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ABSTRACT 

Asthma, chronic obstructive pulmonary disease (COPD) and idiopathic pulmonary fibrosis (IPF) are 

worldwide health issues. These are progressive and life-threatening lung diseases associated with chronic 

coughing, wheezing, difficulty breathing, and predisposing sufferers to severe illness, hospitalisation, and 

ultimately death. Existing therapies for these conditions offer symptomatic relief, thus reducing disease 

severity; however, none of the standard-of-care treatments is ubiquitously effective because they do not 

target the underlying pathology; as such, no treatment alters disease course. 

 

The G protein-coupled Calcium-Sensing receptor (CaSR) was recently implicated in orchestrating 

inflammatory, hyperresponsive and fibrotic responses in pulmonary disorders (PD). The CaSR is 

expressed on most healthy lung cells and is overexpressed in cells harvested from patients with PDs 

(Yarova et al. 2015). We have recently demonstrated that CaSR NAMs - negative allosteric modulators 

(NAM) at the CaSR - have enormous potential as a completely novel treatment of PDs, due to their 

disease-modifying ability to abolish airway smooth muscle hyperresponsiveness (AHR), as well as reduce 

airway inflammation and remodelling. Existing CaSR NAMs were initially developed for systemic use. In 

collaboration with Cardiff University School of Pharmacy, we have employed computer-assisted drug 

design to identify, synthesise and test novel CaSR NAMs to be delivered topically for PD treatment, herein 

referred to as New Chemical Entities (NCEs). The goal of this project was thus to identify the most suitable 

NCE CaSR NAM for further pre-clinical development and clinical in vivo testing using safety and efficacy 

in vitro biological assays and conduct a chemical synthesis review to identify which of the NCEs exhibits 

an optimal lung delivery profile.  

 

The activation of the CaSR in response to extracellular calcium ions (Ca2+
o) leads to an increase in 

intracellular calcium ion (Ca2+
i) mobilisation. This response is blunted by pre- and co-exposure with CaSR 

NAMs. We hypothesised that selected NCE CaSR NAM exhibits a safe and potent effect for inhibiting 

activation of the CaSR. NCE activity was determined by single-cell intracellular Ca2+ imaging carried out 

on HEK-CaSR cells, which are genetically modified to stably express the human CaSR. Short and long-

term live-cell imaging and cytotoxicity lactate dehydrogenase (LDH) assays were performed on primary 

Human Bronchial Epithelial and HEK-CaSR cells. These experiments could determine the most active 

NCE NAMs, E1 and C4. It was also determined via long-term exposure experiments that these compounds 

do not directly cause cytotoxicity to Primary Human Bronchial Epithelial cells in vitro at concentrations of 

<10 µM. Owing to their ability to directly target the core of PDs, instead of alleviating symptoms, NCE 

CaSR NAMs could provide an alternative therapy for treatment-resistant asthma and potentially extend to 

other pulmonary conditions, such as COPD and IPF. 

 

Keywords: pulmonary disease, Calcium-Sensing Receptor (CaSR), negative allosteric modulators at the 

CaSR (CaSR NAMs), free ionised calcium (Ca2+), Ca2+ imaging, live-cell imaging, cytotoxicity assay, 

human bronchial epithelial cells (HBECs) 
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1. INTRODUCTION 

1.1. Pulmonary Anatomy and Physiology 

The human respiratory system consists of the branching airways of the lungs, contained in the chest cavity, 

and facilitates gas exchange between the circulatory system and the external environment. The principal 

role of gas exchange is providing for organism metabolic needs and eliminating carbon dioxide, the main 

by-product of oxidative energy metabolism. The human respiratory system (Figure 1) consists of a 

conducting zone - the branching airways, and a respiratory zone, which includes the respiratory 

bronchioles, alveolar ducts, and alveolar sacs. Elastic fibres within the respiratory zone allow the system 

elastance, which antagonises the ability of the lungs to be compliant ï the proportional change of volume 

to change in pressure. This proportional and inverse relation allows healthy lungs to return to their pre-

inspiratory volumes after respiratory muscles have ceased contracting via passive expiration due to the 

pull elastic fibres have on alveoli and the higher pressure within the air-filled lungs (Neergaard 1929). The 

conducting airway carries air in and out of the lungs and filters, warms up and humidifies that air, which 

then enters the respiratory zone through the active contraction of the diaphragm and external intercostal 

muscles. Through branching, the airway divide 23 times and become progressively smaller, permitting the 

light 250g organ to have a total surface area of 75 m2 for adequate gas exchange (Lorenz 1966). The walls 

of the proximal conducting airway are lined with smooth muscle, submucosal secretory glands, and ciliated 

pseudostratified columnar epithelial cells, acting as an effective host defence mechanism for the lungs, 

protecting against various environmental insults (Crystal et al. 2008). The smooth muscle regulates airway 

diameter, altering resistance and airflow by parasympathetic and sympathetic innervation (Canning and 

Fischer 2001). The airway epithelium, anchored to the reticular basement membrane, consists of bronchial 

epithelial cells (BECs), which can be classified into a ciliated, goblet (expressing MUC5B and MUC5AC), 

basal and club cells (CCs), tuft cells, ionocytes and neuroendocrine cells (PNECs). Secretory submucosal 

glands and goblet cells produce mucin glycoproteins to form a moisturising mucin layer, mobilised towards 

the pharynx by ciliated epithelial cells that uniformly beat towards the pharynx. 

Figure 1. Structure of the 
airways and the mucociliary 
escalator. Branching 
architecture of conducting and 
respiratory zones of human 
lungs and cell types involved in 
the mucociliary escalator. 
Adapted from Constanzo 2013 
and BéruBé et al. 2009) 
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This mucociliary escalator (Figure 1) propels excess material or contaminations out of the airway and into 

the gastrointestinal tract. BECs, pseudostratified in the upper airway, become more columnar and cuboidal 

towards the small airway, where basal, submucosal glands and goblet cell numbers decrease, but present 

are non-mucous secretory CCs.  

The respiratory zone (parenchyma) consists of bronchioles, alveolar ducts, and pouch-like invaginations 

called alveoli, surrounded by a stromal endothelial capillary plexus (Hsia et al. 2016). Type I alveolar 

epithelial cells are thin, simple squamous cells attached to the reticular basement membrane, which share 

a collagen type IV-rich (Yurchenco 2010), fused basal lamina with endothelial capillary cells, allowing for 

gas exchange through simple diffusion between these units. Type II alveolar epithelial cells synthesise 

pulmonary surfactant that reduces the high surface tension within alveoli and act as progenitor cells to 

renew and repair type I alveolar cells (Barkauskas et al. 2013). The space in between is the interstitium. It 

contains the extracellular matrix (ECM) of elastic and collagen fibres and resident cells like lung fibroblasts 

(HLF) that secrete ECM and maintain the shape of alveolar sacs. HLFs also serve as bridges via 

cytoskeletal interdigitations through gaps in the basal epithelial lamina between type I and II alveolar cells, 

directly linking them with endothelial capillary cells, allowing for resident and adaptive immune cellular 

migration (Sirianni et al. 2003). There are no ciliated cells in the distal respiratory zone (Figure 2), which 

is why the zone is also populated by resident innate alveolar macrophages (AMs) that phagocyte invaders 

and debris and migrate to the conducting zone and mucociliary escalator. AMs and dendritic cells (DCs) 

constantly sample and internalise their environment via CaSR-dependent and -independent constitutive 

micropinocytosis, allowing continuous capture of antigens, which are processed and presented to the 

adaptive immune system (Canton et al. 2016). 

Figure 2. Diagram of respiratory zone: (a) histological 
image of the respiratory zone, image taken from 
University of Michigan Medical School, 2012. (b) 
Labelled illustration of terminal respiratory zone, 
showing relations between the alveolar sac and the 
capillary bed, as well as labelled portrayal of a singular 
alveolus (Respiratory Zone 2013). 
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Cells secrete cytokines (small, soluble proteins) to modulate inflammation, which are the non-specific, 

physiological responses to danger-associated molecular patterns (DAMPs) and structurally variable 

agonists, allergens, pathogens, toxins, and irritants (pathogen-associated molecular patterns (PAMPs). 

Pattern-recognition receptor (PRR)-expressing cells, like leukocytes (innate or adaptive immune cells), 

BECs, endothelial and other stromal cell types, detect such signals and initiate inflammatory and 

subsequent repair responses. Such PRRs include but are not limited to scavenger, Toll-like (TLR), 

nucleotide-binding oligomerisation domain-like (NLR), absent in melanoma 2-like, retinoic acid-inducible 

gene-I-like, C-type lectin-like (CLR) and the calcium-sensing receptor (CaSR) (Rossol et al. 2012). AMs 

(Figure 3) are the first innate immune cell type to encounter foreign particles, whereby their activity is 

regulated by mechanistic target of rapamycin complex 1 (mTORC1) and by cytokine granulocyte-

macrophage colony-stimulating factor (GM-CSF). AMs aim to eliminate foreign particles and apoptotic 

cells via phagocytosis and efferocytosis, after which they migrate towards the conducting zone to be 

expelled by the mucociliary escalator. Phagocytosis causes AMs to suppress pro-inflammatory cytokines, 

chemokines (cytokines that coordinate leukocyte trafficking and activation), and leukotrienes by the 

secretion of transforming growth factor ɓ1 (TGF-ɓ1), prostaglandin E2 (PGE2), and platelet-activating 

factor (Fadok et al. 1998). Aerobic glycolysis is induced in classically-activated (M1) macrophages, 

increasing M1 macrophage glucose uptake and converting pyruvate to lactate. M1 macrophages activate 

the pentose phosphate pathway, critical for generating NADPH, an electron donor essential for reduction-

oxidation (redox) homeostasis and biosynthesis of oxidase. In M2, alternatively activated macrophages 

(AAMs), arginase-1 (Arg1) pathway is carried out, where L-ornithine is converted by ornithine 

decarboxylase to putrescine, which is then converted by spermidine synthase and spermine synthase to 

spermidine and spermine, respectively (Hussell and Bell 2014). 

Figure 3. AM categories, factors upregulating them and their primary secretions; H&E section of normal 
human lung, macrophage colony and cell (The Human Protein Atlas 2019); adapted from Duan and Luo 2021. 



4 
 

The primary cells damaged by infection and inflammation in the lung are epithelial cells (Crystal et al. 

2008). Following inflammation or infection resolution, barrier integrity and epithelial tissue must be restored 

to the standard architecture. The lung exhibits extraordinary regenerative qualities under normal wound 

healing conditions, carried out by the various lung stem cell and progenitor niches. Basal cells and CCs 

serve as progenitor cells, participate in xenobiotic metabolism, and regulate the pulmonary immune 

system. The primary secretion of CCs is uteroglobin (also known as blastokinin or club cell secretory 

protein, CCSP) and glycoproteins, lipids, and proteins providing chemical and physical protection for both 

pulmonary surfactant and small airway (Roth et al. 2013). CCs have a protective role by metabolising 

inhaled toxins using cytochrome P450 in their smooth endoplasmic reticulum. This metabolism destroys 

CCs as early as 24 hours after the action of a harmful factor, but due to their stem-cell niche with NEBs, 

CCs are rebuilt after approximately 30 days (Roth et al. 2013). PNECs are intrapulmonary sensors acting 

as part of the diffuse neuroendocrine system. PNECs are present as individual cells but are predominantly 

located at bifurcation points in human lung bronchioles, forming clusters called neuroepithelial bodies 

(NEBs) (Figure 4). CN X vagal nerve fibres mainly innervate NEBs from cell bodies in the brainstem and 

the nodose ganglion, communicating pulmonary chemosensing and respiratory stretch (Adriaensen et al. 

1998). Several vagal nerves interact with NEBs, including Na/K, ATPase, vesicular glutamate transporters, 

calbindin-D (28k) or P2X2/3 nerves (Adriaensen et al. 2006). These myelinated afferent nerves lose their 

myelin sheaths next to NEBs, then branch and protrude into the epithelium. Unmyelinated non-vagal 

calcitonin gene-related peptide (CGRP) nerve fibres originating from dorsal root ganglia from thoracic 

vertebrae T1 to T6 contact the basal pole of pulmonary NEBs. PNECs express and secrete 5-HT in 

response to hypoxia in a Ca2+-mediated, dose-dependent way (Lauweryns et al. 1977).  

Figure 4. Pulmonary neuroendocrine cells (PNECs), neuroepithelial bodies (NEBs) and their 
innervation. In the mammalian lung, PNECs cluster at airway bifurcation sites (circled), forming NEBs, 
innervated by vagus (CN X) myelinated afferent nerves fibres (yellow and purple) and unmyelinated non-vagal 
immunoreactive nerve fibres (orange). NEBs can sense changes in mechanical forces and chemo stimuli like 
CO2, air pressure, O2, H+ ions and nicotine, signal this information to the brainstem, and activate reactions. ATP, 
adenosine triphosphate; CGRP, calcitonin gene-related peptide; GABA, gamma-aminobutyric acid; JG, jugular 
ganglion; NG, nodose ganglion; 5-HT, serotonin. (Noguchi et al. 2020). 
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1.2. Pulmonary pathophysiology 

Pulmonary disorders (PDs) like asthma, chronic obstructive pulmonary disorder (COPD) and idiopathic 

pulmonary fibrosis (IPF) are global health problems and leading causes of premature death and suffering 

(Marciniuk et al. 2017). COPD and asthma are generally underpinned by chronic inflammation of the lungs, 

leading to chronic airway remodelling, and asthma is characterised by airway hyperresponsiveness (AHR). 

Existing therapies only target symptoms, as disease aetiology is not fully understood; however, it is known 

that repeated exposure to stimuli such as allergens (HernándezȤRamírez et al. 2020), pollutants (Matthews 

et al. 2016), and viruses (Wark et al. 2001) are the primary risk factors for PD exacerbation. Current 

treatments for COPD and asthma include corticosteroids to reduce airway inflammation and 

bronchodilators to increase airway diameter by relaxing constricted ASM cells (ASMCs). Chronic oral 

corticosteroid use can lead to corticosteroid resistance and complications such as growth suppression in 

children, osteoporosis, hyperglycaemia, and pancreatitis. Chronic corticosteroid use can also cause 

haematologic, immunologic, adrenal, or hepatic insufficiencies (Buchman 2001) and increased prevalence 

of pneumonia in COPD patients (Niederman 2018). No currently existing treatment directly targets the 

hallmark of asthma, AHR (Corrigan 2020). In addition, the aetiology of COPD and IPF is presently 

unknown. Thus, there is an urgent need for novel therapeutics addressing the root cause of PDs.  

The airway epithelium in the conducting and respiratory zone plays an essential frontline role in immune 

response regulations against exogenous stimuli (Vareille et al. 2011). Injured or apoptotic cells release 

cellular components into extracellular space ï DAMPs, like ATP or Ca2+
o (Rossol et al. 2012), but also 

reactive oxygen species (ROS), enzymes, protease inhibitors, permeable peptides, recruiting the innate 

immune system (Figure 5).  

Figure 5. Diagrammatic simplification of immune cell types, their activity and coordination. The first line 
of defence against pathogens are innate immune cells like macrophages, eosinophils and neutrophils. These 
attack the invading cells, however incomplete removal of hostile cells calls for the adaptive immune system via 
the activation of different cell types by APCs. Adapted from Dettmer 2021. 
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AMs are responsible for most pro-inflammatory cytokines and chemokines, including IL-1ɓ, IL-6, IFNs, IL-

8, TNFŬ, NO, CCL5, GM-CSF, macrophage inflammatory protein, and others (Kolli et al. 2014). The 

primary antigen-presenting cells (APCs) that are crucial for the induction of adaptive immune responses 

are AMs and mature dendritic cells (DCs), the primary antigen-presenting cells (APCs). DCs cooperate 

with other activated APC granulocytes (Tang et al. 2010) via major histocompatibility complex II (MHCII) 

to present antigens to naïve T-cells within lymph nodes. Antigen presentation leads to T-cell differentiation 

into effector leukocyte T helper (TH2) cells (Yoshimoto et al. 2009), promoting immunoglobin (Ig)E from B 

helper cells and driving inflammation via cytokine release of IL-13 and IL-5 (Venkayya et al. 2002). The 

human Ig(E) antibody cross-links to and upregulates the expression of the high-affinity FcŮ receptor on 

antigen-presenting cells (APC) granulocytes like basophils and mast cells, activating them (Yamaguchi et 

al. 1997). Secretion of alarmins, neuropeptides (GABA, CGRP, substance P, bombesin) and lipids 

(prostaglandins and leukotrienes) can directly activate Type 2 innate lymphoid cells (ILC2s) towards 

inflammatory ST-2-expressing ILC2s, which produce high levels of TH2 type cytokines like IL-4, IL-5, IL-9, 

IL-13 and GM-CSF. Pro-inflammatory TH2 cells and ILC2 migrate to the site of infection to mediate immune 

responses via lysis of damaged cells, following exocytosis of granules containing perforin and granzyme 

from cytotoxic T cells and by TNF receptor family-dependent apoptosis/phagocytosis following recognition 

of these cells by antibodies (Licona-Limón et al. 2013). 

 

Congenital or acquired defective macrophage phagocytosis is a hallmark of PDs, like asthma (Huynh et 

al. 2005), COPD (Hodge et al. 2003) and IPF (Morimoto et al. 2012), which defective phagocytosis might 

promote imbalanced oxidative/antioxidative processes. While irritancy or barrier dysfunction persists, pro-

inflammatory signals continue and further damage the epithelium; thus, the repair process is integral to 

resolving inflammation. As seen in Figure 6, DAMP- and PAMP- mediated PRR activation is facilitated 

through TLRs, TNFs, GPCRs, NLRs and CLRs that activate nuclear transcription factor NF-əB, MAP 

kinases and IFNɔ response priming immune system NOD-like receptor family protein 3 (NLRP3) 

inflammasome (Coll et al. 2016). Critical in the immune response is OX40, a TNF transmembrane protein 

that binds to adaptor proteins tumour necrosis factor receptor-associated factor (TRAF) 2,3 and 5, priming 

the inflammasome by activating the NF-əB1 pathway through signalling cascades PI3K (PI-3-kinase)/PKB 

(protein kinase B/Akt) (Baum et al. 1994). Canonically this priming step is followed by a second signal, 

initiating NLRP3 oligomerisation, which through its adapter molecule ASC (apoptosis-associated speck-

like protein with a caspase-recruitment domain) causes dimerisation of caspase-1 and caspase-8, 

activating them. Active caspases are essential in the recruitment of neutrophils and the secretion of 

inflammatory cytokines via inducing the proteolytic expression of IL-1ɓ and cytokine IL-18 (Yeretssian et 

al. 2008), as well as cleavage of Gasdermin-D, causing pyroptosis (LaRock and Cookson 2013). NLRP3 

activation via lymphocyte activating factor IL-1 receptor (IL-1R) activation polarises AMs towards pro-

inflammatory functions and facilitates the recruitment of further immunomodulatory cells involved in injury. 

IL-1R signalling function within epithelial and immune cells leads to the upregulated secretion of alarmins 

ï IL-33, Thymic stromal lymphopoietin (TSLP) and IL-25 (Saenz et al. 2008), GM-CSF (Guilliams et al. 

2013), and TNF-Ŭ.  
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1.3. Asthma 

Over 340 million people worldwide have asthma, a chronic PD associated with wheezing, shortness of 

breath (dyspnea), chest tightness, and coughing. The fundamental abnormality associated with asthma is 

the altered immune system response to allergens, AHR to seemingly benign stimuli, such as cold air, 

urban particulate matter (UPM) or exercise, constricting the airway, reducing airway diameter and thus 

increasing resistance. AHR is defined as lowering the threshold for responsiveness to external stimuli and 

the ease of narrowing the airway via ASM constriction response to bronchoconstrictive challenges 

(Brannan and Lougheed 2012). ASM cell constricting forces and the elasticity of the parenchyma are the 

primary driving factors for airway diameter regulation. Eosinophilic infiltration causes major basic protein 

release, driving allergic asthma inflammatory remodelling (Boulet et al. 2000) and is correlated with AHR 

(Kay 2005). Inflammation, by causing swelling of the airway lining with oedema, dramatically amplifies the 

obstruction caused by a given degree of smooth muscle contraction (Yarova et al. 2021). New blood vessel 

creation (neoangiogenesis) and vasodilation occur in areas of persistent inflammation, allowing further 

inflammatory cell infiltration ASMCs and HLF migration to the airway and distal lung tissues. Figure 7 

presents the remodelling of the asthmatic airway, characterised by: epithelial barrier dysfunction (Heijink 

et al. 2020); smooth muscle hypertrophy and hyperplasia (Johnson et al. 2001); sub-mucosal gland and 

goblet cell hypertrophy/hyperplasia (Ordoñez et al. 2001), and irreversible reduction of lumen size due to 

reticular basement membrane fibrosis via deposition of type I, III, V and VI collagen, instead of type IV 

(Palmans et al. 2002).  

Figure 6. The canonical NLRP3 inflammasome signalling pathway. Canonical NLRP3 inflammasome 
requires a priming signal, such as toll-like receptor or TNF receptor activation, that activates NF-əB, inducing 
NLRP3 and pro-IL-1ɓ transcription and modification. A second NLRP3-specific activation then initiates NLRP3 
oligomerization and causes the apoptosis-associated speck-like protein with a caspase-recruitment domain 
(ASC) to form large prion-like oligomers. ASC dimerizes caspase-1, activating it, which then goes on to processes 
pro-IL-1ɓ and pro-IL-18 and secrete their active mature forms. Figure from Coll et al. 2016. 
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Central to cell death and inflammation in asthma is the lymphocyte activating factor IL-1 receptor (IL-1R) 

(Monie and Bryant 2015), which can be activated by canonical and direct (Gaidt and Hornung 2017) 

inflammasome activation that drives alarmin secretion (Figure 8). IL-1ɓ and IL-1Ŭ have overlapping roles 

directed at TH2 cells differentiation for immune response hyperactivation and allergic airway inflammation 

in the asthma model (Qi et al. 2016). TGF-ɓ, which correlates with PD severity (Hung et al. 2018), is a 

major fibrotic cytokine that promotes ECM deposition by HLFs and is a crucial mediator of allergen-driven 

eosinophil recruitment to the lung (Saito et al. 2018). TGF-ɓ is directly controlled by the epithelial alarmins 

ï IL-33 (Denney et al. 2015), TSLP (Cai et al. 2019) and IL-25 (Gregory et al. 2012). HLFs are responsible 

for tissue repair and wound healing; however, in PD, inflammatory signalling pathways cause HLFs to 

deposit pathologic ECM protein of collagen I, fibronectin, laminins, and others, which promote cell 

adhesion and airway remodelling (Scaffidi et al. 2001). Additionally, asthmatic HLFs are hyperproliferative 

and transform into myofibroblasts (Johnson et al. 2006). Indeed, TGF-ɓ is the most potent inducer of these 

Ŭ-SMA-expressing myofibroblasts, which cause subepithelial fibrosis via cytoskeletal contraction of 

surrounding ECM (Fernandes et al. 2006) and production of collagen I, III, IV and V (Hinz 2007) and thus 

lead to collagenosis. The number of myofibroblasts is increased in the lung parenchyma of asthmatics 

(Boser et al. 2017). Eosinophils, in turn, drive pulmonary fibrosis via further upregulation of TGF-ɓ and 

platelet-derived growth factors, further inducing myofibroblasts, thus increasing contractility, migration and 

proliferation of ASMCs (Kardas et al. 2020).  

Figure 7. Asthma airway structural remodelling. Movatôs pentachrome stain of normal and severely asthmatic 
lungs, showing smooth muscle (Sm) volume increase, mucous hyperplasia and hypersecretion (blue), significant 
basement membrane (Bm) thickening, changes supported by neoangeogenesis; (Wadsworth et al. 2011). 
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IL-25 activity, promoted at least partially through TGF-ɓ family signalling molecule activin A (Gregory et al. 

2012), increased alarmin secretion of IL-33 and TSLP, resulting in increased lung eosinophilic and TH2 

cell recruitment and increased secretion of IL-4, IL-5 and IL-13. IL-25 activity results in goblet cell 

hyperplasia, mucous hyperproduction, neoangiogenesis and fibroblast collagen deposition (Gregory et al. 

2012), as well as inflammation-independent AHR (Ballantyne et al. 2007). The alarmin IL-33 drives 

inflammation as it binds to the suppression of tumorigenicity 2 (ST2) receptor-expressing cells, activating 

TH2 cells, ILC2s, DCs, basophils and mast cells via mitogen-activated protein kinases (MAPK) and NF-əB 

pathways (Schmitz et al. 2005). IL-33 directly promotes HLF activity (Schmitz et al. 2005), recruits further 

granulocytes to the inflammation site, and causes these cells to upregulate secretion of pro-inflammatory 

factors IL-1ɓ (Cho et al. 2012), IL-4, IL-5, IL-9, IL-13, and TNF-Ŭ cytokines. TLR4- (Hammad et al. 2009) 

and TLR2- (Lv et al. 2018) dependent epithelial-derived TSLP secretion has been reported to induce the 

expression of OX40 ligand in dendritic cells (DCs), driving TH2 cell differentiation, inhibiting anti-

inflammatory IL-10 secretion and promoting TNF-Ŭ production (Ito et al. 2005). Cytokine IL-4 is primarily 

secreted by activated basophils (van Panhuys et al. 2011) and is a crucial mediator of eosinophilic 

infiltration (Cohn et al. 1998), alternative activation macrophages. It also prompts local B lymphocyte cells 

to secrete immunoglobin (Ig)E (Coffman et al. 1988). IL-9 (Temann et al. 1998) and IL-5 (Louahed et al. 

2001) synergistically promote eosinophilic infiltration and mast cell hyperplasia, respectively, and IL-13 

(upregulated by alarmin IL-25) promotes mucous hypersecretion and AHR (Walter et al. 2001). Thus, the 

chronic overreaction of asthmatic lungs to irritants and stimuli stands upstream of alarmin release, leading 

to the pathophysiological outcomes associated with asthma (Figure 9). 

Figure 8. Alarmin-induced airway inflammation and remodelling. DAMPs and PAMPs cause BECs to secrete 
alarmins (IL-33/TSLP/IL-25), releasing TH2-type cytokines (IL-4/IL-5/IL-13) from ILC2s, promote TH2-type T cell 
development, local switching of B cells/plasma cells to IgE production. Image from (Corrigan 2020). 
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1.3.1. Current treatment options 

The gold standard treatment of chronic asthma is the combination of daily inhaled corticosteroids with 

long-acting bronchodilators. Inhaled treatments are potent and fast-acting, causing minor systemic side 

effects compared to orally delivered treatments. In the most severe cases, chronic high inhaled 

glucocorticoid doses are combined with oral glucocorticoids and sometimes with a third modifier like anti-

IgE, anti-leukotriene agents, or theophylline. Even combination therapies become ineffective in asthma 

cases with distal pulmonary inflammation, extensive ECM remodelling, and glucocorticoid receptor 

mutations (caused by long-term medication use) (Fraga Righetti 2014). Hernandez et al. in 2015 presented 

a therapeutic attempt to block multiple cytokines upstream in the overall cascade, such as blocking the IL-

1 receptor through its antagonist (anakinra), which was shown to be effective in reducing IL1ɓ, IL-6 and 

IL-8 levels significantly and had no serious adverse effects. However, as summarised by Porsbjerg et al. 

2020, currently available biological therapies are anti-immunoglobulin (Ig)E, anti-IL-5, anti-IL-5RŬ and anti-

IL-4RŬ monoclonal antibodies (blocking the IL-4 and IL-13 pathways), which decrease exacerbation rates 

in study populations by only 50%. No currently existing treatment directly targets AHR, and ten % of people 

with asthma do not respond to corticosteroids. Corticosteroids reduce asthma symptoms not by targeting 

AHR but by reducing infiltration of the airway with inflammatory cells, reducing oedema and swelling of the 

airway mucosa, and enhancing the effects of bronchodilators, thus increasing airway diameter (Corrigan 

2020). Asthma pathogenesis is underpinned by a dysbalance of the ratio of all pathways involved. Due to 

the immense number of different cytokines involved and the redundancy between them, blocking individual 

or multiple asthma-related pathways would lead to unsatisfactory results. 

 

Figure 9. Alarmins in type 2 inflammation, their clinical biomarkers and pathophysiological implications 
in asthma. #: upregulated, EOS: eosinophils, FeNO: fractional exhaled nitric oxide. (Porsbjerg et al. 2020) 



11 
 

1.3.2. The role of calcium in asthma 

Elevated [Ca2+
i] in the lung is a fundamental aspect of airway smooth muscle asthma pathophysiology and 

is responsible for enhanced bronchoconstriction and long-term effects that result in airway remodelling 

and ECM component deposition (Yarova et al. 2015). In allergic asthma, irritants such as smoke, viruses 

and allergens cause the release of eosinophilic polycations, which bind to and activate the CaSR on 

pulmonary cells, increasing Ca2+
i mobilisation (Quinn et al. 1997, Yarova et al. 2015). NLRP3 has also 

been shown not to require priming, whereby activation of G-protein (guanine nucleotide-binding protein)-

coupled GPRC6A and Calcium-Sensing Receptor (activated by Ca2+
o, polyamines and other ligands) 

directly activate the NLRP inflammasome via the phosphatidyl-inositol (PI)/Ca2+ pathway (Rossol et al. 

2012). Our group, led by Professor Riccardi, has shown that activation of the CaSR leads to inflammatory-

independent AHR in asthma, which in turn promotes CaSR overexpression and overactivation, driving the 

pathogenesis of airway inflammation and remodelling, shown in pre-clinical models of PDs (Yarova et al. 

2015). Using murine asthma surrogates and cultured human asthmatic smooth muscle cells, we have 

recently presented evidence consistent with the hypothesis that AHR in human asthma reflects an 

abnormal expression of the CaSR. Small molecule CaSR negative allosteric modulators (NAMs) safely 

abolish AHR and airway inflammation (Yarova et al. 2015, Yarova et al. 2020). 

 

1.4. Chronic Obstructive Pulmonary Disorder (COPD)  

COPD is not a disorder of the smooth muscle but is a combination of two conditions ï chronic bronchitis 

and emphysema. According to World Health Organisation, in 2019 3.23 million people died from COPD, 

making it the third most common cause of death worldwide (Marciniuk et al. 2017). Cigarette smoking is 

the most prevalent reason ï 80-85% of COPD cases are smoking-related; however, only 15-25% of all 

smokers develop the disease. Thus, a genetic predisposition, like Ŭ1-antitrypsin deficiency (Carrell and 

Lomas 2002), or epigenetic changes, must be driving COPD development. The remaining cases are 

occupational exposure to coal dust, cadmium, pollution and biomass burning (Diette et al. 2012). 

Emphysema is a disorder in which alveoli have become partially unattached by the destruction of the 

alveolar septa, leading to permanent enlargement of the airspaces (Taraseviciene-Stewart 2006). Radial 

traction of bronchioles becomes reduced due to loss of elastic recoil, restricting alveolar expansion and 

decreasing O2 saturation of haemoglobin during the pulmonary cycle. There are two types of emphysema: 

95% of cases are centracinar, involving the central/proximal acini parts, and panacinar ï destruction 

involves the lower lobes of respiratory bronchioles and is usually characteristic of patients with Ŭ1-

antitrypsin deficiency (Carrell and Lomas 2002). The symptoms of emphysema are dyspnea, cough, 

hypoxemia, hypercapnia and cor pulmonale. Emphysema is also associated with increased mucus 

production, which, coupled with air entrapment and hyperinflation, ultimately causes an increase in 

Functional Residual Capacity (FRC) and a decrease in Functional Vital Capacity (FVC) (Lee et al. 2007). 

Dynamic compression occurs when intrathoracic pressure is greater than alveolar pressure due to a 

collapse of the bronchial wall, increasing airway resistance and altering standard lung mechanics (Robins 

1983). Pulmonary capillaries are lost, there is altered compliance of the lungs, and a loss of elasticity, all 

of which cause hypoventilation and hypercapnia.  
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Chronic bronchitis is a chronic inflammation of the bronchial wall by environmental irritants or infection. 

Mucus is accumulated in the airway by the hypertrophy of mucous glands and excessive production of 

viscous mucous, thus highly increasing resistance within the airway. Cilia become unable to move, thus 

immobilising the ñmucous escalatorò (Hogg and Timens 2009). As well as the obvious pulmonary 

difficulties caused by mucous, this environment is also prime grounds for further secondary infection by 

bacteria. The combined effects of chronic bronchitis (bronchial oedema, mucosal hypersecretion and 

bacterial colonisation of the airway) and emphysema (destruction of the alveolar septa and loss of elastic 

recoil of bronchial walls) cause airway obstruction, air entrapment within alveoli, and a loss of surface for 

gas exchange (Figure 10). Irreversible airspace enlargement distal to the terminal bronchiole via the 

alveolar septal structures destruction leads to loss of elastic recoil, making the respiratory system more 

compliant, turning exhalation into an active process. COPD manifests in abnormal inflammatory responses 

within the lungs to xenobiotics. Irritants cause the release of growth factors by resident epithelial cells, 

such as TGF-ɓ and fibroblast growth factor, which lead to fibroblast proliferation and subsequent airway 

diameter reduction through fibrosis and inflammation (Oliveira et al. 2015).  

Figure 10. COPD histological slides of small airway disease. (A) Massonôs trichrome (10X) slide of aberrant 
wound repair and fibrotic remodelling with resulting thickened airway wall and excessive collagen bundle 
deposition (blue). (B, C and D) H&E stains of terminal bronchiole and endothelial capillary vessel, red arrow 
points to intra-luminal mucous plug (2X), green arrows pointing to increased goblet cells in airway mucosa 
(20X), and black arrows indicate the increased inflammatory cell count in COPD patient bronchiole. Adapted 
from (Higham et al. 2019) 


