD: Class I phosphatidylinositol 3-kinase catalytic 

subunit delta; AKT: Akt isoform 3; AKTIP: Akt interacting protein. 
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6.2.1.5 Non-canonical mTOR signalling 

TGF-β downregulated inhibitory TSC1 and TSC2 and upregulated Rheb, mLST8, 

Deptor and mSIN1 as well as the downstream targets of mTOR complex 1 (mTORC1), 

such as 4E-binding protein 1 (4E-BP1) (EIF4EBP1) and ULK1, and downstream targets 

of mTOR complex 2 (mTORC2), such as SPARC, demonstrating clear activation of the 

mTOR pathway (log2 fold change TSC1 = -0.44, TSC2 = -0.48, RHEB = 0.51, MLST8 

= 0.37, DEPTOR = 1.23, mSIN1 (MAPKAP1) = 0.30, EIF4EBP1 = 1.4, ULK1 = 0.45, 

SPARC = 1.17; padj < 0.05; TGF-β vs vehicle). NAM treatment reversed the 

expression of TSC1, TSC2, Rheb, mLST8, mSIN1 and SPARC but also upregulated 

mTOR, Raptor and Rictor (log2 fold change MTOR = 0.76, RPTOR = 0.76, RICTOR 

= 0.63, MLST8 = -0.33, mSIN1 (MAPKAP1) = -0.27, SPARC = -0.91; padj < 0.05 vs 

TGF-β). Importantly, all components of the mTOR pathway, including mTOR, 

Raptor, Rictor, were indistinguishable from baseline levels (padj > 0.05; TGF-β + 

NAM vs vehicle); however, unc-51 like autophagy activating kinase 1 (ULK1), an 

inhibitor of autophagy (Platé et al., 2020), was unaffected by NAM treatment and 

remained significantly upregulated (padj = 0.010, Log2FC = 0.54). Despite 

downstream effectors, such as ULK1, demonstrating the potential for multiple 

regulatory mechanisms, this data suggests that TGF-β-induced mTOR signalling was 

ameliorated by NAM treatment, as shown in Figure 6.6. 
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Figure 6.6. NAM treatment ameliorated TGF-β-induced mTORC1 and mTORC2 signalling regulation in human lung 

fibroblasts. (A) TGF-β activates Ras/PI3K/Akt and subsequently mTORC1 by preventing TSC1/2 from converting RhebGTP to 

RhebGDP. Accumulation of RhebGTP then activates mTORC1 that regulates gene targets such as the amino acid synthesis 

pathway, 4E-BP1 (EIF4EBP1) via ATF4 and regulation of autophagy via ULK1 (Nigdelioglu et al., 2016; Selvarajah et al., 2019; 

Plate et al., 2020). TGF-β also activates mTORC2 via PI3K/Akt directly to influence gene targets such as SPARC (Chang et al., 

2014; Platé et al., 2020). TGF-β significantly downregulated TSC1 and TSC2 (red) and upregulated Rheb, mLST8, Deptor and 

mSIN1 (green) as well as the downstream targets of mTORC1, 4E-BP1 (EIF4EBP1) and ULK1, and downstream target of mTORC2, 

SPARC indicating activation of the PI3K/Akt/mTOR pathway. (B) NAM treatment significantly reversed TGF-β-induced TSC1, 

TSC2, Rheb and mLST8 but also upregulated Raptor and mTOR (bold*), when compared to TGF-β. All of these genes, except 

ULK1, were indistinguishable from baseline levels following NAM treatment. (C, D) Truncated violin plots were used to 

demonstrate frequency distribution of the data where the dashed line represents the median. Differentially expressed 

signalling pathways and remodelling processes were identified using gene ontology (GO) and further investigation was 

conducted with a gene-by-gene approach. Statistical significance identified using Deseq2 (Sartools) with Benjamini-Hochberg 

p-value adjustment. Upregulation compared to vehicle control (green); downregulation compared to vehicle control (red); 

significant difference between TGF-β alone and TGF-β + NAM treatment (bold*). N = 3, n = 6, ns (padj > 0.05), * (padj < 0.05), 

** (padj < 0.01), *** (padj < 0.001). TGF-β: Transforming growth factor beta 1; NAM: Negative allosteric modulator of the calcium-

sensing receptor; GO: Gene ontology; Grb2: Growth factor receptor binding protein 2; Shc: Src homology 2 domain-containing 

transforming protein C; SARA: Smad anchor for receptor activation; Sos: Son Of Sevenless; ATF4: Activating transcription 

factor 4; TSC: Tuberous sclerosis; Rheb: Ras homolog enriched in brain; mLST8: GTPase β-subunit like protein gβL; Deptor: 

DEP domain containing mTOR interacting protein; mSIN1: Mammalian stress-activated protein kinase (SAPK)-interacting 
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protein; mTORC: mechanistic target of rapamycin complex; 4E-BP1: 4E-binding protein 1; ULK1: Unc-51 like autophagy 

activating kinase; SPARC: Secreted protein acidic and rich in cysteine; PI3K: Phosphatidylinositol 3-kinase.  
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6.2.1.6 Non-canonical Rho signalling 

Rho signalling, also activated by Ras or Rac1 and subsequently RhoA is considered as 

a therapeutic target for lung remodelling due to its contribution to the profibrotic 

responses of epithelial cells, endothelial cells, and fibroblasts via processes such as 

actin cytoskeleton rearrangement, differentiation and apoptosis (Knipe et al., 

2018). Here, TGF-β upregulated RHOA and downregulated ROCK2 (log2 fold change 

RHOA = 0.74, ROCK2 = -0.51; padj < 0.05; TGF-β vs vehicle) but no effect was 

observed on Rho-associated coiled-coil containing protein kinase 1 (ROCK1) mRNA 

(Figure 6.7) or protein (Figure 6.8) expression indicating a separate regulatory 

mechanism for ROCK signalling but clear upregulation of RhoA signalling. NAM 

treatment downregulated RhoA (log2 fold change RhoA = -0.81; padj < 0.05; TGF-β 

+ NAM vs TGF-β) but not ROCK1 protein expression (padj = 0.13; TGF-β + NAM vs 

TGF-β) or ROCK2 mRNA expression. Gene expression following NAM treatment was 

indistinguishable from baseline levels (padj > 0.05; TGF-β + NAM vs vehicle) 

suggesting TGF-β-induced RhoA signalling was returned to baseline levels following 

NAM treatment.  
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Figure 6.7. NAM treatment ameliorates TGF-β-induced Rho, but not ROCK, signalling regulation in human lung fibroblasts. 

(A) TGF-β activates Rho signalling via Ras to target Rho Kinases, such as ROCK1 and ROCK2. TGF-β significantly upregulated 

RhoA (green) and downregulated ROCK2 (red). (B) NAM treatment significantly reversed TGF-β-induced RhoA expression 

(bold*), when compared to TGF-β. All of these genes were indistinguishable from baseline levels following NAM treatment. 

(C) A truncated violin plot was used to demonstrate frequency distribution of the data where the dashed line represents the 

median. Differentially expressed signalling pathways and remodelling processes were identified using gene ontology (GO) and 
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further investigation was conducted with a gene-by-gene approach. Statistical significance identified using Deseq2 (Sartools) 

with Benjamini-Hochberg p-value adjustment. Upregulation compared to vehicle control (green); downregulation compared 

to vehicle control (red); significant difference between TGF-β alone and TGF-β + NAM treatment (bold*). N = 3, n = 6, ns (padj 

> 0.05), * (padj < 0.05), ** (padj < 0.01), *** (padj < 0.001). TGF-β: Transforming growth factor beta 1; NAM: Negative allosteric 

modulator of the calcium-sensing receptor; GO: Gene ontology; Grb2: Growth factor receptor binding protein 2; Shc: Src 

homology 2 domain-containing transforming protein C; SARA: Smad anchor for receptor activation; Sos: Son Of Sevenless; 

ROCK: Rho associated coiled-coil containing protein kinase. 
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Figure 6.8. TGF-β induced no changes to ROCK1 protein expression in human lung fibroblasts. (A) Primary normal human 

lung fibroblasts (Lonza, UK) were exposed to a remodelling mediator, TGF-β, in the presence or absence of NAM (NPS2143). 

A 
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ROCK1 (green) was identified using anti-ROCK1 antibody (21850-1-AP) and AlexaFluor 488 (Ab150077) secondary antibody. (B) 

Mean intensity was quantified using StrataQuest and normalised to nuclear cell count (blue). Truncated violin plot to 

demonstrate frequency distribution of the data where dashed lines represent the median and dotted lines represent the upper 

and lower quartiles, respectively. 63x objective. Background subtracted using ImageJ (“separate colour”; 50.0 pixels). N = 3, 

n = 8, ROI = 5, ns (padj > 0.05). Graticule (A) 50 µm. TGF-β: Transforming growth factor beta 1; NAM: Negative allosteric 

modulator of the calcium-sensing receptor; ROCK: Rho associated coiled-coil containing protein kinase. 
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6.2.1.7 Wnt signalling 

As shown in Table 6.1, GO enrichment suggested Wnt signalling was upregulated by 

TGF-β. As shown in Figure 6.9, with the exception of downregulated DVL2, TGF-β 

upregulated mRNA associated with Wnt/β-catenin signalling, including WNT5A, 

WNT5B, FZD8, CK1α (CSNK1A1) and β-catenin (CTNNB1) as well as target 

transcription factors, including TCF3, TCF4, TCF25 and LEF1. As shown in Figure 

6.10, TGF-β also downregulated mRNA associated with non-canonical Wnt/Ca2+ 

signalling, including phospholipase C (PLC) (PLCB1, PLCD1, PLCD3, PLCD4), inositol 

triphosphate receptor (IP3R) (ITPR2, ITPR3), PKC (PRKCD, PRKCE), and calmodulin 

(CAMK2A, CAMK2D, CAMK2G, CAMK2N1) isoforms and upregulated the calcineurin 

regulatory subunit, PPP3R1 (log2 fold change DVL2 = -0.45, WNT5A = 0.63, WNT5B 

= 0.62, FZD8 = 4.17, CSNK1A1 = 0.31, CTNNB1 = 0.49, TCF3 = 0.29, TCF4 = 

0.88, TCF25 = 0.39, LEF1 = 1.01, PLCB1 = -0.67, PLCD1 = -0.83, PLCD3 = -0.40, 

PLCD4 = -1.57, ITPR2 = -0.58, ITPR3 = -1.12, PRKCD = -1.01, PRKCE = -1.91, 

CAMK2A = , CAMK2D = , CAMK2G = , CAMK2N1 = , CAMK2A = -3.53, CAMK2D = -

0.75, CAMK2G = -0.26, CAMK2N1 = -0.26, PPP3R1 = 0.50; padj < 0.05; TGF-β vs 

vehicle). NAM treatment reversed both Wnt/β-catenin and Wnt/Ca2+ signalling by 

downregulating WNT5B, DVL2, β-catenin and TCF25; increasing β-catenin 

destruction complex components, including GSK3β and APC; and reversed the 

expression of genes involved in PLC/Ca2+ signalling, including PLC (PLCD1 and 

PLCD4), IP3R (ITPR2 and ITPR3), protein kinase C (PKC) (PRKCD and PRKCE), 

calmodulin (CAMK2G) and calcineurin (PPP3R1 and PPP3CC) isoforms (log2 fold 

change WNT5B = -0.63, DVL2 = 0.59, CTNNB1 = -0.36, TCF25 = -0.43, GSK3β = 

0.37, APC = 0.55, PLCD1 = 0.57, PLCD4 = 0.70, ITPR2 = 0.81, ITPR3 = 1.48, 

PRKCD = 0.49, PRKCE = 0.90, CAMK2G = 0.35, PPP3CC = 0.30, PPP3R1 = -0.54; 

padj < 0.05; TGF-β + NAM vs TGF-β). When compared to baseline expression, NAM 

treatment upregulated expression of FZD8, CK1α (CSNK1G3), TCF4, PIP4P2 and 

PRKCA but downregulated PRKCD, PRKCE, CAM2KA, CAM2KD, CAMK2N1 and PLCD4 

expression (log2 fold change FZD8 = 3.75, CSNK1G3 = 0.34, TCF4 = 1.13, PIP4P2 

= 0.50, PRKCA = 0.64, PRKCD = -0.52, PRKCE = -1.01, CAMK2A = -2.62, CAMK2D 

= -0.56, CAMK2N1 = -0.66, PLCD4 = -0.87; padj < 0.05; TGF-β + NAM vs vehicle). 

All other Wnt signalling components were indistinguishable from baseline levels (padj 

> 0.05; TGF-β + NAM vs vehicle). This data suggests that although expression had 
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not been completely returned to baseline levels, the CaSR plays a central role in the 

regulation of TGF-β-induced Wnt/β-catenin and Wnt/Ca2+ signalling. 
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Figure 6.9. NAM treatment abolished TGF-β-induced Wnt/β-catenin signalling regulation in human lung fibroblasts. (A) 

Wnt ligands activate the FZD receptor and LRP5/6 co-receptor to inhibit the β-catenin destruction complex via activation of 

DVL protein that allows β-catenin accumulation where it translocates to the nucleus and interacts with TCF and LEF 

transcription factors to influence gene expression. TGF-β upregulated WNT5A, WNT5B, FZD8, CK-1, β-catenin and TCFs such 

as TCF3, TCF4 and TCF25 (green). (B) NAM treatment significantly reversed TGF-β-induced WNT5B, GSK3β, CK-1, APC, β-

catenin and TCF25 expression (bold*), when compared to TGF-β. All of these genes, except FZD8 and TCF4 (green), were 

indistinguishable from baseline levels following NAM treatment. (C) Truncated violin plots were used to demonstrate frequency 

distribution of the data where the dashed line represents the median. Differentially expressed signalling pathways and 

C 
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remodelling processes were identified using gene ontology (GO) and further investigation was conducted with a gene-by-gene 

approach. Statistical significance identified using Deseq2 (Sartools) with Benjamini-Hochberg p-value adjustment. 

Upregulation compared to vehicle control (green); downregulation compared to vehicle control (red); significant difference 

between TGF-β alone and TGF-β + NAM treatment (bold*). N = 3, n = 6, ns (padj > 0.05), * (padj < 0.05), ** (padj < 0.01), *** (padj 

< 0.001). TGF-β: Transforming growth factor beta 1; NAM: Negative allosteric modulator of the calcium-sensing receptor; GO: 

Gene ontology; TCF: Transcription factor; LEF: Lymphoid enhancer binding factor; Wnt: Wingless-related integration site; 

WNT5A: Wingless-related integration site 5A isoform; WNT5B: Wingless-related integration site 5B isoform; FZD: Frizzled; LRP: 

Low-density lipoprotein receptor-related protein; GSK3β: Glycogen synthase kinase 3 beta; CK-1: Casein kinase 1; APC: 

Adenomatosis polyposis coli; DVL: Dishevelled. 
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Figure 6.10. NAM treatment ameliorates Wnt/Ca2+/calcineurin signalling regulation. (A) Non-canonical Wnt/Ca2+ signalling 

is associated with phospholipase C and the inositol trisphosphate (IP3) receptor and leads to intracellular calcium release, 

calcineurin activation and calmodulin (CaMKKβ) activation. TGF-β downregulated PLC, PIP2, DAG, IP3, PKC, and CaMKKβ (red) 

and upregulated Calcineurin (green). (B) NAM treatment significantly reversed TGF-β-induced downregulation of PLC, PIP2, 

IP3, PKC and CaMKKβ as well as upregulation of calcineurin expression, when compared to TGF-β (bold*). However, when 

compared to baseline levels, only DAG, IP3 and calcineurin were returned to baseline levels (white). (C, D) Truncated violin 

plots were used to demonstrate frequency distribution of the data where the dashed line represents the median. Differentially 

expressed signalling pathways and remodelling processes were identified using gene ontology (GO) and further investigation 

was conducted with a gene-by-gene approach. Statistical significance identified using Deseq2 (Sartools) with Benjamini-

Hochberg p-value adjustment. Upregulation compared to vehicle control (green); downregulation compared to vehicle control 

(red); significant difference between TGF-β alone and TGF-β + NAM treatment (bold*). N = 3, n = 6, ns (padj > 0.05), * (padj < 

0.05), ** (padj < 0.01), *** (padj < 0.001). TGF-β: Transforming growth factor beta 1; NAM: Negative allosteric modulator of the 

calcium-sensing receptor; GO: Gene ontology; Wnt: Wingless-related integration site; WNT5A: Wingless-related integration 

site 5A isoform; WNT5B: Wingless-related integration site 5B isoform; FZD: Frizzled; Gq: Guanine Nucleotide-Binding Protein 

subunit alpha (q); PLC: Phospholipase C; PIP2: Phosphatidylinositol 4,5-bisphosphate; DAG: Diacylglycerol; IP3: inositol 

trisphosphate; PKC: Protein kinase C; CaMKKβ: calmodulin; PLCD: Phospholipase C delta; PIP4K2C: Phosphatidylinositol-5-

phosphate 4-kinase type 2 gamma; PRKCA: Protein kinase C alpha; PRKCD: Protein kinase C delta; PRKCE: Protein kinase C 

epsilon; PRKCI: Protein kinase C iota; PRKCSH: Protein kinase C substrate 80Kda H; ITPR: Inositol 1,4,5-trisphosphate receptor; 

PPP3CC: Protein phosphatase 3 catalytic subunit gamma; PPP3R1: Protein phosphatase 3 regulatory subunit B alpha; CAMK2A: 

Calcium/calmodulin dependent protein kinase II alpha; CAMK2D: Calcium/calmodulin dependent protein kinase II delta; 
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CAMK2G: Calcium/calmodulin dependent protein kinase II gamma; CAMK2N1: Calcium/calmodulin dependent protein kinase 

II inhibitor 1.
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6.2.1.8 CaSR signalling 

Using immunofluorescence, as shown in Figure 6.11, cell surface and intracellular 

CaSR expression was identified in human lung fibroblasts. Furthermore, CaSR protein 

expression was significantly increased (padj = 0.0011) following TGF-β exposure. An 

effect that was significantly reversed by NAM treatment (padj < 0.0001). CaSR mRNA 

expression could not be confirmed by RNA-sequencing due to low expression. The 

human protein atlas (Uhlen et al., 2015) also observed undetectable mRNA 

expression but confirmed CaSR protein expression in the lung. It is possible that CaSR 

protein recycling and low desensitisation may reduce its reliance on high levels of 

mRNA translation for CaSR protein expression resulting in below threshold expression 

(Breitwieser, 2013; Ray, 2015).  
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Figure 6.11. TGF-β significantly upregulates CaSR protein expression in human lung fibroblasts, a process abolished by 

NAM treatment. Primary normal human lung fibroblasts (Lonza, UK) were treated with and without remodelling mediator 

TGF-β and/or treated with a NAM (NPS2143). CaSR was identified using anti-CaSR antibody (Ab19347) and AlexaFluor 594 

(Ab11005) secondary antibody. Mean intensity was quantified using StrataQuest and normalised to nuclear count (blue). 

Truncated violin plot to demonstrate frequency distribution of the data where dashed lines represent the median and dotted 

lines represent the upper and lower quartiles, respectively. 63x objective. Background subtracted using ImageJ (“separate 

colour”; 50.0 pixels). N = 3, n = 5. ns (padj > 0.05), * (padj < 0.05), ** (padj < 0.01), *** (padj < 0.001). Graticule (A) 50 µm. TGF-

β: Transforming growth factor beta 1; NAM: Negative allosteric modulator of the calcium-sensing receptor; GO: gene ontology; 

AU: Arbitrary units. 
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In this experiment, TGF-β upregulated of GNAI3, GNAS, GNA13, GNB1, GNB4, and 

GNG11 and downregulated GNAI1, GNG2, ADCY3, ADCY6 and ADCY9 consistent with 

activation of Ras and inhibition of adenyl cyclase (log2 fold change GNAI3 = 0.38, 

GNAS = 0.63, GNA13 = 0.37, GNB1 = 0.49, GNB4 = 0.38, GNG11 = 0.64, GNAI1 = 

-0.45, GNG2 = -0.88, ADCY3 = -0.97, ADCY6 = -0.50, ADCY9 = -0.65; padj < 0.05; 

TGF-β vs vehicle). NAM treatment downregulated GNAI2, GNAI3, GNAS, GNA12, 

GNB1 and upregulated ADCY3, ADCY6, ADCY7 and ADCY9 indicating downregulation 

of Ras signalling and restoration of cyclic adenosine monophosphate (cAMP)-

producing adenyl cyclase expression (log2 fold change GNAI2 = -0.41, GNAI3 = -

0.41, GNAS = -0.60, GNA12 = -0.62, GNB1 = -0.45, GNB2 = -0.53, ADCY3 = 0.85, 

ADCY6 = 0.60, ADCY7 = 1.46, ADCY9 = 0.80; padj < 0.05; TGF-β + NAM vs TGF-

β). When comparing NAM treatment to baseline expression, GNA13, GNB3 and GNB4 

were upregulated and GNAI1 and GNG2 were downregulated (log2 fold change 

GNA13 = 0.53,  GNB3 = 0.98, GNB4 = 0.41, GNAI1 = -0.65, GNG2 = -0.49; padj < 

0.05; TGF-β + NAM vs vehicle) but all other G proteins and ADCY genes were 

indistinguishable from baselines levels (padj > 0.05; TGF-β + NAM vs vehicle). This 

indicates that NAM treatment ameliorated TGF-β-induced effects on Gi and adenyl 

cyclase expression but also has implications for other G protein expression with 

unknown effect, as shown in Figure 6.12. 
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Figure 6.12. NAM treatment ameliorates TGF-β-induced upregulation of CaSR-related G proteins and downregulation of 

cAMP-producing adenyl cyclase. (A) The CaSR is mainly associated with Gi, Gq/11, G12/13, Gβ, and Gγ heterotrimeric G proteins 

but also GS in some cases. Specifically, Gi proteins are associated with Ras activation and αβγ adenyl cyclase inhibition which 

depletes cAMP levels. cAMP is protective against mechanisms of fibrosis, such as proliferation, migration, fibroblast to 

myofibroblast transition, and the ability to synthesize extracellular matrix (ECM) proteins in lung fibroblasts. TGF-β 

significantly upregulated mRNA expression of GNAI3, GNAS, GNA13, GNB1, GNB4, and GNG11 and downregulated GNAI1, GNG2, 

ADCY3, ADCY6 and ADCY9 consistent with activation of Ras and inhibition of adenyl cyclase. (B) NAM treatment significantly 

reversed TGF-β-induced GNAI2, GNAI3, GNAS, GNA12, GNB1, ADCY3, ADCY6, ADCY7 and ADCY9 expression (bold*), when 

compared to TGF-β. All of these genes, except GNAI1 and GNA13, were indistinguishable from baseline levels following NAM 

treatment. (C, D and E) Truncated violin plots were used to demonstrate frequency distribution of the data where the dashed 

E 
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line represents the median. Differentially expressed signalling pathways and remodelling processes were identified using gene 

ontology (GO) and further investigation was conducted with a gene-by-gene approach. Statistical significance identified using 

Deseq2 (Sartools) with Benjamini-Hochberg p-value adjustment. Upregulation compared to vehicle control (green); 

downregulation compared to vehicle control (red); significant difference between TGF-β alone and TGF-β + NAM treatment 

(bold*). N = 3, n = 6, ns (padj > 0.05), * (padj < 0.05), ** (padj < 0.01), *** (padj < 0.001). TGF-β: Transforming growth factor beta 

1; NAM: Negative allosteric modulator of the calcium-sensing receptor; GO: gene ontology; Grb2: Growth factor receptor 

binding protein 2; Shc: Src homology 2 domain-containing transforming protein C; SARA: Smad anchor for receptor activation; 

Sos: Son Of Sevenless; Gi: Guanine nucleotide-binding protein subunit alpha (i); Gq/11: Guanine nucleotide-binding protein 

subunit alpha (q/11); G12/13: Guanine nucleotide-binding protein subunit alpha (12/13); Gβ: Guanine nucleotide-binding protein 

subunit beta; Gγ: Guanine nucleotide-binding protein subunit gamma; GNA: Guanine nucleotide-binding protein subunit alpha 

gene isoform; GNB: Guanine nucleotide-binding protein subunit beta gene isoform; GNY: Guanine nucleotide-binding protein 

subunit gamma gene isoform; ADCY: Adenyl Cyclase; cAMP: Cyclic adenosine monophosphate.
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6.2.2 NAM treatment ameliorates TGF-β-induced cellular remodelling processes 

To investigate the role of the CaSR in TGF-β-induced cell remodelling processes, GO 

enrichment analysis was used to connect differentially expressed genes to “GO 

terms” that describe the effect of TGF-β on remodelling processes within the cell in 

the presence or absence of NAM treatment (Pomaznoy et al., 2018). Table 6.2 

summarises the terms, and their direction of regulation, that were shortlisted based 

on their association with lung remodelling.  
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Table 6.2. NAM treatment reverses TGF-β-induced signalling pathway activation and regulation in human lung fibroblasts. 

This table summarises the differentially expressed GO terms that describe biological functions within the cell, the direction 

of regulation, the number of differentially expressed genes that match that term and the adjusted p value (padj). Up- and 

down-regulated genes were input into the GOnet enrichment tool separately to provide the direction of regulation. NAM 

treatment reversed activation or regulation of several cellular remodelling processes implicated in epithelial, goblet cell, 

smooth muscle, and ECM remodelling. Statistical significance calculated using a Fisher exact test with Benjamini-Hochberg  p 

value correction. N = 3, n = 6. * (padj < 0.05), ** (padj < 0.01), *** (padj < 0.001), **** (padj < 0.0001). TGF-β: Transforming growth 

factor beta 1; NAM: Negative allosteric modulator of the calcium-sensing receptor; GO: gene ontology. 
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6.2.2.1 Apoptosis 

In this experiment, TGF-β upregulated the GO terms “Regulation of morphogenesis 

of an epithelium”, “Regulation of Cytochrome c release from mitochondria” and 

“Apoptotic process”. TGF-β also upregulated mitochondrial calcium regulating genes 

MICU2, TSPO, PPID, VDAC2, VDAC3, Grp75 (HSPA9) and apoptosis-inducing 

Cytochrome C (CYCS) and downregulated MICU3 suggesting TGF-β induced 

dysfunction of mitochondrial calcium homeostasis and subsequently apoptosis via 

mitochondrial Cytochrome C release (log2 fold change MICU2 = 0.48, TSPO = 0.80, 

PPID = 0.41, VDAC2 = 0.59, VDAC3 = 0.37, HSPA9 = 0.79, CYCS = 0.51, MICU3 = 

-0.92; padj < 0.05; TGF-β vs vehicle). NAM treatment significantly reversed this 

effect by downregulating the GO terms “Regulation of morphogenesis of an 

epithelium”, “Regulation of Cytochrome C release from mitochondria” and 

“Apoptotic process” as well as MICU2, TSPO, PPID, VDAC1, VDAC2, VDAC3, Grp75 

(HSPA9) and Cytochrome C (CYCS) as well as upregulating MICU3 (log2 fold change, 

MICU2 = -0.58, TSPO = -0.93, PPID = -0.43, VDAC1 = -0.32, VDAC2 = -0.69, VDAC3 

= -0.44, HSPA9 = -0.57, CYCS = -0.53, MICU3 = 0.74; padj < 0.05; TGF-β + NAM vs 

TGF-β). When compared with baseline levels, gene expression following NAM 

treatment could not be distinguished from baseline levels (padj > 0.05; TGF-β + NAM 

vs vehicle).  

 

6.2.2.2 Secretion 

In this experiment, TGF-β upregulated the GO terms “Secretion” and “Exocytosis”. 

TGF-β also upregulated the expression of MARCKS and STX10 and downregulated 

RAB3A, RAB3D, VAMP1, VAMP4, STX3, STX17, MUNC13 (UNC13B) and MUNC18 

(STXBP1) but not RAB27A, melanophilin (MLPH) or RAB3 which actually suggests TGF-

β inhibited secretion and exocytosis by this mechanism (log2 fold change MARCKS = 

0.72, STX10 = 0.36, RAB3A = -1.21, RAB3D = -2.07, VAMP1 = -1.12, VAMP4 = -

0.63, STX3 = -0.58, STX17 = -0.69, UNC13B = -0.43, STXBP1 = -0.36; padj < 0.05; 

TGF-β vs vehicle). NAM treatment significantly attenuated MARCKS, STX10, RAB3A, 

VAMP1, STX3, STX17, MUNC13 (UNC13B) and MUNC18 (STXBP1) expression (log2 fold 

change MARCKS = -0.70, STX10 = -0.64, RAB3A = 1.05, VAMP1 = 0.87, STX3 = 

0.57, STX17 = 0.61, UNC13B = 0.46, STXBP1 = 0.38; padj < 0.05; TGF-β + NAM vs 

TGF-β) reinstating baseline expression (padj > 0.05; TGF-β + NAM vs vehicle). 
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Although it is unclear if secretion was up- or down-regulated by TGF-β; this data 

shows NAM treatment ameliorated the TGF-β-induced effects on regulation of 

secretion and exocytosis, a key process in fibroblast mediation of inflammation via 

secretion of inflammatory cytokines and extracellular matrix remodelling by 

secretion of components such as procollagen.  

 

6.2.2.3 Growth 

As shown above, TGF-β upregulated the PI3K/Akt/mTOR pathway as well as the GO 

terms “Regulation of cell growth”, “Ribosome biogenesis” and “Transcription 

initiation from RNA polymerase II promoter” suggesting TGF-β induced growth; 

however, TGF-β also downregulated the GO term “Growth” and upregulated the GO 

term “Autophagy”. Further investigation found that TGF-β upregulated MAF1, 

POLR3D, S6K1 (RPS6KB1), RPS6, POLR2 isoforms, GAR1, RRP9, Ubf (UBTF), SL1 

(TAF1D), 4E-BP1 (EIF4EBP1), ULK1 and ATG5 but not POLR1 or TIF1A (TRIM24) which 

suggests ribosome biogenesis, RNA polymerase expression was upregulated but also 

indicates that autophagy was upregulated (log2 fold change MAF1 = 0.67, POLR3D 

= 0.43, RPS6KB2 = 0.37, RPS6 = 0.96, POLR2C = 0.35, POLR2F = 0.69, POLR2G = 

0.77, POLR2H = 0.38, POLR2J = 0.71, POLR2K = 0.55, POLR2L = 0.53, GAR1 = 

0.81, RRP9 = 0.71, UBTF = 0.37, TAF1D = 0.43, EIF4EBP1 = 1.4, ULK1 = 0.45, 

ATG5 = 0.33; padj < 0.05; TGF-β vs vehicle). NAM treatment downregulated the 

GO terms “Ribosome biogenesis” and “Transcription initiation from RNA polymerase 

II promoter” but also upregulated the GO term “Growth” and downregulated the GO 

term “Autophagy”. NAM treatment also reversed the expression of MAF1, RPS6KB2, 

RPS6, POLR2 isoforms, Gar1, Rrp9, Ubf, 4E-BP1 (EIF4EBP1) and ATG5 and also 

upregulated POLR3A suggesting growth-supporting RNA polymerase expression and 

ribosome biogenesis processes were reversed by NAM treatment (log2 fold change 

MAF1 = -0.61, RPS6KB2 = -0.46, RPS6 = -1.02, POLR2E = -0.30, POLR2F = -0.88, 

POLR2G = -0.83, POLR2H = -0.65, POLR2I = -0.83, POLR2J = -0.84, POLR2K = -

0.55, POLR2L = -0.90, GAR1 = -0.77, RRP9 = -0.62, Ubf (UBTF) = -0.35, EIF4EBP1 

= -0.97, ATG5 = -0.31, POLR3A = 0.52; padj < 0.05; TGF-β + NAM vs TGF-β). 

Furthermore, the expression of these genes following NAM treatment was 

indistinguishable from baseline expression (padj > 0.05; TGF-β + NAM vs vehicle) 
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suggesting TGF-β-induced regulation of growth and degradation processes were 

abolished by NAM treatment.  

 

6.2.2.4 Proliferation 

In this experiment, TGF-β upregulated the GO terms “cell population proliferation”, 

“regulation of epithelial cell proliferation”, “regulation of smooth muscle cell 

proliferation”, “angiogenesis” and “regulation of fibroblast proliferation”. As shown 

above, TGF-β also upregulated PI3K/Akt/mTOR, Rac1/RhoA and Wnt signalling and 

downregulated adenyl cyclase expression which are central to cell proliferation. 

Further investigation found that TGF-β upregulated CALR, ORMDL3, PCNA, CDK4, 

CDK5, CDK7, SLC3A2 and ASNS and downregulated Cyclin E (CCNE2) suggesting 

upregulation of progression through the cell cycle (log2 fold change CALR = 0.74, 

ORMDL3 = 0.60, PCNA = 0.52, CDK4 = 0.52, CDK5 = 0.58, CDK7 = 0.41, SLC3A2 

= 1.12, ASNSD1 = 0.42, CCNE2 = -1.31; padj < 0.05; TGF-β vs vehicle). NAM 

treatment downregulated the GO term “regulation of fibroblast proliferation” and 

reversed CALR, ORMDL3, PCNA, CDK4, CDK5, CDK7, SLC3A2, ASNS and Cyclin E 

(CCNE2) expression as well as downregulation of angiogenic VEGFB expression (log2 

fold change CALR = -0.79, ORMDL3 = -0.51, PCNA = -0.67, CDK4 = -0.50, CDK5 = 

-0.59, CDK7 = -0.59, SLC3A2 = -0.68, ASNSD1 = -0.47, CCNE2 = 1.23, VEGFB = -

0.58; padj < 0.05; TGF-β + NAM vs TGF-β). When compared to baseline, NAM 

treatment could not be distinguished from baseline expression (padj > 0.05; TGF-β 

+ NAM vs vehicle). 

 

6.2.2.5 Senescence 

In this experiment, TGF-β upregulated the GO term “Aging” and “Cellular response 

to stress” which includes, but is not limited to, the GO term cell senescence. TGF-

β also upregulated CDKN1A, CDKN2A, CDNK2B, SPARC, PLAUR and SERPINE1/2 

suggesting TGF-β induced a senescence-associated phenotype in these cells (log2 

fold change CDKN1A = 0.58, CDKN2A = 0.75, CDNK2B = 1.32, SPARC = 1.17, 

PLAUR = 0.63, SERPINE1 = 1.19, SERPINE2 = 1.74; padj < 0.05; TGF-β vs vehicle). 

NAM treatment downregulated the GO terms “Aging” and “Cellular response to 

stress” and reversed expression of CDKN1A, CDKN2A, SPARC, PLAUR and SERPINE1/2. 

NAM treatment also downregulated PLAU and upregulated protective RB1 and SIRT1 
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(log2 fold change CDKN1A = -0.51, CDKN2A = -0.82, SPARC = -0.91, PLAU = -0.47, 

PLAUR = -0.49, SERPINE1 = -0.83, SERPINE2 = -0.79, RB1 = 0.65, SIRT1 = 0.41; 

padj < 0.05; TGF-β + NAM vs TGF-β). Furthermore, with the exception of CDKN2B, 

NAM treatment returned the expression of senescence associated genes back to 

baseline levels (padj > 0.05; TGF-β + NAM vs vehicle). This data indicates that TGF-

β-induced regulation of aging and senescence was ameliorated by NAM treatment, a 

central process in, but not limited to, autophagy-related ECM remodelling.  

 

6.2.2.6 ECM remodelling 

Here, TGF-β significantly upregulated GO terms for ECM remodelling processes such 

as “Actin filament organisation”, “Stress fibre assembly”, “Extracellular matrix 

assembly”, “Collagen biosynthetic process”, “Autophagy” and “Elastic fibre 

assembly”. Collagens are a major component of the ECM that are increased in ECM 

remodelling (Specks et al., 1995; Keynon et al., 2003). Here, TGF-β upregulated 

COL1A1, COL1A2, COL3A1, COL5A1, COL6A2, and COL16A1 (log2 fold change 

COL1A1 = 1.29, COL1A2 = 1.02, COL3A1 = 0.87, COL5A1 = 1.60, COL6A2 = 0.60, 

COL16A1 = 1.13; padj < 0.05; TGF-β vs vehicle; Figure 6.13A). NAM treatment 

significantly downregulated the GO term “Collagen biosynthetic process” and 

“Autophagy” as well as COL1A1, COL1A2, COL3A1, COL5A1, COL6A2 and COL16A2 

expression suggesting collagen expression was significantly downregulated and 

supports my previous findings of reduced peribronchial collagen remodelling in vivo 

(log2 fold change COL1A1 = -0.86, COL1A2 = -0.80, COL3A1 = -0.69, COL5A1 = -

0.53, COL6A2 = -0.80, COL16A1 = -0.44; padj < 0.05; TGF-β + NAM vs TGF-β; 

Figure 6.13A).
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Figure 6.13. NAM treatment abolished TGF-β-induced ECM remodelling in human lung fibroblasts. ECM remodelling in the 

lung involves (A and B) synthesis and increased deposition of ECM components such as (A) the most abundant component, 
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collagen; (B) other ECM components, such as αSMA (ACTA2), elastin (ELN), fibronectin (FN1) and SM22α (TAGLN); and (C) 

turnover of these ECM components by MMPs and TIMPs. NAM treatment significantly reversed TGF-β-induced upregulation of 

collagen, other ECM components, such as αSMA (ACTA2), elastin (ELN) and SM22α (TAGLN) and MMP/TIMP genes. Truncated 

violin plots were used to demonstrate frequency distribution of the data where the dashed line represents the median. 

Differentially expressed signalling pathways and remodelling processes were identified using gene ontology (GO) and further 

investigation was conducted with a gene-by-gene approach. Statistical significance identified using Deseq2 (Sartools) with 

Benjamini-Hochberg p-value adjustment. Upregulation compared to vehicle control (green); downregulation compared to 

vehicle control (red); significant difference between TGF-β alone and TGF-β + NAM treatment (bold*). N = 3, n = 6, ns (padj > 

0.05), * (padj < 0.05), ** (padj < 0.01), *** (padj < 0.001). TGF-β: Transforming growth factor beta 1; NAM: Negative allosteric 

modulator of the calcium-sensing receptor; GO: gene ontology; ECM: Extracellular matrix; COL: collagen gene; αSMA: Alpha 

smooth muscle actin; ACTA2: Alpha smooth muscle actin gene; ELN: Elastin; FN1: Fibronectin 1; SM22α: Transgelin; TAGLN: 

Transgelin gene;  MMP: Matrix metalloproteinase; TIMP: Tissue inhibitor of metalloproteinase.
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Furthermore, to meet the amino acid demands of increased collagen production, 

TGF-β also upregulates synthesis of the two key amino acid components glycine and 

proline. To upregulate glycine synthesis, TGF-β activates the 4E-BP1 pathway via 

PI3K/Akt/mTORC1/ATF4 pathway to promote the conversion of the glycolytic 

intermediate 3-phosphoglycerate (3-PG) to glycine via the serine-glycine converting 

enzymes, encoded by genes PHGDH, PSAT1, PSPH, and SHMT2. Here, TGF-β 

upregulated 4E-BP1 (EIF4EBP1), ATF4, PHGDH, PSAT1, PSPH, SHMT2 and LDHA 

indicating upregulation of glycine synthesis (log2 fold change EIF4EBP1 = 1.40, 

ATF4 = 0.95, PHGDH = 1.35, PSAT1 = 1.66, PSPH = 1.45, SHMT2 = 0.91, LDHA = 

0.76; padj < 0.05; TGF-β vs vehicle). NAM treatment reversed the expression of all 

members of the 4E-BP1 pathway, including the serine-glycine converting enzymes, 

PHGDH, PSAT1, PSPH and SHMT2 (log2 fold change EIF4EBP1 = -0.97, ATF4 = -0.90, 

PHGDH = -0.72, PSAT1 = -0.64, PSPH = -0.49, SHMT2 = -0.49, LDHA = -0.71; padj 

< 0.05; TGF-β + NAM vs TGF-β). However, PHGDH, PSAT1 and PSPH were still 

expressed above baseline levels following NAM treatment (log2 fold change PHGDH 

= 0.63, PSAT1 = 1.01, PSPH = 0.96; padj < 0.05; TGF-β + NAM vs vehicle), as shown 

in Figure 6.14. 
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Figure 6.14. NAM treatment ameliorates the TGF-β-induced serine-glycine pathway. (A) In activated (myo)fibroblasts TGF-

β supports the enhanced glycine demand required for collagen production by promoting the conversion of the glycolytic 

intermediate 3-phosphoglycerate (3-PG) to glycine via Smad3- and mTORC1-dependent increase in ATF4 and subsequent 

upregulation of serine-glycine pathway enzymes, including PHGDH, PSAT1, PSPH, and SHMT2. (B) NAM treatment significantly 
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reversed TGF-β-induced ATF4, PHGDH, PSAT1, PSPH, SHMT2, LDHA and COL1A1 expression, when compared to TGF-β. All of 

these genes, except PHGDH, PSAT1, and PSPH, were indistinguishable from baseline levels following NAM treatment. A 

truncated violin plot was used to demonstrate frequency distribution of the data where the dashed line represents the median. 

Differentially expressed signalling pathways and remodelling processes were identified using gene ontology (GO) and further 

investigation was conducted with a gene-by-gene approach. Statistical significance identified using Deseq2 (Sartools) with 

Benjamini-Hochberg p-value adjustment. Upregulation compared to vehicle control (green); downregulation compared to 

vehicle control (red); significant difference between TGF-β alone and TGF-β + NAM treatment (bold*). N = 3, n = 6, ns (padj > 

0.05), * (padj < 0.05), ** (padj < 0.01), *** (padj < 0.001). TGF-β: Transforming growth factor beta 1; NAM: Negative allosteric 

modulator of the calcium-sensing receptor; GO: gene ontology; Smad3: Small mother against decapentaplegic 3; mTORC1: 

Mechanistic target of rapamycin complex 1; ATF4: Activating transcription factor 4; PHGDH: Phosphoglycerate dehydrogenase; 

PSAT1: Phosphoserine aminotransferase 1; PSPH: Phosphoserine phosphatase; SHMT2: Serine hydroxymethyltransferase 2; 

COL: collagen gene; F6P: Fructose 6-phosphate; 3-PG: 3-Phosphoglyceric acid; 3-PHP: 3-Phosphohydroxypyruvate; 3-PS: 3-

Phosphoserine; LDHA: Lactate dehydrogenase A; PFKFB3: 6-Phosphofructo-2-kinase/fructose-2,6-biphosphatase 3. 
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To achieve increased proline production, TGF-β is thought to reprogramme 

metabolic pathways, via upregulation of ALDH18A1, to influence the conversion of 

glutamine-derived glutamate to pyrroline-5-carboxylate (P5C) and finally proline via 

the P5C reductases encoded by genes PYCR1, PYCR2, and PYCR3 (Hamanaka et al., 

2019; Phang et al., 2015). Here, TGF-β upregulated ALDH18A1, PYCR1 and PYCR2 

indicating upregulation of proline synthesis (log2 fold change ALDH18A1 = 0.47, 

PYCR1 = 0.90, PYCR2 = 0.53; padj < 0.05; TGF-β vs vehicle). NAM treatment had 

no effect on ALDH18A1 or PYCR1 expression but significantly reversed PYCR2 

expression (padj = 0.0027; Log2FC = -0.58; TGF-β + NAM vs TGF-β) to levels 

indistinguishable from baseline levels (padj > 0.05; TGF-β + NAM vs vehicle) 

suggesting NAM treatment attenuated TGF-β-induced proline synthesis. 

 

In the presence of profibrotic stimuli, such as TGF-β, fibroblasts mature into a 

profibrotic contractile myofibroblast phenotype, which is marked by an increase in 

αSMA and SM22α expression (Hinz et al., 2007; Kato et al., 2020; Malmstrom et al., 

2004; Misharin et al., 2018). TGF-β is also known to induce ECM remodelling in 

fibroblasts, marked by increased expression of ECM components, such as elastin and 

fibronectin. As shown in Figure 6.13B, TGF-β upregulated fibroblast maturation 

markers αSMA (ACTA2) and SM22α (TAGLN) as well as ECM components elastin (ELN) 

and fibronectin ) (log2 fold change ACTA2 = 1.12, ELN = 1.92, TAGLN = 0.92, FN1 

= 1.18; padj < 0.05; TGF-β vs vehicle). NAM treatment significantly downregulated 

TGFB1, ACTA2, ELN and TAGLN but not FN1 (log2 fold change TGFB1 = -0.56, 

ACTA2 = -0.93, ELN = -0.65, TAGLN = -0.80; padj < 0.05; TGF-β + NAM vs TGF-β; 

Figure 6.13B). When compared to baseline expression, ACTA2, TAGLN and FN1, but 

not ELN, were indistinguishable from baseline levels following NAM treatment (padj 

> 0.05; TGF-β + NAM vs vehicle). As shown in Figure 6.15, αSMA protein expression 

was not significantly upregulated by TGF-β (padj = 0.083) when compared to vehicle; 

however, NAM treatment significantly downregulated αSMA protein expression (padj 

= 0.014) when compared to TGF-β. This suggests a possible limitation in my 

methodology, likely due to the dramatic proliferation induced by TGF-β that limited 

my ability to accurately determine cell boundaries due to overlapping cuboidal-

shaped cells, opposed to non-overlapping spindle-like vehicle treated cells.  
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Figure 6.15. NAM treatment significantly reduced αSMA immunoreactivity in NHLFs exposed to the remodelling mediator 

TGF-β. (A) Primary normal human lung fibroblasts (Lonza, UK) were treated with and without remodelling mediator TGF-β 

and/or treated with a NAM (NPS2143). αSMA was identified using the anti-αSMA antibody (ab5694; 1:300) and AlexaFluor488 

(ab150077; 1:1000) secondary antibody. Quantification of mean intensity was achieved using StrataQuest and normalised to 

nuclear count (DAPI) as well as cell size. Truncated violin plot to demonstrate frequency distribution of the data where dashed 

lines represent the median and dotted lines represent the upper and lower quartiles, respectively. 63x objective, background 

subtracted using ImageJ (“separate colour”; 50.0 pixels). N = 3, n = 5. ns (padj > 0.05), * (padj < 0.05). Graticule (A) 50 µm. 

TGF-β: Transforming growth factor beta 1; NAM: Negative allosteric modulator of the calcium-sensing receptor; GO: gene 

ontology; AU: Arbitrary units; αSMA: Alpha smooth muscle actin.
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matrix metalloproteinases (MMPs), and their inhibitors tissue inhibitors of 

metalloproteinases (TIMPs), are central to ECM turnover (Royce et al., 2012; 

Vitenberga & Pilmane, 2018). As shown in Figure 6.13C, TGF-β upregulated MMP2, 

MMP14, TIMP1 and TIMP3 but not MMP1 or TIMP2 indicating upregulation of ECM 

turnover by TGF-β (log2 fold change MMP2 = 0.82, MMP14 = 0.64, TIMP1 = 1.18, 

TIMP3 = 0.95; padj < 0.05; TGF-β vs vehicle). NAM treatment significantly reversed 

MMP1, MMP2, MMP14, TIMP1, TIMP2 and TIMP3 (log2 fold change MMP1 = -0.54, 

MMP2 = -0.66, MMP14 = -0.68, TIMP1 = -0.97, TIMP2 = -0.52, TIMP3 = -0.53; padj 

< 0.05; TGF-β + NAM vs TGF-β) to levels indistinguishable from baseline expression 

(padj > 0.05; TGF-β + NAM vs vehicle). This indicates NAM treatment ameliorated 

TGF-β-induced ECM turnover mechanisms in these cells.  

 

6.3 Discussion  

TGF-β is known to be a key mediator of age-, asthma- and COPD-related lung 

remodelling. The results of this study demonstrate that the CaSR is central to the 

TGF-β-induced upregulation of 1) CaSR expression, 2) RTK and GPCR signalling and 

3) a range of cellular remodelling processes and pathways central to remodelling in 

the lung. Although further investigation is required to elucidate these mechanisms 

in other cell types, this study indicates the CaSR plays a central role in TGF-β 

signalling and key cellular remodelling processes in the lung such as loss of epithelial 

barrier integrity, secretion, growth, proliferation and ECM remodelling to elicit the 

protective effects observed in previous chapters of this thesis.  

 

TGF-β and CaSR share remarkably similar signal transduction pathways. 

Physiologically, TGF-β and the CaSR act synergistically to regulate fetal lung 

development and tissue morphogenesis (Finney et al., 2008; Riccardi et al., 2013; 

Brennan et al., 2016; Chanda et al., 2019). Furthermore, bidirectional 

transactivation is well established in RTKs and GPCRs, including the TGF-βR (Burch 

et al., 2010; Little et al., 2010; Little et al., 2011; Dayati et al., 2018). Coupling of 

the CaSR with Gi and Gq/11 allows the CaSR to mediate the activation of ERK and JNK 

MAPK, PI3K/Akt, mTOR and RhoA pathways (Kifor et al., 2001; Pi et al., 2002; Hofer 

& Brown 2003; Tfelt-Hansen et al., 2003; Huang & Miller, 2007; Liu et al., 2016b; 

Rybchyn et al., 2019). The data generated in this study supports the hypothesis that 
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the CaSR plays a central role in transducing cellular remodelling signals, such as 

those induced by TGF-β.  

 

TGF-β also activates canonical Wnt/β-catenin signalling which is critical for TGF-β-

mediated (Akhmetshina et al., 2012) and age-related tissue remodelling (Hu et al., 

2020a). This pathway has also been implicated in lung diseases, such as asthma and 

COPD (Heijink et al., 2016; Hussain et al., 2017; Shi et al., 2017). There is also 

considerable overlap between Wnt and CaSR signalling where previous studies, using 

CaSR knockout models, have suggested the CaSR is a central regulator of Wnt/β-

catenin signalling that maintains the E-cadherin/β-catenin complex to prevent 

epithelial remodelling in other tissues (MacLeod, 2013; Singh et al., 2013: Aggarwal 

et al., 2015). The CaSR is thought to interact with Wnt signalling via G12/13 to 

modulate β-catenin release from E-cadherins and RTKs, a suggested point of 

intersection between cAMP, RhoA and Wnt signalling (Conigrave & Ward, 2013). 

 

Gi proteins also inhibit adenyl cyclase, an enzyme responsible for catalysing the 

conversion of adenosine triphosphate (ATP) to cAMP. cAMP is protective against ECM 

remodelling (Insel et al., 2012), profibrotic growth factor production (Black et al., 

2007; Clancy et al., 2007), apoptosis (Huang et al., 2009), proliferation (Dunkern et 

al., 2007; Huang et al., 2008; Sandbo et al., 2009; Selige et al., 2010) and ECM 

remodelling (Liu et al., 2004; Liu et al., 2005; Sachs et al., 2007; Huang et al., 2008; 

Bauman et al., 2010; Liu et al., 2010b; Wójcik-Pszczoła et al., 2020). Furthermore, 

Gi has strong links to Ras signalling via the Grb2 adaptor protein (Kranenburg et al., 

1997). Grb2 is an adaptor protein critical for interaction between the TGF-βR and 

Ras activation (Chardin et al., 1993; Zhang, 2017; Finnson et al., 2020), stimulation 

of MAPK activity via Src-family tyrosine kinases (Luttrell et al., 1996; Luttrell et al., 

1997; Kifor et al., 2001) and PI3K recruitment (Haidar et al., 2015). Gi has also been 

linked with the activation of mixed lineage kinase 3 (MLK3) and subsequently JNK 

(Sun et al., 2019). 

 

The CaSR also signals by augmenting Ca2+
i (Chang et al., 1998; Brennan & Conigrave, 

2009). Ca2+
i augmentation is associated with mitochondrial dysfunction by 

breakdown of calcium homeostasis, ROS production and subsequent mitochondrial 
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swelling that induces cytochrome C-mediated apoptosis. This process has been 

linked to the loss of cell-cell adhesion that is crucial for epithelial barrier integrity 

(Ray et al., 2018). The CaSR has also been implicated in this process by other 

mechanisms, such as ERK-mediated tight junction protein dissociation (Ray et al., 

2018; Aghapour et al., 2020) or disruption of the E-cadherin/β-catenin complex by 

interaction with Wnt/β-catenin signalling (Tian et al., 2011). Furthermore, the CaSR 

has previously been shown to regulate E-cadherin expression in a pancreatic beta 

cell line, MIN6 (Hills et al., 2012; Leach et al., 2020).  

 

Mucociliary clearance is a crucial defence mechanism that is impaired in aging, 

asthma and COPD airways (Bonzer et al., 2016; Zhou-Suckow et al., 2017; Cho & 

Stout-Delgado, 2020). In airway epithelial cells, synchronisation of ciliary beat 

frequency is highly dependent on intracellular calcium (Salathe  et al., 2001). 

Mitochondrial calcium uptake can negatively impact this process by reducing 

intracellular calcium availability, as demonstrated by acetylcholine-induced 

mitochondrial calcium uptake (Salathe  et al., 2001). Furthermore, dysfunction of 

mitochondrial calcium homeostasis leads to ROS production, mitochondrial swelling 

and Cytochrome C-mediated apoptosis which enhances mucociliary dysfunction. This 

is demonstrated by the increased prevalence of swollen mitochondria in severe 

asthmatic airways and in vivo models of asthma (Mabalirajan et al., 2008; Thomas 

et al., 2010; Reddy, 2011; Schmid & Salathe, 2011; Ray et al., 2020). 

 

TGF-β and GPCR activation has previously been shown to mediate mucus secretion 

in the lung (Kim, 1997; Shale & Ionescu, 2004; Deshpande & Penn, 2006; Makinde et 

al., 2007; Lee et al., 2012b). The CaSR has also been implicated in this process in 

gastrointestinal epithelial cells, likely via Gq signalling (Rutten et al., 1999; Geibel 

& Hebert, 2009). Although this study could not clearly identify the effect of TGF-β 

on secretion and exocytosis, the data generated from this study clearly indicates the 

CaSR is central to the regulation of this process. This provides a rationale to further 

investigate this mechanism in mucus producing cells.  

 

TGF-β is also a key mediator of age-, asthma-, COPD- and IPF-related ECM 

remodelling, where fibroblasts are the key effector cell type. In chapter 3, targeted 
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ablation of the CaSR from SM22α-positive cells reduced age-related peribronchial 

ECM remodelling. Schepelmann et al., (2016) hypothesised that the reduction in 

cardiac fibrosis, observed in the same animals used here, was due to a reduction in 

autophagy by inhibition of the CaMKKβ/AMPK/mTOR pathway. In this study, NAM 

treatment downregulated a number of ECM remodelling markers, including collagen 

expression, glycine and proline synthesis and autophagy; however, based on TGF-β-

induced gene expression PI3K/Akt, rather than CaMKKβ, seems to be a more likely 

candidate for AMPK/mTOR activation. ERK signalling and autophagy have also been 

implicated in promoting senescence, a key mediator of remodelling, particularly 

ECM remodelling, in the aging lung (Slobodnyuk et al., 2019; Zou et al., 2019; Braicu 

et al., 2019). In this study, TGF-β-induced markers of senescence were attenuated 

by NAM treatment suggesting the CaSR mediates several key ECM remodelling-

related processes.  

 

6.4 Study Limitations 

RNA-sequencing quantifies mRNA expression to provide insight into what influence 

NAM treatment was having on the regulation of TGF-β-induced mRNA transcription. 

Although differentially expressed mRNAs often correlate well with their protein 

product, particularly compared to non-differentially expressed mRNAs, it does not 

take into account the potential for post-transcriptional or post-translational 

modifications that would also modulate protein expression or activity (Koussounadis 

et al., 2015). Furthermore, altered expression of genes encoding signalling kinases 

does not confirm whether these proteins are phosphorylated, and thus activated, 

following TGF-β exposure. My findings should be confirmed using techniques that 

can determine protein phosphorylation, such as Western blotting.  

 

Another key limitation is that this experiment was performed with normal human 

lung fibroblasts in isolation, without influence of a number of key regulatory systems 

present in the lung, such as inflammatory cells, matrikines or input from other 

resident cell types. Therefore, future studies should aim to recapitulate a more 

complete system to further investigate the role of the CaSR in remodelling 

mechanisms. Furthermore, exogenous TGF-β is not a real-world scenario, lung 

remodelling mediators are released in humans following injury or dysregulation of 
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physiological repair processes due to other environmental or genetic factors. 

However, this experiment provides key insight into how TGF-β mediates remodelling 

via the CaSR as a basis for future experiments. 

 

Although some appropriate cytoskeletal staining was observed using 

immunofluorescence in this experiment, nuclear staining of αSMA was also observed. 

Although Arora & McColloch (1994) previously described co-distribution of αSMA and 

G-actin in the perinuclear cytoskeleton of fibroblasts, it is unlikely that αSMA would 

be present surrounding, or potentially within, the nucleus in these cells. This 

suggests this could be the result of non-specific reactivity of the primary antibody 

due to similarities between the αSMA antigen and components of the nucleus which 

represents a major limitation in this experiment. Future studies could manipulate 

the StrataQuest algorithm to remove this nuclear staining; however, it is not possible 

to determine the extent to which the staining is non-specific. Therefore, an isotype 

control experiment could be used to determine whether this staining is non-specific. 

Furthermore, 3D imaging could identify the location of this staining within or around 

the nucleus. Following this a more suitable antibody should be identified and this 

experiment repeated to re-evaluate TGF-β-induced αSMA expression following NAM 

treatment in these cells.  

 

Lastly, due to the effect of TGF-β on increased cell proliferation, 2-dimensional 

immunofluorescence imaging may not be the most appropriate technique for 

quantifying protein expression in this experiment. Increased cell confluency and 

overlapping cells limited the accuracy of individual cell barrier identification and 

lead to selection of cells in more sparsely populated areas of the slide. This is a key 

limitation of the approach and future studies should reduce the number of cells 

seeded into each well. This may have also had a dramatic effect on the 

comparability of TGF-β exposed cells with cells that had not been treated with TGF-

β, such as the vehicle or NAM only treatment groups. This may be supported by the 

finding that TGF-β induced a significant increased in αSMA expression compared to 

the TGF-β + NAM group but not the vehicle or NAM only groups. In future, single cell 

flow cytometry may be a more appropriate method of determining protein 

expression in these cells using immunofluorescent protein staining. 
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6.5 Conclusion 

In conclusion, this study has demonstrated that the CaSR plays a central role in TGF-

β-induced fibroblast apoptosis, differentiation, migration, growth, actin filament 

organisation, collagen biosynthesis, cell activation, aging, autophagy, proliferation 

which may provide insight into the mechanisms involved in other cell types. TGF-β 

influences these processes by activating downstream signalling such as Ras, 

mTORC1, MTORC2, ERK, RhoA, JUN and Wnt signalling to regulate effector molecules 

such as MMPs, TIMPs, collagen, elastin, vascular endothelial growth factor B 

(VEGFB), secreted protein acidic and rich in cysteine (SPARC) and CTGF in a manner 

dependent on the CaSR. Here I have shown that inhibition of the CaSR, using a NAM, 

reverses non-canonical TGF-β-signalling and mostly re-establishes baseline 

expression. Pharmacological ablation of the CaSR also influenced a shift from Wnt/β-

catenin signalling towards non-canonical Wnt/Ca2+ signalling as well as reduced Gi 

inhibition of the protective cAMP-producing enzyme adenyl cyclase. To my 

knowledge, this is the first evidence mechanistically linking TGF-β and Wnt signalling 

with the extracellular cation sensing CaSR in the lung. This direct implication of the 

CaSR in processes of remodelling further supports the repurposing of NAMs as a 

treatment for the prevention of lung remodelling resulting from age-related fibrosis 

and diseases such as asthma as well as potentially COPD and IPF, where TGF-β-

induced fibrosis is a key pathophysiological characteristic. Furthermore, this study 

highlights the safety of NAMs having no adverse on-target effects on human lung 

fibroblast gene expression in the absence of TGF-β. 

 

6.6 Future Directions 

The results of this chapter have identified a number of signalling pathways 

differentially regulated by TGFβ and the CaSR; however, the regulation of mRNA 

expression does not demonstrate the true expression or activation of the proteins 

encoded by the mRNA analysed here. Western blotting could be used to determine 

the protein expression and phosphorylation status of the signalling molecules 

identified in this study to validate the hypothesis-driven inferences made in this 

study. 

 



201 

 

NAMs non-competitively reduce CaSR activation only in the presence of an 

orthosteric ligand. Although NAM treatment had a significant effect on the 

profibrotic fibroblast phenotype induced by TGF-β in this study, implying a reduction 

in CaSR activation, CaSR activation was not directly induced. Therefore, treatment 

with known CaSR agonists or calcimimetics could be used in a future study to confirm 

that CaSR activation is central to the TGF-β-induced changes observed in these cells. 

Although therapeutic benefits were presented in Chapter 5 of this thesis, fibroblasts 

were pre-treated with a NAM in this study. Future studies may benefit from a 

therapeutic treatment strategy to better mimic real world treatment of lung 

disease. In particular, investigating the ability of NAM treatment to reverse an 

established fibrotic ECM is of upmost relevance to the therapeutic potential of NAM 

treatment in patients with established lung remodelling or fibrosis.  

 

Many of the processes of remodelling investigated in this study also apply to other 

cell types in the lung, such as epithelial, goblet and smooth muscle cells. Repeating 

this experiment using other cell types would help elucidate whether the role of the 

CaSR extends to other cell types involved in lung remodelling, such as epithelial cells 

and goblet cells. Lastly, to investigate the therapeutic potential of NAMs, cells 

isolated from patients with the remodelling lung diseases, such as IPF, could be used 

to identify differences in this mechanism where the underlying pathophysiology of 

the cells more completely replicates human disease, including predisposing 

environmental and genetic factors.  

 

Lastly, the protein expression findings of this study could be validated using flow 

cytometry, a single cell immunofluorescent labelling technique, to avoid 

inaccuracies associated with fibroblast proliferation in vitro and eliminate the 

problems associated with overlapping cells in two-dimensional immunofluorescent 

imaging.  
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CHAPTER 7: GENERAL DISCUSSION 

 

7.1 Advantages and limitations of the novel qHACC method 

The evidence presented in this PhD thesis demonstrates that the novel quantitative 

histomorphometry of airway cross-section components (qHACC) methodology is 

capable of determining a range of airway remodelling characteristics, including 

epithelial thickening, goblet cell metaplasia and peribronchial ECM remodelling in 

models of immunoglobulin (Ig)E/T helper (Th)2 asthma and alarmin-driven asthma, 

the only models where vehicle control groups were present. Although epithelial-

based measurements were consistent across both the larger and smaller airways, 

qHACC was only capable of determining peribronchial collagen remodelling in the 

smaller airways of these models.  

 

The novel total (airway) tissue measurement also demonstrated that the airway as 

a whole consistently undergoes a net increase in tissue quantity in these models, 

which may have implications for future clinical and pre-clinical markers of lung 

remodelling. The qHACC approach did not successfully identify any smooth muscle 

thickening. Although short experimental duration was likely a key contributing 

factor, this suggests there are still some limitations to overcome in future studies 

(Li et al., 2015).  

 

The evidence presented in this thesis also demonstrates that the quantitative 

histomorphometry of interstitial tissue (qHIT) approach is capable of detecting 

changes in interstitial tissue remodelling and/or inflammation in a range of models. 

However, further analyses or previously published findings, using more specific 

markers, were required to identify the cause of these changes and distinguish 

remodelling from a change in inflammatory cell infiltration. Although this method 

has potential for further development, sophisticated image analysis software, such 

as StrataQuest, will be required at the cost of open-source accessibility. Once this 

method has been further developed I recommend the alveolar interstitium of the 

alarmin-driven asthma model be reanalysed to determine whether negative 

allosteric modulation of the calcium-sensing receptor (NAM) reduced interstitial 

tissue remodelling, inflammation or both characteristics in these animals. 
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These methodologies were required to address the current resource-demand 

limitations of image analysis in the lung. Several lung remodelling markers are often 

required to effectively represent the state of remodelling in the lung, particularly 

in the ECM due to the large number of functional components (Asgari et al., 2017; 

Liu et al., 2021).  However, the tools did not exist to effectively investigate them 

without increasing the resource demand of a single experiment exponentially (i.e. 

iterations of staining, microscopy and manual airway component identification). 

Adaptation of the conventional Masson’s trichrome stain, using aniline blue, proved 

to be a consistent and reliable method of identifying goblet cell remodelling in 

conjunction with markers of tissue and ECM remodelling while dramatically reducing 

resource demands. Further innovations of this kind will allow researchers to 

redistribute resources and move towards a greater diversity of lung remodelling 

markers. For example, additional histological or immunohistochemical stains could 

be used to investigate a greater portion of the ~300 components of the ECM that 

may undergo remodelling in the lung (Asgari et al., 2017; Liu et al., 2021).  

 

Other innovations could be attempted, such as the use of machine learning to 

alleviate the researcher-dependence during the time-consuming airway component 

identification phase of the qHACC analysis. Unfortunately, this could not be 

completed within the timeframe of my PhD. Nevertheless, innovations to permit the 

redistribution of resources is an important step towards incorporation of 1) more 

specific and diverse approaches to determining changes in lung remodelling markers 

and 2) better representation of the localisation of lung remodelling using a larger 

number of images or lung regions.  

 

Together, the evidence generated in this thesis suggests the qHACC and qHIT 

approaches are key methodological tools for investigating the mechanisms that 

underpin lung remodelling across the three main compartments of the lung, 

including the larger airways, smaller airways and alveolar interstitium. Although 

they begin to address current limitations, these approaches should be further 

developed to redistribute more resources towards remaining methodological 

obstacles. 
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7.2 Evidence supporting a role for the CaSR in regulation of smaller airway 

goblet cell metaplasia 

The evidence presented in this thesis, as summarised in Table 7.1, demonstrates 

that the calcium-sensing receptor (CaSR) is a mediator of goblet cell and 

extracellular matrix (ECM) remodelling. These findings are novel and further 

elucidate the role of the CaSR in the lung as a local environment sensor and regulator 

of lung remodelling. It also demonstrates that NAMs may be suitable for treating 

lung diseases where remodelling is a key characteristic.  
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Table 7.1. Summary of the effect of genetic or pharmacological ablation of 

the CaSR on lung remodelling in the larger airways, smaller airways and 

alveolar interstitium. Changes in airway remodelling, including total tissue, 

epithelial tissue, goblet cells and peribronchial collagen, using qHACC and 

interstitial remodelling using Fiji image analysis software is summarised below 

following pharmacological or genetic ablation of the CaSR using data presented 

in Chapters 3-5. Statistical comparison compared to positive control (inhaled 

challenge or aged wild-type mice) by one-way ANOVA with Holm-Sidak post-hoc 

test or Kruskal-Wallis with Dunn’s post-hoc, where appropriate. Columns and 

rows containing non-statistically significant or relevant results, or where no 

changes were determined compared to vehicle controls, have been removed for 

clarity. N = 4-12, n = 3, ROI = 1-15, * (p < 0.05), ** (p < 0.01). 
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Goblet cell remodelling is a characteristic of asthma, COPD and idiopathic 

pulmonary fibrosis (IPF) (Bergeron et al., 2010; Brandsma et al., 2017; Knudsen et 

al., 2017; Rose et al., 2018). Mucociliary clearance is also impaired in the aging lung 

(Quirk et al., 2016; Godin et al., 2016). Transdifferentiation of ciliated to mucus-

producing goblet cells is thought to be the primary mechanism of goblet cell 

remodelling in the human lung (Tyner et al., 2006). Transdifferentiation of Clara 

cells is also the primary mechanism underpinning goblet cell metaplasia in rodent 

and guinea pig lungs (Boucherat et al., 2013). This is thought to be triggered by 

inflammatory mediators and growth factors, such as IL-4, IL-13, epidermal growth 

factor (EGF) and tumour necrosis factor alpha (TNFα), that subsequently activate 

signalling pathways such as STAT6, EGFR/ERK, PI3K/Akt/mTOR, Wnt/β-catenin and 

NFκB signalling (Gagliardo et al., 2003; Chen et al., 2003; Broide et al., 2005; Lora 

et al., 2005; Mushaben et al., 2011; Boucherat et al., 2013; Hussain et al., 2017; Ma 

et al., 2021; Xu et al., 2023). 

 

In this thesis, goblet cell remodelling was abolished using inhaled NAM treatment in 

the smaller airways of the shorter- and longer-term IgE/Th2 asthma models. This 

suggests the CaSR plays a central role in the development of goblet cell metaplasia; 

however, the mechanism by which this occurs is not clear. The CaSR has been 

previously shown to regulate hypoxia-induced mucin production in human bronchial 

epithelial cells, a marker of goblet cell phenotype, as well as key cell differentiation 

processes in other cell types via ERK, PI3K/Akt/mTOR, Wnt/β-catenin and NFκB 

signalling (Chapter 6; Conte et al., 2011; Aggarwal et al., 2015; Tharmalingam & 

Hampson, 2016). There is also scope for the CaSR to regulate STAT6 indirectly via 

Rho signalling (Xie et al., 2015).  

 

There is also evidence to suggest the local microenvironment in the lung is primed 

for CaSR activation. For example, in other similar IgE/Th2 asthma models, allergen 

challenge upregulates IL-4, IL-5 and IL-13 (Kumar et al., 2008; Li et al., 2015; Yarova 

et al., 2015). Although IL-4 and IL-13 are not considered direct CaSR-agonists, IL-13 

has been shown to upregulate arginase I and subsequently increase the production 

of CaSR-activating polyamines via the arginase pathway as well as upregulate CaSR 

expression in the lung (Hesse et al., 2001; Zimmermann et al., 2003; Wills-Karp, 
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2004; Yarova et al., 2015). Furthermore, a positive feedback loop exists in models 

of IgE/Th2 asthma to maintain this microenvironment by upregulation IL-13, TNFα 

and CaSR-activating eosinophilic cationic protein (ECP) in a CaSR-dependent manner 

(Yarova et al., 2015).  

 

Contrastingly, NAM treatment did not prevent goblet cell metaplasia in the model 

of COPD-like neutrophilic exacerbation or alarmin-driven asthma suggesting a CaSR-

independent mechanism may exist in these models. However, the only evidence that 

supports this is the increase in goblet cell remodelling cytokines IL-5 and IL-25 in 

the alarmin-driven asthma model where no clear link to the CaSR exists (Justice et 

al., 2002; Grubek-Jaworska et al., 2012; Li et al., 2015; Yarova et al., 2015; Li et 

al., 2020). All other differentially expressed cytokines were comparable between 

the IgE/Th2 and alarmin-driven asthma models (Justice et al., 2002; Li et al., 2015; 

Yarova et al., 2015). 

 

The inflammatory cytokine profile in the COPD-like neutrophilic exacerbation model 

is also consistent with increased CaSR expression or activation which should support 

the existence of a CaSR-dependent mechanism in these models. For example, similar 

albeit longer-term models of LPS-induced COPD exhibit increased expression of 

cytokines associated with increased CaSR expression, such as IL-1β, IL-6, IL-8 and 

TNFα (Canaff & Hendy, 2005; Pera, 2011; Fetahu et al., 2014; Yarova et al., 2015; 

Hendy & Canaff, 2016). Although there is scope for IL-5 and IL-25 to mediate CaSR-

independent goblet cell metaplasia, it remains possible that limitations in my 

methodology influenced this result. Further investigations into the role of the CaSR 

in mechanisms of goblet cell metaplasia beyond IgE/Th2 asthma are therefore 

recommended. Together, the evidence produced in this thesis suggests the CaSR 

plays a central role in goblet cell remodelling in models of IgE/Th2 asthma and that 

NAM treatment should be further investigated as a novel therapeutic strategy for 

preventing goblet cell metaplasia and mucus dysfunction. 
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7.3 Evidence supporting a role for the CaSR in regulation of lung ECM 

remodelling 

The evidence presented in Table 7.1 also demonstrates that, in the smaller airways, 

the CaSR plays a central role in peribronchial ECM remodelling in the aging lung and 

IgE/Th2 asthma. This was demonstrated using genetic or pharmacological ablation 

of the CaSR in vivo and in vitro and identified that the CaSR is central to 

physiological and pathophysiological models of ECM remodelling. This likely occurs 

via interaction of the CaSR with signalling pathways already implicated in lung 

remodelling, such as the TGF-β pathway. Here I also demonstrated that TGF-β 

upregulates CaSR expression.  

 

Remodelling mediators, such as IL-6, IL-13, TNFα and TGF-β, are thought to drive 

peribronchial and interstitial ECM remodelling in the aging and diseased lung. To do 

this, the activate cell surface receptor and subsequently signalling pathways such as 

Ras, mTOR, ERK, Rho, JUN and Wnt/β-catenin. These pathways regulate a plethora 

of effector molecules, including matrix metalloproteinases (MMPs) and tissue 

inhibitors of metalloproteinases (TIMPs), as well as cellular processes such as 

fibroblast proliferation, growth, nutrient uptake, metabolic reprogramming, 

senescence, apoptosis and ECM component production to mediate ECM remodelling 

(Crosby & Waters, 2010; Milara et al., 2010; Bergeron et al., 2010; Chang et al., 

2014; Pardo et al., 2016; Meyer et al., 2016; Baker et al., 2016; Papageorgis, 2017; 

Zhang et al., 2017; Vitenberga & Pilmane, 2018; Hudgins et al., 2018; Platé et al., 

2020).  

 

The evidence generated in this thesis demonstrates a CaSR-dependent mechanistic 

link between age- and IgE/Th2 asthma-related ECM remodelling. Furthermore, I 

have demonstrated how central remodelling mediators, such as TGF-β, require the 

CaSR to regulate key cellular signalling and remodelling processes in key cell types. 

IL-13, TNFα and TGF-β are upregulated in humans and the animal models of ECM 

remodelling used here and have been shown to contribute to a lung 

microenvironment primed for CaSR activation (Li et al., 2011; Morimoto et al., 2011; 

Vitenberga & Pilmane, 2018; Hudgins et al., 2018; Wolffs, 2022; Chapter 6). 

Therefore, this evidence suggests the CaSR is a central mediator of ECM remodelling 
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in the lung. This theory is also supported by evidence that asthmatic lungs exhibit 

increased CaSR expression and rare genetic variants affecting CaSR function (Yarova 

et al., 2015; Carey et al., 2016; Dershem et al., 2020; Riccardi et al., 2022).  

 

NAM treatment also seemed to exhibit localised effects. Peribronchial ECM 

remodelling was not affected by NAM treatment in the model of COPD-like 

neutrophilic exacerbation or the larger airways of the IgE/Th2 asthma models. 

Ablation of the CaSR also had differential effects on interstitial remodelling in COPD-

like neutrophilic exacerbation, where it reduced interstitial wall thickening, 

opposed to a reduction in fibrosis in age-related fibrosis (Yarova et al., 2016). This 

phenomenon may be explained by the proposed role of the CaSR in lung edema, via 

regulation of fluid secretion, which is known to be induced in this model (Toward & 

Broadley, 2001; Lazrak et al., 2023). However, it is also possible that the localisation 

of CaSR-mediated effects were influenced by limitations in my methodologies, such 

as the restricted numbers of comparable larger airways that were suitable for 

analysis. Therefore, further investigations are required to determine whether CaSR-

dependent and CaSR-independent mechanisms exist in ECM remodelling in the lung.   

 

7.4 Implications for the physiological and pathological role of the CaSR in the 

lung 

The concept that CaSR mediates lung repair and tissue remodelling is further 

supported by its central role in the regulation of branching pattern and tissue 

morphogenesis during fetal lung development (Brennan et al., 2016). The CaSR also 

utilises PLC and ERK signalling to regulate non-calcitropic processes such as wound 

repair in human bronchial epithelial cells and keratinocytes, a process dependent 

on ECM remodelling for regulation and structural support (Crosby & Waters, 2010; 

Milara et al., 2010; Oda et al., 2017; Tu et al., 2019). Together this evidence 

suggests that the physiological role of the CaSR is not limited to calcium ion 

homeostasis and plays a central regulatory role in normal repair and remodelling 

processes.  

 

Dysregulated, uncontrolled or maladaptive defence and repair mechanisms can also 

lead to pathological outcomes, such as tissue fibrosis (Wynn & Vannella, 2016). 
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Recent evidence suggests the CaSR is a central mediator of inflammatory cell 

infiltration, cytokine production and airway hyperresponsiveness in pre-clinical 

models of asthma and human cells (Yarova et al., 2015; Yarova et al., 2021). 

Inflammation in the lung is a key defence process that leads to pathological 

outcomes when unknown mechanisms prevent it from resolving. Exogenous 

inflammation-inducing factors that have been linked to the pathogenesis of chronic 

lung diseases, such as viral infection and air pollution, have also been linked to CaSR 

activation in the lung (Bachrach, 1970; McCann, 1987; Yarova et al., 2015; Singh & 

Singh, 2021; Mansfield, 2022).  

 

Whether the CaSR mediates lung remodelling in a physiological or pathological 

manner, the potential of NAM treatment to target key features of lung disease is 

multi-faceted. However, the reason the CaSR can potentially target multiple 

features of lung disease is due to its ubiquitous expression. Targeting such a central 

physiological component could have unwanted consequences on physiology, such as 

impairment of systemic calcium homeostasis and parathyroid hormone regulation. 

However, studies have previously monitored the systemic effects of inhaled NAM 

treatment and found that systemic calcium homeostasis was unaffected (Yarova et 

al., 2016; Yarova et al., 2021). This suggests that NAM inhalation is a suitable 

delivery method that has no measurable unwanted on-target effects on systemic 

calcium ion homeostasis or parathyroid hormone regulation. Furthermore, NAMs 

offer several advantages as therapeutics to modulate CaSR function in the lung. All 

NAMs are non-competitive, meaning they lower the ligand binding affinity at the 

orthosteric site to ensure only physiological responses are inhibited. NAMs also 

require the presence of an orthosteric ligand to bind to the receptor, meaning they 

evoke no effect at minimal ligand concentrations (Christopoulos & Kenakin, 2002; 

Ward & Riccardi, 2012). In other words, these compounds are ineffective unless 

extracellular cation concentrations rise in a pathological manner. Under these 

circumstances alone NAMs will elicit a concentration-dependent effect, dampening 

the hypothesised mechanisms that drive remodelling in the lung. 
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7.5 Implications for the translation of these findings to human scenarios 

Animal models are key tools for researchers to investigate mechanisms that relate 

to human scenarios; however, animal models, particularly temporal factors in rodent 

and guinea pig models, are not always complete representations of human scenarios. 

The experimental duration used in the model of COPD-like neutrophilic exacerbation 

(18 days) actually mimics acute exacerbation of COPD relatively effectively, which 

ranges from 4 to 15 days in duration in humans (Toward & Broadley, 2001; Toward 

& Broadley, 2002; Miravitlles et al., 2013; Yarova et al., 2016). Although evidence 

suggests the underlying pathophysiology of COPD is present long before symptoms 

are exhibited, COPD then develops progressively over a long time period which is 

not well represented by the animal models used here (Celli et al., 2003; De Marco 

et al., 2004). However, for logistical and biological reasons, animals cannot be used 

to model the time-dependent factors underpinning severe or long-term COPD 

(Wright et al., 2008; Vlahos & Bozinovski, 2014; Tanner & Single, 2020). These 

differences must therefore be accounted for when drawing conclusions from 

relatively short-term models of COPD.  

 

The model of age-related fibrosis used in this thesis also has limitations regarding 

its representation of human scenarios. Age-related fibrosis developed over a 

timeframe of 15 months which, while short compared to advanced human age, is a 

considerable portion of the animals 24 month lifespan. The inflammatory cytokine 

profile in the lungs of aging C57Bl/6 mice also mimics human inflamm-aging 

relatively effectively. Here, expression of IL-1β, IL-6, IL-13, TNFα and TGF-β has 

been shown to be upregulated (Li et al., 2011; Morimoto et al., 2011; Vitenberga & 

Pilmane, 2018; Hudgins et al., 2018). Furthermore, decreased elastin content, 

increased type I and III collagen as well as age-related ECM alterations, called 

advanced glycation end products (AGEs), are also a feature of both the elderly 

human lung and lungs from 15-month-old C57Bl/6 mice (D'Errico et al., 1989; Huang 

et al., 2007; Sueblinvong et al., 2012; Rolewska et al., 2013; Roman, 2014). Although 

the inflammatory cell, cytokine and ECM profile is more complex than stated above, 

this model of age-related fibrosis encapsulates several key features of the aging 

human lung with links to altered CaSR function. 
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The duration of the IgE/Th2 and alarmin-driven asthma models is also considerably 

shorter than human disease; however, some studies suggest remodelling of the 

epithelial-mesenchymal trophic unit in children is actually an early event in the 

aetiology of asthma, termed pre-modelling (Fedorov et al., 2005; Boxall et al., 

2006). There is also evidence to suggest temporal factors are central to the severity 

of asthmatic lung remodelling, such as the rate by which inflammation resolves 

(Chernyavsky et al., 2014). Although based on a mathematical model, this study 

suggests even a series of mild exacerbation events can result in significant lung 

remodelling. This is further supported by observations of rapid-onset angiogenesis 

in the asthmatic lung that is slow to resolve (Walter et al., 2008). Although these 

animals lack the underlying pathophysiology of asthma, and do not naturally develop 

asthma, the models used in these experiments also exhibit key features of asthmatic 

lung remodelling that are relevant to human remodelling processes.  

 

Although these models represent key features of human disease, it is important to 

establish these effects in human scenarios, such as primary human cells, to further 

elucidate the mechanisms of remodelling in the human lung. For example, humans 

possess a substantially different bronchial Clara cell population compared to 

rodents, therefore, the role of the CaSR in regulation of goblet cell remodelling, via 

transdifferentiation of Clara cells, must be further investigated in human cells 

(Kling, 2011; Boucherat et al., 2013). The ECM remodelling findings have been 

confirmed in human cells exposed to the remodelling mediator TGF-β.  

 

Lastly, systemic NAM treatment was described as safe and well tolerated in phase I 

and II clinical trials for treatment of osteoporosis (Kumar et al., 2010; Caltabiano et 

al., 2013; Halse et al., 2014; John et al., 2014). The evidence presented in this thesis 

also supports the safety of NAM treatment in vivo in a range of animal models and 

in vitro using cultured human fibroblasts. For example, NAM treatment did not 

induce cytotoxicity in human lung fibroblasts and in the absence of TGF-β, and 

theoretically the absence of CaSR ligand, NAM altered the expression of 0 genes 

(Figure S9.4). There were also no confirmed negative effects of NAM treatment in 

vivo in these studies. 
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7.6 Limitations 

The primary limitation in this thesis is that genetic or pharmacological ablation of 

the CaSR was used to demonstrate the effect of reduced CaSR activity, implying a 

reduction in CaSR activation; however, CaSR activation was not directly induced in 

any of these experiments. Therefore, it is not clear if CaSR activation drives these 

changes in the lung. This represents a key limitation in my studies and future 

experiments should investigate the effect of direct CaSR activation on remodelling, 

with particular attention to ligand-biased effects. 

 

In Chapter 3 and 4, no negative control tissues were available to determine the 

baseline level of remodelling induced by LPS challenge or aging. Therefore, in the 

event of a non-significant effect it was not possible to distinguish between 1) no 

remodelling was induced in that model or 2) CaSR ablation had no effect on 

remodelling in that model. Future studies always require a negative control to 

determine a baseline for remodelling and represents a major limitation in this thesis. 

This information is also important to determine the effectiveness of the novel qHACC 

and qHIT methodologies. However, as performed by Ellis et al. (2003), future studies 

should aim to investigate the sensitivity and efficacy of the qHACC approach using a 

more complete approach, preferably using tissue from previous experiments.  

 

Although resolution of lung fibrosis has been observed in humans and animals the 

remodelling observed in asthma, COPD and IPF is considered irreversible due to the 

lack of effective therapeutics (Mittermayer et al., 1978; Degryse & Lawson, 2011; 

Skeoch et al., 2018; Atabai et al., 2020; Terbuch et al., 2020; Zhang et al., 2020; 

George et al., 2020; Yu & Tang, 2022). However, the therapeutic treatment strategy 

and single time-point of analysis was not well designed to investigate the potential 

of NAM treatment to reverse ECM remodelling. In the model of IgE/Th2 asthma, 

therapeutic NAM treatment reduced peribronchial ECM remodelling after 6 days; 

however, it is not clear whether 1) ECM remodelling was induced after the first day 

and returned to baseline levels by NAM or whether 2) NAM treatment prevented 

further remodelling after day 1. The lack of efficacy in longer-term IgE/Th2 asthma 

model suggests NAMs do not reverse remodelling; however, evidence from human 

lung fibroblasts studies suggests it may be possible, due to regulation of MMP and 
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TIMP levels, for example. Future studies should aim to determine whether NAM 

treatment has the potential to reverse remodelling in the lung as this is a key unmet 

medical need. This could be investigated using NAM treatment in models where 

spontaneous fibrotic resolution does not occur, such as bleomycin-induced fibrosis 

in young or old mice (Yu & Tang, 2022).  

 

The remodelling markers used to determine lung remodelling in vivo also lacked 

specificity in order to maximise the markers included in each analysis, such as the 

pan-mucus and pan-collagen stain aniline blue. However, particularly for ECM 

remodelling, not all components of remodelling are affected in the same way. For 

example, elastin can be down-regulated as a result of ECM remodelling resulting in 

a loss of ECM elasticity and the ratio of collagen subtypes (e.g. I, III and IV), 

fibronectin, tenascin and laminin, can affect ECM stiffness (Liu et al., 2021; Ramis 

et al., 2022). Therefore, not knowing exactly which components of remodelling were 

affected by ablation of the CaSR limits the understanding of its role in lung 

remodelling. Future studies should incorporate more specific markers of remodelling 

to further investigate the role of the CaSR in lung remodelling.  

 

Finally, as discussed above, the models of lung remodelling used in these 

experiments demonstrate a reasonable degree of relevance to human scenarios. 

Furthermore, animal models are the key pre-clinical tool for investigating 

mechanisms of lung remodelling because they offer a homogenous aetiology; 

accelerated lifespan; similar lung physiology and gene expression to humans; and a 

comparable immune system (Takahashi et al., 2007; Alessandrini et al., 2020; Bates 

et al., 2009; Bates, 2017). However, there are also important dissimilarities between 

animal and human lung physiology. Rodents are obligate nasal breathers with 

dissimilar airway branching patterns, lobe structure, and proportionally larger 

airways (Kling, 2011). Although guinea pig lungs most closely resemble the human 

lung compared to other small animal species, the Clara cell, serous cell and 

submucous gland populations are different (Brewer and Cruise, 1997; Canning & 

Chou, 2008; Hargaden & Singer, 2012).  
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Mice also demonstrate physiological differences such as a high respiratory rate to 

accommodate their metabolism and an increased rate of reactive oxygen species 

production (Rydell-Törmänen & Johnson 2019). There are also differences in cellular 

composition, such as an altered epithelial Clara cell, club cell and submucosal gland 

population (Kling, 2011; Danopoulos et al., 2019). Furthermore, the progenitor and 

smooth muscle cell population display different transcriptomic profiles, where a 

total of 348 unique genes were observed in human lung tips compared to mice 

(Danopoulos et al., 2018; Danopoulos et al., 2019). Due to these differences, the 

role of the CaSR in lung remodelling may differ in humans. 

 

In vitro studies using human cells are therefore important to provide physiological 

and genetic aetiological similarities to human scenarios; however, in vitro studies 

lack a range of important physiological systems in the lung, such as the immune 

system and resident cell type diversity and function. Although these approaches are 

important tools for pre-clinical investigations, their relevance should not be 

overstated in human scenarios. These approaches, in addition to novel approaches, 

such as a human lung-on-a-chip, may provide the necessary tools to further 

investigate these hypotheses in the future (Shrestha et al., 2020).  

 

7.7 Conclusion 

The key findings presented in this thesis are: 1) qHACC and qHIT are key tools for 

researchers to investigate mechanisms of lung remodelling; 2) the CaSR plays a 

central role on IgE/Th2 asthma-mediated goblet cell remodelling; 3) the CaSR plays 

a central role in  age- or IgE/Th2 asthma-related ECM remodelling, via CaSR-

dependent facilitation of TGF-β-induced signalling and cellular remodelling 

processes; and 4) inhaled NAM treatment represents a potential novel therapeutic 

strategy for preventing lung remodelling, in addition to previously described effects 

on inflammation and airway hyperresponsiveness. 
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7.8 Future Directions 

7.8.1 Elaborate on the qHACC and qHIT methodologies using specific markers and 

machine learning   

Image analysis is an effective tool for determining lung remodelling; however, this 

thesis highlighted that there are still some limitations to over come. Most notably, 

negative control treatment groups are always required to determine whether 

changes in remodelling have been induced and an increased sample size is required 

to identify a suitable number of larger airways for analysis. However, the field is 

also moving towards more specified markers of lung remodelling. For example, 

specific subtypes of collagen are dysregulated in the aging lung, including collagen 

IV, VI, XIV, XVI (Onursal et al., 2021). Furthermore, collagen I, collagen III and 

decorin expression as well as fibrillar collagen I packaging is dysregulated in the 

asthmatic ECM (Ito et al., 2019; Mostaço-Guidolin et al., 2019). Imaging techniques 

are emerging that are capable of determining these specific pathological changes in 

the ECM using biochemical and structural properties of fibrillar collagen and elastin, 

rather than histological staining, that could be incorporated into the qHACC 

approach (Mostaço-Guidolin et al., 2019).   

 

Lastly, some aspects still require time-consuming manual identification steps. 

Machine learning and central neural networks are well suited to image analysis and 

could be utilised to determine remodelling markers in an experimenter-independent 

manner. This will also have added benefits of reducing experimenter bias and permit 

higher-throughput image analysis techniques. Furthermore, alternative statistical 

approaches could be considered, such as regression analyses, to try and improve 

how airway samples represent the localisation and multidimensional effects 

associated with remodelling in the whole lung.  

 

The qHIT approach should also be further developed in StrataQuest to allow the 

distinction of more specific remodelling markers and exclusion of unwanted 

inflammatory cells in the alveolar interstitium. This approach could also be adapted 

to incorporate measurements similar to mean linear intercept to investigate 

emphysematous remodelling in models of COPD in an experimenter-independent 
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manner. These improvements could then be used to reanalyse lung sections from 

the models used in these experiments using a more specified approach.  

 

7.8.2 Further investigate the role of the CaSR in goblet cell remodelling, mucus 

production and mucociliary dysfunction 

The evidence generated in this thesis suggests the CaSR plays a central role in goblet 

cell metaplasia in pre-clinical mouse models of IgE/Th2 asthma. However, there are 

a number of goblet cell remodelling mechanisms, such as mucus overproduction and 

hypersecretion that have been under investigated. There is some evidence to 

suggest the role of the CaSR extends to mucus production, hypersecretion and 

mucociliary clearance in the lung. For example, the CaSR has previously been shown 

to regulate hypoxia-induced mucin production in human bronchial epithelial cells 

(Yang et al., 2014a; Yang et al., 2014b). The CaSR also regulated secretion (via 

exocytosis) in lung fibroblasts exposed to TGF-β which may extend to other cells 

types. This hypothesis is supported by the previously described role of the CaSR in 

secretion in other cell types, such as neocortical neurons, pancreatic beta cells and 

the parathyroid gland (Squires et al., 2000; Vyleta & Smith, 2011; Riccardi & Valenti, 

2016). 

 

Chronic bronchitis and asthma also dehydrates and thickens mucus to impair 

mucociliary clearance, potentially via dysregulation of anion secretion (van Heusden 

et al., 2021; Bennett et al., 2021; Lazrak et al., 2023). The CaSR has been shown to 

regulate anion secretion and fluid secretion in fetal lung development as well as 

colon enterocytes (Cheng et al., 2002; Brennan et al., 2016; Tang et al., 2016). 

Furthermore, extracellular calcium has been shown to regulate cilia beat frequency 

which was hypothesised to occur via the CaSR (Woodworth et al., 2010).  

 

The role of the CaSR in goblet cell metaplasia, mucus production and mucociliary 

clearance could therefore be investigated in models of IgE/Th2 asthma using human 

cells in vitro. Following ovalbumin challenge or specific mediators of IgE/Th2 asthma 

goblet cell remodelling, human bronchial epithelial cells in air-liquid-interface could 

be analysed using immunofluorescence or western blotting to determine the protein 

expression of signalling molecules, goblet cell transdifferentiation markers, mucin 
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expression and vesicle exocytosis components to elucidate the role of the CaSR in 

these mechanisms (Ghio et al., 2013). Furthermore, in the same cells mucociliary 

clearance and airway mucus hydration can be assessed using a combination of the 

fluorescence micro-bead clearance assay and airway surface liquid diameter, 

respectively (Ostrowski et al., 2010; Button et al., 2013; van Heusden et al., 2021). 

Lastly, cilia beat frequency could be investigated using high-speed (100 frames per 

second) digital video analysis at an objective magnification of 63x (Woodworth et 

al., 2010; van Heusden et al., 2021). 

 

7.8.3 Investigating the potential of NAM treatment to reverse CaSR-mediated ECM 

remodelling with comparison to current standard-of-care   

The findings presented in Chapter 4, 5 and 6 and other studies demonstrate the CaSR 

is central to the regulation of ECM remodelling processes in mouse lungs and human 

lung fibroblasts (Wolffs et al., 2022). However, it is unclear how the functional 

composition of ECM is regulated by the CaSR and whether or not inhibition of the 

CaSR using NAM treatment has the potential to reverse established ECM remodelling. 

To do this, the shorter-term IgE/Th2 asthma model could be reanalysed using qHACC 

to characterise the expression of more specific ECM components, such as collagen 

subtypes I and III, elastin and fibronectin, the ratios of which dramatically affect 

ECM stiffness and subsequently ECM remodelling (Liu et al., 2021; Ramis et al., 

2022). It would also be interesting to determine the effect of pharmacological or 

genetic ablation of the CaSR, compared to the current standards of care, pirfenidone 

or nintedanib, in a bleomycin-induced model of lung fibrosis, the current industry 

standard for investigating mechanisms of lung fibrosis. Lastly, to investigate the 

time-dependent factors of whether NAM treatment can reverse ECM remodelling 

could be investigated in vitro using human lung fibroblasts suspended in a hydrogel 

to better mimic the functional architecture of the lung (de Hilster et al., 2020).  

 

7.8.4 Primary cells from diseased patients will permit further investigation of the 

role of the CaSR in pathology 

Although the mechanism by which the CaSR drives goblet cell and ECM remodelling 

in the lung is emerging, pathological outcomes do not occur in all subjects exposed 

to exogenous allergens or pollutants. Genetic factors are also implicated in these 
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diseases, such as the CFTR, GPR183 and CaSR variants implicated asthma (El-

Husseini et al., 2020; Riccardi et al., 2022; Koumpagioti et al., 2023; Dershem et 

al., 2023). Furthermore, the concentration of exogenous TGF-β used in these in vitro 

experiments could be argued as a more physiological, than pathological, 

concentration; however, the evidence for this is not clear and largely anecdotal 

(Kotecha et al., 1996). Due to these factors, it is important to investigate the role 

of the CaSR in more complete models of human pathology, such as primary cells 

isolated from diseased patients, to further investigate the role of the CaSR in 

pathology. Furthermore, although the use of NAM treatment denotes inhibition of 

CaSR activation in these experiments in a specific and non-competitive manner, the 

CaSR has not been directly activated and, due to ligand-biased signalling, may not 

behave the same way to different endogenous or exogenous agonists (Christopoulos 

& Kenakin, 2002; Ward & Riccardi, 2012). Therefore, future studies should 

investigate this concept using a range of known CaSR-agonists to identify the role of 

CaSR activation as well as any ligand-biased effects on lung remodelling. 

 

7.9 Closing remarks 

The evidence presented in this thesis supports the hypothesis that the extracellular 

environment in the lung is conducive for CaSR activation due to 1) ubiquitous CaSR 

expression; 2) increased levels of CaSR expression-regulating cytokines and growth 

factors; and 3) increased endogenous (inflammation and injury) and exogenous (air 

pollution) CaSR-activating polycations. This environment may chronically and 

aberrantly mimic developmental conditions where extracellular Ca2+ concentrations 

are high as well as conditions promoting lung repair, where calcium is emerging as 

a key messenger molecule. The findings presented in this thesis suggest that key 

mechanisms of remodelling rely on the same cell surface GPCR for regulation, 

providing a novel therapeutic target for preventing lung remodelling using existing 

therapeutic compounds. This is in addition to the previously described effects of 

NAM treatment on inflammation and airway hyperresponsiveness in the lung. 
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CHAPTER 9: APPENDICES 

 

9.1.1 Aniline blue is a lesser known, but similarly effective, mucosubstance stain 

One aim of the novel quantitative histomorphometry of airway cross-section 

components (qHACC) analysis was to standardise a single stain for the determination 

of many airway remodelling markers. Here Masson’s trichrome staining with aniline 

blue was used to identify epithelial tissues and smooth muscle by distinct shades 

and textures of red as well as collagens and mucosubstances by distinct shades and 

loci of blue staining, as described in Chapter 2. However, aniline blue is not well 

established as a mucosubstance stain and although it is known to bind preferentially 

to a proteinaceous core, its binding specificity is not well understood (Aumann, 

1994). Figure S9.1 shows a serial section comparison of goblet cell staining in 

multiple airways where positive staining shows a high degree of specificity to goblet 

cells. Furthermore, Alcian blue-periodic acid Schiff (PAS) staining identifies 

positively stained cells in a deep purple in harsh contrast to negatively stained 

airways that are poorly visible against the counter stain. This may represent a source 

of bias towards the selection of positively stained airways using Alcian blue-PAS 

staining. Masson’s trichrome with aniline blue is not limited by this staining bias and 

allows the quantification of numerous other markers, simultaneously. For these 

reasons, aniline blue was selected to determine mucosubstances and is 

recommended for future studies. 
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Figure S9.1. Comparison of goblet cell mucosubstance staining using Alcian 

blue (AB) & periodic acid Schiff (PAS) vs Masson’s trichrome with aniline blue. 

Alcian blue & PAS staining is the industry standard for identifying acidic and 

neutral mucosubstances in the lung but this stain lacks versatility as it stains 

only mucosubstances in the lung. Here we show Masson’s trichrome using aniline 

blue stains mucosubstances in a comparable manner, while also providing 

differential tissue and collagen stains, eliminating the need to repeat the 

sectioning, staining, imaging and analysis procedure and maintains the airway 

A 

B 

C 
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sample population for multiple measurements and reduced variability. Images 

are the same airway in serial sections from the animal coded OVA 6 from the 

model of shorter-term IgE/Th2 asthma delivered by intranasal instillation. 

Graticule: (A and B) 100 µm or © 50 µm. AB: Alcian blue; PAS: Periodic acid-

Schiff; IgE: Immunoglobulin E. 

 

9.1.2 Isotype control confirms CaSR antibody specificity 

As shown in Figure S9.2, an immunoglobulin (Ig)G2a isotype control was used to 

match the isotype of the calcium-sensing receptor (CaSR) antibody (ab19347) used 

in these studies and determine whether the CaSR antibody was binding to other 

molecules based on its isotype specificity and not its antibody specificity. The 

isotype control resulted in no staining other than the nuclear DAPI stain used. This 

was confirmed by the negative control group. 
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Figure S9.2. Specificity of CaSR immunoreactivity using the anti-CaSR antibody (ab19347). CaSR-HEK 293 cells were fixed 

with 2% paraformaldehyde and blocked with 1% BSA, 3% SeaBlock and 0.1% Triton X100. Following this cells were exposed to 

(A) anti-CaSR antibody (ab19347; 1:200) (B) anti-IgG2a isotype control (Thermofisher, Cat# 02-6200) antibody and (C) no 

primary antibody (negative control) to determine non-specific immunoreactivity of the ab19347 anti-CaSR antibody. Blue 

represents nuclear immunoreactivity (DAPI) and green represents primary antibody (or isotype control) immunoreactivity with 

AlexaFluor 488 (ab150077) secondary antibody. Regions of interest selected at random using the DAPI field; 10x objective; 

brightness + 40%. Background subtracted using ImageJ (“separate colour”; 50.0 pixels). Graticule: 100 µm.  IgG2A: 

Immungoblulin G isotype 2a; CaSR: calcium-sensing receptor; CaSR-HEK 293: Human embryonic kidney cells transfected with 

the calcium-sensing receptor. 
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9.1.3 NAM treatment downregulates markers of fibroblast migration induced by 

TGF-β 

Fibroblast migration is a process associated with the spread of fibrosis around the 

lung. Cell shape can be an indicator of a migratory phenotype as well as markers 

such as collagen triple helix repeat containing 1 (CTHRC1), fascin actin-bundling 

protein 1 (FSCN1), and heat shock protein family B1 (HSPB1). Fibroblasts exposed to 

TGF-β exhibited increased cell surface area (padj = 0.020). Here, NAM treatment 

significantly reduced cell surface area (padj < 0.0001), as shown in Figure S9.3B. 

TGF-β upregulated markers of fibroblast migration, as shown in Figure S9.3C, 

including CTHRC1, FSCN1 and HSPB1 (log2 fold change; CTHRC1 = 1.06, FSCN1 = 

0.41, HSPB1 = 0.97; padj < 0.05; TGF-β vs vehicle). NAM treatment significantly 

reduced the expression of CTHRC1, FSCN1 and HSPB1 (log2 fold change; CTHRC1 = 

-0.78, FSCN1 = -0.40, HSPB1 = -1.04; padj < 0.05; TGF-β + NAM vs TGF-β). 

Furthermore, inhibition of cAMP-producing adenyl cyclase has been shown to play a 

role in fibroblast motility (Kohyama et al., 2009; Togo et al., 2009). Fibroblast 

differentiation is accompanied by migratory phenotype that increases the number 

of fibrogenic cells in fibrotic foci (Wynn, 2007; Fujisawa et al., 2020). Fibroblasts 

expressing CTHRC1 are more migratory than other subsets of collagen-producing 

cells (Tsukhui et al., 2020) and FSCN1 and HSPB1 are genes code for components of 

motility in fibroblasts (Chilosi et al., 2006). In this study, increased cell surface area 

was used as a surrogate measurement for the rounding phenotype associated with 

the migratory phenotype (Tkach et al., 2005) and was significantly increased and 

accompanied by increased mRNA expression of CTHRC1, FSCN1 and HSPB1, 

contributing to the proposed spread of fibrosis around the lung. 
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Figure S9.3. NAM treatment ameliorates TGF-β-induced migration in human lung fibroblasts. (A) Primary normal human 

lung fibroblasts (Lonza, UK) were treated with and without remodelling mediator TGF-β and/or a NAM (NPS2143). (B) Cell 

surface area was quantified using StrataQuest and found that NAM treatment significantly abrogated the TGF-β-induced cell 

shape change that is indicative of a migratory phenotype. (C) Markers of fibroblast migration, including CTHRC1, FSCN1, and 

HSPB1, were also significantly reduced by NAM treatment suggesting CaSR activation plays a central role in fibroblast migration 

and the spread of fibrosis in the lung. Quantification was achieved using RNA-sequencing and p value adjustment using the 

Benjamini-Hochberg correction. A truncated violin plot was used to demonstrate frequency distribution of the data where 

dashed lines represent the median and dotted lines represent the upper and lower quartiles, respectively. N = 3, (B) n = 8 and 

A B 
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(C) n = 6. ns (padj > 0.05), * (padj < 0.05), ** (padj < 0.01), *** (padj < 0.001). Graticule: 50 µm. IPF: Idiopathic pulmonary fibrosis; 

CaSR: Calcium-sensing receptor; NAM: Negative allosteric modulator of the calcium-sensing receptor; TGF-β: Transforming 

growth factor beta; CTHRC1: Collagen triple helix repeat containing 1; FSCN1: Fascin actin-bundling protein 1; HSPB1: Heat 

shock protein family B1.  
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9.1.4 Physiological relevance of TGF-β exposure in normal human lung fibroblasts 

The evidence supporting the physiological relevance of 5 ng/ml TGF-β is largely 

anecdotal. However, Kotecha et al. (1996) demonstrated infants with 

bronchopulmonary dysplasia exhibited TGF-β concentrations as high as 39.5 ± 26.0 

ng/ml in the bronchoalveolar lavage fluid (BALF), compared to maximum 

concentrations of 2.8 ± 2.3 ng/ml in control infants. This suggests 5 ng/ml TGF-β 

may be more closely related to physiological conditions than pathophysiology.  

 

9.1.5 NAMs evoke no fibroblast response in the absence of TGF-β  

As expected, untreated fibroblasts exposed to NAM treatment alone exhibited no 

alteration to CaSR (padj = 0.50), αSMA (padj = 0.37) or rho associated coiled-coil 

containing protein kinase 1 (ROCK1) (padj = 0.25) protein expression and no change 

in cell surface area was detected (padj = 0.95). Furthermore, 0 differentially 

expressed genes (padj < 0.05) were identified in untreated fibroblasts exposed to 

NAM treatment alone. This evidence supports the proposed mechanism of action 

whereby NAMs only elicit their dampening effect on CaSR activation in the presence 

of an orthosteric ligand and indicates that TGF-β evokes an extracellular 

environment consistent with CaSR activation. 

 

9.1.6 Treatment with NAM in human lung fibroblasts does not induce cytotoxicity 

Lactate dehydrogenase (LDH) release, a marker of cell viability that is increased in 

all cell types following damage to the plasma membrane, was assessed in all 

treatment groups of the normal human lung fibroblast experiment to investigate 

whether the proposed experimental protocol would induce cytotoxicity. Here, 

compared to the vehicle treatment group, the assay positive control group (10% cell 

lysis solution) induced a significant increase in LDH release (padj < 0.0001 vs 

vehicle). On the other hand, LDH release following treatment with NAM alone, TGF-

β or TGF-β + NAM, in the absence of cell lysis solution, was indistinguishable from 

baseline levels (padj > 0.05 vs vehicle). This suggests cytotoxicity was not induced 

using this experimental protocol using human lung fibroblasts from a single donor. 

This experiment was performed by Dr Kasope Wolffs.  

 



294 

 

 

 

Figure S9.4 NAM treatment does not induce cytotoxicity. LDH release, a 

marker of cytotoxicity, was assessed in normal human lung fibroblasts to assess 

the effect of NAM treatment on cell viability. Here, the positive control group, 

treated with 10% cell lysis solution induced a significant effect on LDH release, 

compared to the negative vehicle control, but treatment with NAM alone, TGF-

β or TGF-β + NAM did not. Statistical significance identified using a one-way 

ANOVA with Bonferroni post hoc test. This figure was created by Dr Kasope 

Wolffs (unpublished). N = 1, n = 3. ns (padj > 0.05), **** (padj < 0.0001). LDH; 

lactate dehydrogenase; TGF-β: transforming growth factor β; NAM: negative 

allosteric modulator of the CaSR. 
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