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SUMMARY 

Asthma is a prevalent chronic respiratory inflammatory disease, affecting over 

300 million people worldwide. There is no curable treatment for asthma. The 

most common existing combination therapies, inhaled corticosteroids (ICS) 

and bronchodilators, can only control the symptoms without addressing the 

underlying cause of asthma and present significant side effects. In addition, 

asthma is still poorly controlled in many patients even when taking systemic 

corticosteroids, for instance, in subjects affected by steroid-resistant asthma. 

Despite the existing unmet medical need, new small-molecule drugs have not 

been introduced for asthma treatment for the last four decades. The 

development of biologics in recent years targeting Immunoglobulin E (IgE) or 

asthma-related cytokines interleukin-4 (IL-4), IL-5 and IL-13, represents 

potentially novel and effective treatments for asthma. However, biologics are 

only effective in a subset of patients, due to the difficulty in identifying the 

targetable patients, and their cost limits for the usages. So, there is a need for 

the development of more effective, cheaper, small-molecule drugs for asthma, 

particularly for severe, steroid-resistant asthma management and prevention. 

During my PhD, I set out to further elucidate the pathogenesis of asthma, and 

to search potential drugs for asthma patients, especially for severe, steroid-

resistant asthmatics, who have limited available treatment options to control 

their disease. 

 

My laboratory has previously shown the widespread expression of calcium-

sensing receptor (CaSR), a G-Protein-coupled receptor (GPCR), in human 

and mouse airways, and its involvement in asthma pathogenesis (Yarova et 

al, 2015). Our group has also shown that administration of its negative 

allosteric modulators of the CaSR (CaSR NAMs, also termed calcilytics), 

delivered to the lung via inhalation, can reduce both airway 

hyperresponsiveness (AHR) and airway inflammation in murine asthma 

surrogates, suggesting that inhaled calcilytics may represent a potential 

therapeutic for asthma. So the aims of my PhD were: 1. To select the best 

available calcilytic amongst those initially developed for a different use for 

asthma treatment in an inhaled form; 2. To compare the efficacy of inhaled 

calcilytic with the current standard-of-care (SoC), inhaled fluticasone 
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propionate (FP), and 3. To test the efficacy of inhaled calcilytic in a classic 

Th2 asthma model induced by ovalbumin (OVA) and alarmin-driven asthma 

model induced by IL-33, which may contribute to the pathogenesis of severe, 

steroid-resistant asthma.  

 

The key findings from my PhD studies are as follows: 

• Inhaled calcilytic reduced acetylcholine (ACh)-induced airway 

contraction ex vivo in naïve animals in both prophylactic and 

therapeutic settings. 

 

• Inhaled calcilytic significantly inhibited total leucocyte infiltration and 

eosinophil infiltration in the BALF in a magnitude similar to that 

achieved by FP inhalation in a murine asthma model of allergic asthma 

in vivo. In addition, calcilytic can reduce the mean goblet cell number in 

the airways, while FP can’t. 

 

• Inhaled calcilytic reduces airway inflammation, airway 

hyperresponsiveness and some aspects of remodelling in both IgE- 

and alarmin-driven asthma models in vivo. 
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Chapter I General Introduction 

1.1 Asthma 

Asthma is the most prevalent chronic pulmonary disease and over 300 million 

people are affected worldwide (Anderson et al. 2007). In the UK, more than 8 

million people have been diagnosed with asthma according to The National 

Institute for Health and Care Excellence (NICE 2023). The prevalence of 

asthma has been increasing since around the 1950s globally due to the rate 

of urbanisation, and now it appears to have plateaued since the mid-1990s in 

developed countries (Lundbäck 1998; Kwong et al. 2001; Anderson et al. 

2004; Braun-Fahrländer et al. 2004; Devenny et al. 2004; Robertson et al. 

2004; Toelle et al. 2004; Zöllner et al. 2005; Anderson et al. 2007; Ma et al. 

2009; Wennergren 2011). However, it is still steadily rising in countries and 

regions undergoing rapid urbanization as well as in middle- and low-level-

income countries (Anderson et al., 2007; Moorman et al., 2007) . Asthma has 

significant direct and indirect economic burden to the patients and their family 

members due to its chronic nature, including hospital visits, medications, and 

clinical tests, as well as costs related to absence from work (Masoli et al. 

2004; Nunes et al. 2017). Inhaled corticosteroids (ICS) and bronchodilators 

such as long-acting beta-agonists (LABA) are the most effective asthma 

treatments and are used stepwise recommended by the Global Initiative for 

Asthma (GINA) (Global Initiative for Asthma 2023). However, patients with 

severe, steroid-resistant asthma (SRA) have very poor or no response even 

at high doses of inhaled or even of systemic corticosteroids (Yim and 

Koumbourlis 2012) . They are of special interest because though severe, 

steroid-resistant asthma affects only 3% (Hekking et al. 2015) to 10% (Chung 

et al. 2014) of the population of adults with asthma, their healthcare cost is 

estimated to account for more than 60% of the total costs associated with 

treating asthma (Sadatsafavi et al. 2010) . Asthma-associated costs are even 

higher than those for most other chronic diseases, such as stroke, chronic 

obstructive pulmonary disease (COPD), or type 2 diabetes (T2DM) (O’Neill et 

al. 2015). 

 

Asthma is also a heterogeneous disease, with patients showing various 

phenotypes and different severities, thus making it more intractable (Kim et al. 
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2009). The typical asthma symptoms include chest tightness, shortness of 

breath, wheezing, and a persistent cough (Global Initiative for Asthma 2023). 

The severity of the asthma symptoms varies widely from patient to patient and 

even from one episode to the next, and they can display only one symptom or 

any combination of these symptoms which can be episodic or persistent 

(Morosco and Kiley 2007). It has been known that numerous mediators and 

cytokines are involved in the development of asthma, such as Th2 cytokines 

interleukin-4 (IL-4), IL-13, IL-9, and IL-5, that typically regulate allergic 

inflammation (Lambrecht et al. 2019). IL-4 is the major cytokine promoting IgE 

and IgG1 synthesis by B cells (Moon et al. 1989; Cohn et al. 1998). IL-13 is 

involved in mucus production, airway hyperresponsiveness, and airway 

remodelling (Lambrecht et al. 2019). IL-5 is the major cytokine affecting the 

growth, differentiation, recruitment, activation, and survival of eosinophils 

(Lambrecht et al. 2019). IL-9 can promote mast cell survival, bronchial 

hyperresponsiveness (BHR), mucus cell metaplasia, and airway remodelling 

as well (Figure 1) (Renauld 2001). Th1 and Th17 cytokines, more prevalent in 

severe asthma than in mild to moderate asthma also have recently been 

found to be involved in the development of asthma (Lambrecht et al. 2019).  
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Figure 1. Role of T helper type 2 (Th2) cytokines in allergic asthma. 

IL-13 induces airway hyperresponsiveness (AHR), promotes mucus 

production by goblet cells, and stimulates airway smooth muscle hyperplasia 

and hypertrophy, leading to airway remodelling. IL-5 plays a very important 

role in the pathophysiology of eosinophilic inflammation in asthma, it can 

stimulate the survival, differentiation, maturation, and activation of eosinophils. 

IL-4 stimulates B cells to produce immunoglobulin E (IgE) antibodies and 

promotes the differentiation of naïve T cells into Th2 cells, amplifying the Th2 

response. IL-9 promotes the proliferation and survival of mast cells; and 

enhances the production of mucus by goblet cells. Image taken from Renauld 

(2001).  

 

1.2 Different phenotypes and endotypes of asthma 

While the term "asthma" has been used historically to describe all individuals 

experiencing a group of bronchial hyperresponsiveness, airway lability, and 

variable chest symptoms with reversible expiratory airflow limitation, 

significant heterogeneity exists among affected patients (Fitzpatrick et al. 
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2020). The characterization of heterogeneity has promoted the concept 

“phenotype” of asthma (i.e., groups of patients sharing common clinical 

characteristics), which has been used since the early 1940s (Fitzpatrick et al. 

2020). The first phenotypes were described by Rackemann, which classified 

asthma into “intrinsic” (non-allergic) and “extrinsic” (allergic) asthma 

(Rackemann 1940). The author reported that individuals with “extrinsic” 

asthma typically developed asthma during their early life and typically with an 

allergic predisposition, whereas those with “intrinsic” asthma often had a late 

asthma onset after the age of 40 years and tended to have less allergic 

predisposition (Rackemann 1940; Rackemann 1947; Virchow 2000). 

However, more recent studies found that levels of Th2 cytokines were similar 

in extrinsic and intrinsic asthma, and treatment with inhaled corticosteroids 

appears to be effective for most mild to moderate asthmatics, leading to the 

distinctions between extrinsic and intrinsic asthma lost favour (Humbert et al. 

1996a; Humbert et al. 1996b). More recently, Wenzel et al described 2 

inflammatory subtypes (eosinophil (+) and eosinophil (-)) in severe, 

corticosteroid-dependent asthma patients based on the degree of eosinophilia 

(Wenzel et al. 1999). However, a major limitation of this approach is that it is 

based on a single variable, so the categories can’t distinguish the groups, and 

many characteristics overlap between groups (Kuruvilla et al. 2019). In 

contrast, the newer approaches have employed more systematic 

methodology-cluster analyses to integrate the impact of multiple interacting 

components in large cohorts to delineate and forecast clinical phenotypes as 

well as molecular mechanisms of asthma (Moore et al. 2010; Shaw et al. 

2015). While variations in clusters have been observed, a consensus has 

emerged regarding specific subsets, notably the identification of two major 

groups: T2-“high ” and T2-“low” asthma groups (Kuruvilla et al. 2019; 

Fitzpatrick et al. 2020). T2-“low” asthma patients tend to have a later age of 

onset, higher medication requirements, and significant symptomatology when 

compared to T2-high asthmatics (Kuruvilla et al. 2019; Fitzpatrick et al. 2020; 

McIntyre and Viswanathan 2023). 

 

1.2.1 Asthma phenotypes 
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Based on the cellular profile as well as other demographic characteristics, 

asthma can be divided into several phenotypes. According to GINA 2023 

strategy document, several phenotypes of asthma have been identified to 

optimize the disease treatment due to its heterogeneous nature, based on its 

clinical features, onset time, atopic status as well as the cellular profile (Bel 

2004; Moore et al. 2010; Peters 2014). T2 high phenotypes are typically 

characterized by allergic sensitisation, eosinophilia, and early age of onset 

compared to those of the T2 low phenotypes (McIntyre and Viswanathan 

2023). A detailed description of each phenotype is provided in the following 

section (Table 1). 
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Table 1. Phenotypes and endotypes of asthma: Differences between T2-

high and T2-low asthma 

Endotype Phenotype Biomarkers 
Clinical 

Characteristics 

T2 high Allergic 

Blood/sputum eosinophil count, allergic 

sensitization (IgE), high total IgE, high 

FeNO, periostin, DPP4, plasma galectin-3 

Early onset, 

steroid responsive 

 Late-Onset 
Blood/ sputum eosinophil count, high 

FeNO, periostin, DPP4, plasma galectin-3 

Steroid refractory, 

may have 

CRSwNP 

 AERD 
Blood/sputum eosinophil count, urinary 

LTE4, periostin, DPP4, plasma galectin-3 
Adult onset 

T2 low Non-allergic  Sputum neutrophil count Adult onset 

 Smokers Sputum neutrophil count Older adults 

 
Obesity-

related 
Serum IL-6 Female sex 

 
Very late 

onset 
Sputum neutrophil count >50-65 at onset 

Asthma has been classified into two different endotypes (T2 high and T2 low) 

based on the inflammatory process caused by helper T cells. This table 

summarizes the endotypes and associated phenotypes of asthma and the key 

differences between T2-high and T2-low asthma. T2-high asthma is 

characterized by a predominant type 2 (T2) immune response, whereas T2-

low asthma lacks a predominant T2 immune response. Patients with T2-high 

asthma may exhibit eosinophilic inflammation, whereas T2-low asthma may 

involve neutrophilic inflammation or a paucigranulocytic phenotype. 

Additionally, patients with T2-low asthma may show less response to 

corticosteroid treatment. AERD, Aspirin Exacerbated Respiratory Disease; 

CRSwNP, chronic rhinosinusitis with nasal polyps; DPP4, Dipeptidyl 

peptidase 4; FeNO, Fraction of exhaled nitric oxide; IL-6, Interleukin-6; IgE, 

Immunoglobulin E; LTE4, leukotriene E4; T2, T helper cell type 2. Adapted 

from McIntyre and Viswanathan (2023).   
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1.2.1.1 Allergic asthma 

Allergic asthma is the most common phenotype among all asthmatic patients 

(Romanet-Manent et al. 2002), it accounts for ~50-60% of the total asthmatic 

population and it is the most easily recognized asthma phenotype through 

examination with increased eosinophils in the induced sputum and blood as 

well as high levels of Immunoglobulin E (IgE) in blood in patients with this 

asthma phenotype (Romanet-Manent et al. 2002; Schatz and Rosenwasser 

2014). The first onset of this phenotype typically starts in childhood, and is 

associated with an allergic diathesis of the patient and/or his/her family 

(Global Initiative for Asthma 2023). The incidence of allergic diseases 

including allergic rhinoconjunctivitis and atopic dermatitis are commonly 

increased in patients with allergic asthma (Mullane 2011). It is well known that 

allergic asthma is triggered by specific allergens. Patients who present with 

this asthma phenotype usually respond well to the existing treatment 

methods, such as ICS, short and long-acting beta2-agonist (SABA, LABA), 

leukotriene receptor antagonists (LTRA) and IgE antibodies (Romanet-

Manent et al. 2002; Schatz and Rosenwasser 2014). 

 

1.2.1.2 Non-allergic asthma 

Though the majority of patients present with allergic symptoms, some patients 

with asthma do not show typical allergic symptoms, having normal or low 

serum total IgE levels (Romanet-Manent et al. 2002). This type of asthma is 

estimated to occur in 10% to 33% of individuals (Romanet-Manent et al. 2002; 

Novak and Bieber 2003). The incidence of allergic diseases such as nasal 

polyposis, rhinosinusitis, and gastroesophageal reflux disease are commonly 

increased in patients with non-allergic asthma (Humbert et al. 1999; Romanet-

Manent et al. 2002; Kanani et al. 2005; Peters 2014). The cellular profile in 

the sputum, bronchoalveolar lavage fluid (BALF) and blood of these patients 

have higher neutrophils counts, lower eosinophils count (Zoratti et al. 2014), 

more remodelling (Paganin et al. 1996) and lower IgE level than those of 

allergic asthmatic patients (Romanet-Manent et al. 2002; Peters 2014). Non-

allergic asthma phenotype appears to be more severe, more common in 

female adult patients who tend to respond less well to the existing treatment 

methods than that of allergic asthmatic patients (Kitch et al. 2000; Romanet-
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Manent et al. 2002; Abraham et al. 2003; Kanani et al. 2005; Leynaert et al. 

2012; Amelink et al. 2013; Schatz and Rosenwasser 2014; Gonzalez-Uribe et 

al. 2023). Currently, little is known about the pathophysiology of non-allergic 

asthma which may be triggered by a wide range of factors, including viruses, 

pollutants, smoking, and other nonspecific stimuli (Peters 2014). However, 

there is a drop in age-adjusted risk of asthma in postmenopausal compared to 

premenopausal women, suggesting that asthma improves after menopause, 

possibly associated with levels of sex hormones (Zemp et al. 2012; Zein and 

Erzurum 2015; Fuseini and Newcomb 2017; Chowdhury et al. 2021).  

 

1.2.1.3 Late-onset asthma (LOA) 

The vast majority of asthmatic patients have their first onset during childhood, 

however, some adults, particularly women, present with asthma symptoms 

during adulthood for the first time (Global Initiative for Asthma 2023). The 

incidence of this asthma phenotype is increasing because of the aging of the 

population, and albeit the reason is still unclear, it may be related to the age-

related declines in immune function, pulmonary structure and function as well 

as obesity in this population (Hirano and Matsunaga 2018) . Patients with 

LOA tend to be non-allergic, non-atopic status, and often have worse lung 

function, worse response to ICS, or require higher doses to control their 

symptoms (Miranda et al. 2004). Bauer et al reported that the incidence of 

asthma in elderly people (≥ 65 years old) was up to 0.1% per year (Bauer et 

al. 1997). Furthermore, in patients with LOA, there are some additional risk 

factors, such as elderly, poor inhaler technique, polymedication, multiple 

comorbidities, limited mobility and staying home alone, as well as 

psychological status (dementia, depression, etc.) (Ilmarinen et al. 2016; 

Susan Mayor 2016), making LOA difficult to treat. In addition, a paper also 

reported patients with LOA are at higher risk of developing cardiovascular 

disease (CVD) (Tattersall et al. 2016).  
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1.2.1.4 Asthma with fixed airflow limitation 

A proportion of asthmatic patients develop airway wall remodelling after 

longer disease duration despite optimal pharmacologic treatment that causes 

persistent or incompletely reversible airflow limitation that may be the main 

reason for difficult-to-treat & severe asthma (Global Initiative for Asthma 

2023). Patients with this asthma phenotype tend to be older, and have more 

frequent exacerbations (Contoli et al. 2010), which increases asthma-related 

mortality (Panizza et al. 2006), and difficulties to be treated (Hansen et al. 

1999). The causes of this asthma phenotype are unknown, but may be related 

to the structural changes of airways (i.e., airway remodelling), including the 

airway smooth muscle hyperplasia, subepithelial fibrosis, angiogenesis, 

mucous gland hyperplasia as well as goblet cell hyperplasia and airway wall 

thickening (James and Wenzel 2007). Such changes cause airway narrowing 

that develop over many years, particularly in patients with severe disease. 

 

1.2.1.5 Asthma with obesity 

Obesity increases the incidence and severity and consequently affects the 

clinical manifestations of asthma. Although the reasons remain incompletely 

understood, it has been suggested that obesity may affect asthma by 

changing the normal structure of the respiratory tract or the function of the 

immune system (Quinto et al. 2011; Bates et al. 2017). Some obese patients 

have very severe respiratory symptoms of asthma, but have less eosinophilic 

airway inflammation (Lambrecht et al. 2019; Miethe et al. 2020). This 

phenotype is composed of two distinct groups, early-onset atopic (EOA) 

asthma and late-onset, nonatopic asthma (LONA), the former is complicated 

by the co-existence of obesity and the symptoms do not remit when the 

patients lose their weight, the latter likely has asthma developing due to 

obesity and consequently has symptoms resolved when they lose weight 

(Dixon et al. 2011; Bates et al. 2017). 
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1.3 The pathophysiology and inflammatory pathways of asthma 

As previously mentioned, asthma is a heterogeneous disease characterized 

by airway hyperresponsiveness, chronic airway inflammation, as well as 

variable airflow obstruction (Calhoun and Chupp 2022). The pathogenesis of 

asthma is not yet entirely clear; however, the pathophysiology of asthma 

involves a complex interplay of genetic, environmental, immunological, and 

inflammatory factors (including massive cytokine production and inflammatory 

cell infiltration), as well as structural changes such as goblet cell hyperplasia, 

excess mucus production, collagen deposition, airway smooth muscle 

hyperplasia and hypertrophy. These events together lead to airway 

inflammation and remodelling, bronchial hyperresponsiveness, and ultimately, 

symptoms like wheezing, shortness of breath, chest tightness, and coughing 

(Figure 2) (Morosco and Kiley 2007; Calhoun and Chupp 2022). 
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Figure 2. Comparison of cross-section and histology of airways in a 

healthy subject and asthmatic patient.  

The asthmatic airway has significant goblet cell hyperplasia, excess mucus 

production, collagen deposition, airway smooth muscle hyperplasia and 

hypertrophy as well as massive cytokine production and inflammatory cell 

infiltration, compared to the airway of the normal person. Image taken from 

Calhoun and Chupp (2022). 

 

It has been known that inflammation plays a pivotal role in the 

pathophysiology of asthma, although it is heterogeneous and involves a 

cascade of immunological responses, which can be primarily classified into 
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two types: type 2 (T2)- and non-type 2 (non-T2, also called T2 low) 

inflammations (McIntyre and Viswanathan 2023). 

 

1.3.1 Type 2 (or T2 high) Inflammation 

Type 2 inflammation is most commonly initiated by the adaptive immune 

system upon exposure to environmental triggers like allergens through the 

actions of thymic stromal lymphopoietin (TSLP), which stimulates naïve T-

helper cells to differentiate into type 2 (Th2) cells, resulting in the production 

of Th2 cytokines IL-5, IL-4, and IL-13. In addition, TSLP can also act on innate 

lymphoid cells type 2 (ILC2s) to generate similar cytokines to Th2 cells (Halim 

et al. 2012; Lund et al. 2013; Israel and Reddel 2017; Kuo et al. 2017). IL-4, 

IL-5, and IL-13 play key roles in promoting eosinophilic inflammation, mucus 

production, airway hyperresponsiveness, and airway remodelling (Kuo et al. 

2017; Lambrecht et al. 2019). These cytokines, particularly IL-4 and IL-13, 

also promote IgE production, thereby resulting in mast cell activation and 

degranulation as well as the release of inflammatory mediators like histamine 

and prostaglandin D2 (PGD2) (Lambrecht et al. 2019). Type 2 inflammation is 

typically associated with allergic sensitization, elevated levels of IgE, and a 

Th2-dominated immune inflammation (McIntyre and Viswanathan 2023). 

Triggering factors for type 2 inflammation include exposure to allergens, viral 

infections, and environmental pollutants (Israel and Reddel 2017). 

 

1.3.2 Non-Type 2 (or T2 low) Inflammation 

A subset of asthma patients exhibit non-T2 inflammation characterized by the 

activation of innate immune pathways and present with neutrophilic 

predominant inflammation, which is likely driven by T-helper type 1 (Th1) and 

type 17 cells (Th17) (Ray and Kolls 2017). Non-T2 asthma can manifest with 

inflammatory pathways distinct from those characterized by type 2 (T2) 

inflammation and have poorer response to steroids and short-acting 

bronchodilators (Fitzpatrick et al. 2020). To this end, understanding the 

inflammatory pathways and pathophysiology of asthma is essential for 

developing novel therapeutic targets aimed at modulating specific 

components of the immune response and achieving better control of asthma 

symptoms and exacerbations (Israel and Reddel 2017). The inflammatory 
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pathways that may be involved in type 2 and non-type 2 inflammation as well 

as the biomarkers involved in each pathway and various therapeutic agents 

targeting different biomarkers are summarized in Figure 3 (Calhoun and 

Chupp 2022). 

 

Figure 3. The inflammatory and immunologic pathways involved in 

asthma.  

The figure displays the T2 and non-T2 inflammatory pathways in asthma, the 

biomarkers involved, and the mechanism of action of various therapeutic 

agents. Type 2 inflammation is typically initiated by the response of adaptive 

immune system upon exposure to allergens, triggered by thymic stromal 

lymphopoietin (TSLP), which stimulates the differentiation of type 2 T-helper 

(Th2) cells and innate lymphoid cells type 2  (ILC2), prompting the production 

of type 2 cytokines interleukin (IL) 4, IL-5, and IL-13, facilitated by activation of 

the GATA3 transcription factor. The resulting cytokines prompt IgE production 

via IL-4 and mast cell activation as well as the activation and recruitment of 

eosinophils via IL-5 and IL-13, leading to airway hyperresponsiveness, 

remodelling and increased mucus production. Mast cells can produce various 

mediators and cytokines, including IL-3, IL-4, IL-5, and IL-9 which are involved 
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in airway smooth-muscle contraction, eosinophil infiltration, remodelling, and 

amplification of the inflammatory cascade, as well as prostaglandin D2 

(PGD2), which activates eosinophils and other cells through its CRTH2 

receptor. The above process can also be activated by environmental triggers, 

like respiratory viruses, irritants and pollutants through the production of IL-33 

and IL-25 by the innate immune system to stimulate ILC2 and Th2 cells to 

produce the above cytokines involved in this process. The production of 

cytokines upon exposure to the above agents can trigger non-type 2 

pathways as well, involving Type 17 helper T (Th17) cells and Type 1 helper 

(Th1) cells, leading to neutrophilic inflammation. β2-AR, β2-adrenergic 

receptor; CS, corticosteroids; CRTH2, chemoattractant receptor-homologous 

molecule expressed on Th2 cells; FcεR, Fcε receptor; IFNγ, interferon 

gamma; IgE, immunoglobulin E; IL, interleukin; ILC2, innate lymphoid cell type 

2; LABA, long-acting β2-agonist; MMP-9, matrix metallopeptidase 9; M3R, 

muscarinic receptor type 3; PGD2, prostaglandin D2; TCR, T-cell receptor; 

TGF-β, transforming growth factor beta; Th2, type 2 helper; TNF, tumour 

necrosis factor; TSLP, thymic stromal lymphopoietin. Image taken from 

Calhoun and Chupp (2022). 
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1.4 Existing and pipeline treatment of asthma  

Current standard treatments for asthma include small molecules such as ICS 

and beta-agonists, both SABA and LABA, long-acting muscarinic antagonists 

(LAMA) as well as some symptomatic treatments, such as drugs targeting 

eosinophils (such as anti-IL-5 or anti-IL-5R), theophylline, IgE antibody, anti-

IL-4R, anti-TSLP, and leukotriene receptor antagonists, even in some patients 

with severe asthma oral corticosteroids are being used. Since the 

pathogenesis of asthma was not very well defined, only two classes of drugs, 

the anti-leukotrienes and anti-IgE antibodies, have been approved in the last 

30 years despite the need for new therapeutics, and a huge research effort 

(Mullane 2011) before the approval of targeting biologics. According to the 

stepwise asthma treatment strategy for adults and adolescents recommended 

by GINA 2023 guideline, the management of asthma involves a systematic 

approach to managing asthma symptoms and exacerbations based on their 

severity and control level, from as-needed low-dose ICS plus formoterol in 

step 1 to medium-dose maintenance ICS plus formoterol in step 4, to high-

dose maintenance ICS plus formoterol plus add-on treatment with LAMA or 

biologics in step 5 (Figure 4). Overall, the GINA 2023 guideline emphasizes 

the importance of individualized treatment based on asthma severity and 

control, with regular assessment and adjustment of therapy to achieve optimal 

asthma management and improve patient outcomes (Global Initiative for 

Asthma 2023).  
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Figure 4.The stepwise asthma treatment strategy for adults and 

adolescents recommended by GINA 2023.  

The GINA 2023 guideline recommends a stepwise and personalized asthma 

management strategy according to the diagnosis, symptom control, 

exacerbations, side effects and patient satisfaction. The selection of ICS-

formoterol as the preferred reliever is because it reduces the risk of 

exacerbations compared with using a SABA reliever, and is a simpler 

regimen. If a patient doesn’t present with symptoms twice a month or more, 

as-needed only low-dose ICS-formoterol outlined in TRACK 1 or low-dose 

ICS whenever SABA is taken outlined in TRACK 2 is recommended as the 

preferred approach. If a patient presents with symptoms twice a month or 

more, as-needed only low-dose ICS-formoterol outlined in TRACK 1 or low-

dose ICS + as-needed SABA (or ICS-SABA) outlined in TRACK 2 is 

recommended as the preferred approach. If a patient has symptoms most 

days, or wakes at night once a week or more, low-dose ICS-formoterol 

maintenance and reliever (MART) outlined in TRACK 1 or low-dose ICS-

LABA + as-needed SABA (or ICS-SABA) outlined in TRACK 2 is 

recommended as the preferred approach. If a patient has daily symptoms, 

waking at night once a week or more, medium-dose ICS-formoterol 

maintenance and reliever in TRACK 1 or medium/high-dose ICS-LABA + as-

needed SABA (or ICS-SABA) in TRACK 2 is recommended as the preferred 

approach. ICS, inhaled corticosteroid; LABA, long-acting beta2-agonist; 
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LAMA, long-acting muscarinic antagonist; LTRA, leukotriene receptor 

antagonist; OCS, oral corticosteroid; SABA, short-acting beta2-agonist. Image 

taken from GINA 2023 guideline (Global Initiative for Asthma 2023). 

 

 

1.4.1 Inhaled corticosteroid (ICS) 

Inhaled corticosteroid comprises the backbone of asthma therapy and 

represents the gold-standard anti-inflammatory therapy for asthma treatment 

(Hansel 2004; Paggiaro and Bacci 2011). ICS can reduce the number of 

inflammatory cells, including lymphocytes, eosinophils, mast cells, 

macrophages, dendritic cells, and structural cells (such as endothelial cells, 

epithelial cells, and smooth muscle cells), in asthmatic airways (Barnes 

2010a) (Figure 5). The main mechanism of action of ICS is to activate the 

glucocorticoid receptor (GR) which then migrates to the cell nucleus and 

regulates inflammatory gene transcription, thus inhibiting inflammatory 

response and reducing inflammatory damage, thereby reducing airway 

hyperresponsiveness, improving respiratory function, alleviating symptoms, 

and preventing further deterioration of symptoms. ICS binds to GR and 

regulates the release of inflammation-related factors through the following two 

major pathways: (1) Binding to glucocorticoid response elements (GRE) which 

are located in the promoter of the structural genes or the upstream and thus 

increase the transcription of these genes, such as interleukin-1 receptor 

antagonist (IL-1 RA), IL-10, etc.; (2) Inhibition of transcription factors; ICS 

reduces the up-regulation of the transcription of multiple inflammatory factors 

by inhibiting nuclear factor kappa-B (NF-κB) and activator protein-1 (AP-1) 

and other transcription factors, thereby reducing the synthesis of pro-

inflammatory factors. Similarly, ICS can down-regulate the gene expression of 

multiple inflammatory mediators such as IL-1, IL-3, IL-5, vascular cell 

adhesion molecule-1 (VCAM-1), tumour necrosis factor α (TNFα), and 

intercellular adhesion molecule-1 ( ICAM-1), E-selectin and granulocyte-

macrophage colony-stimulating factor (GM-CSF), but can increase the gene 

expression of a variety of protective mediators, such as NF-κB inhibitor 

protein 1 (Iκ B1), IL-10, IL-12 and IL-1RA (Payne and Adcock 2001; Barnes 

2011; Sibila et al. 2015) (Figure 6).  
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Figure 5. Cellular effects of corticosteroids.  

Inhaled corticosteroid can inhibit the production of chemotactic mediators and 

adhesion molecules, thereby inhibiting the recruitment of inflammatory cells 

into the airway. They also suppress the activity of inflammatory cells involved 

in the pathogenesis of asthma, such as eosinophils, mast cells, lymphocytes, 

macrophages and dendritic cells. Image taken from Barnes (2010). 
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Figure 6. Cellular mechanism of action of corticosteroids in the 

inhibition of inflammation.  

Corticosteroids work through genomic and nongenomic pathways such as 

transactivation, and transrepression: (i) transactivation: increases anti-

inflammatory mediators such as lipocortin 1, IL-10 and IL-1 receptor, (ii) 

transrepression: decreases inflammatory mediators such as TNF-alpha, IL-4, 

-5, -6, and -13, ICAM -1, VCAM-1, and (iii) increase anti-inflammatory 

messengers through membrane-associated receptors. Ca++, calcium ions; 

CR, corticosteroid receptor; CS, corticosteroids; cAMP, adenosine 

monophosphate; DNA, Deoxyribonucleic acid; ICAM, intercellular adhesion 

molecule; IL, interleukin; K+, potassium ions; MR, membrane receptor; mRNA, 

Messenger RNA; TNF, tumour necrosis factor; VCAM, vascular cell adhesion 

molecule. Image taken from Sibila et al. (2015). 

 

There are several ICSs that are now available in the clinical setting, such as 

hydrocortisone, beclomethasone, budesonide, fluticasone propionate, 

flunisolide and triamcinolone (Figure 7) (Barnes 2010a). However, they are all 

associated with long-term side effects due to the transactivation and binding 

of the glucocorticoid receptors to DNA, such as osteoporosis, which is one of 
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the well-known adverse effects of long-term administration of glucocorticoids 

(Van Staa et al. 2002). In a study conducted by Israel et al., the authors 

reported that ICS treatment was associated with a dose-dependent reduction 

in bone density among premenopausal women with asthma (Israel et al. 

2001)Click or tap here to enter text.. In a study conducted by Adinoff and Hollister, 

they reported that long-term steroid treatment is associated with decreased 

bone density and increased prevalence of fractures in patients with asthma 

(Adinoff and Hollister 1983). In addition, long-term usage of glucocorticoid is 

associated with poor compliance, which may contribute to difficulty in 

controlling asthma (Barnes 2010c; Barnes 2011). So, the recent research is 

focusing on the development of new molecules with low risk of side effects 

which is associated with fewer systemic side effects (Nave 2009). 

 

 

Figure 7. Chemical structures of inhaled Corticosteroids.  

This figure elucidates the chemical structure of hydrocortisone, 

beclomethasone, budesonide, fluticasone propionate, flunisolide and 

triamcinolone. All these drugs share a common basic structure known as the 

corticosteroid backbone, which consists of three six-membered rings (A, B, 

and C rings) and one five-membered ring (D ring) fused together. The 

differences in their substitution groups contribute to differences in their 
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potency, bioavailability, metabolism, glucocorticoid receptor binding affinity, 

duration of action, and side effect profiles. Image taken from Barnes (2010). 

 

 

 

1.4.2 Bronchodilators 

Bronchodilators can be divided into short- and long-acting bronchodilators 

depending on their onset time, including beta-agonists or muscarinic 

antagonists (SABA or SAMA, LABA or LAMA). The commonly used 

bronchodilators are beta-agonists, of which salbutamol, formoterol and 

salmeterol are the most common drugs in the clinical setting. The 

understanding of the mechanism of action of this class of drugs is currently 

not uniform. However, the main function of bronchodilators in the airway is to 

activate adenylate cyclase (AC), thereby promoting the production of cyclic 

adenosine monophosphate (cAMP) from adenosine triphosphate (ATP), thus 

decreasing the concentration of intracellular Ca2+ ([Ca2+]i) or Ca2+ sensitivity, 

resulting in significant airway relaxation (Figure 8) (Endou et al. 2004; Oguma 

et al. 2006; Mahn et al. 2010; Billington and Hall 2012; Billington et al. 2013). 

Beta2-agonists can also inhibit the aggregation of inflammatory cells and 

release inflammatory mediators, reduce plasma exudation, improve sensory 

nerve response (Barnes 1999). This is of great significance for reducing the 

damage of airway inflammation and preventing deterioration. These agents 

can be used as an add-on treatment with ICS or even rescue treatment in 

patients with severe asthma because they are highly effective at relieving 

airway constriction and obstruction. However, the safety of the agents is also 

a matter of debate. The major adverse effects of Beta2-agonists include 

skeletal muscle tremor, tachycardia, cardiac arrhythmias, reduction in the 

arterial oxygen pressure (PaO2) and various metabolic effects, mediated by β-

adrenoceptor stimulation (Lulich et al. 1986). 
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Figure 8. Proposed model of bronchorelaxation.  

The binding of agonist to a Gs-protein coupled receptor (GsPCR), such as the 

Beta2-adrenoceptor, or a Gi-protein coupled receptor (GiPCR), such as the 

muscarinic M2 acetylcholine receptor results in a conformational change, 

leading to the dissociation of the Gα subunit. While the Gαi-protein inhibits 

AC, the Gαs-protein stimulates adenylate cyclase (AC), inducing it to produce 

cyclic adenosine monophosphate (cAMP) from adenosine triphosphate (ATP). 

The resulting increase in cAMP slows or abolishes Ca2+ oscillations via 

binding to protein kinase A (PKA). In addition, cAMP/PKA also decreases 

Ca2+ sensitivity. Either a decrease in intracellular free ionized Ca2+ ([Ca2+]i) or 

Ca2+ sensitivity or both can result in bronchorelaxation. AC, adenylyl cyclase; 

ATP, adenosine triphosphate; cAMP, cyclic adenosine monophosphate; 
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[Ca2+]i, intracellular free ionized Ca2+; PKA, protein kinase A. Image taken 

from Billington and Hall (2012). 

 

The addition of inhaled β2-agonists to ICS is recommended by the treatment 

guideline as regular treatment and can provide optimal asthma control in most 

patients (Global Initiative for Asthma 2023). (Figure 4). Though corticosteroids 

and bronchodilators are effective in the majority of patients, it is appreciated 

that 30-40% of asthmatics have a poor response to these treatments, and in 

10% this likely contributes to the presence of severe asthma (American 

Thoracic Society 2000; Wenzel and Busse 2007). The poor asthma control in 

this population is because of the poor understanding of the underlying disease 

mechanisms. In addition, these treatments are nonspecific anti-inflammatory 

drugs and thus pose the risk of systemic side effects. These considerations 

have led to a search for novel or improved therapies for asthma. Many new 

treatments are in development, which are specific, targeting a specific 

mediator or receptor, and might be effective in specific asthma phenotypes. A 

summary of the currently approved and under development treatments for 

asthma can be found in the below Table 2. 
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Table 2. Currently approved and under development treatments for 

asthma 

 Target Drug name 
Molecule 

type 
status 

Company 

Biologicals 

IgE 

Omalizumab Antibody FDA/EMA Novartis 

Ligelizumab/QGE0

31 
Antibody 

Under 

development 

Novartis 

Quilizumab  Antibody 
Under 

development 

Genentech 

MEDI4212  Antibody 
Under 

development 

MedImmune 

LLC 

FB825 Antibody 
Under 

development 

Oneness 

Biotech 

IL‐5 

Mepolizumab Antibody FDA/EMA GSK 

Reslizumab Antibody FDA/EMA Teva 

Benralizumab Antibody FDA/EMA AstraZeneca 

Depemokimab Antibody 
Under 

development 

GSK 

IL‐4 

Pascolizumab Antibody 
Under 

development 

GSK 

VAK694 Antibody 
Under 

development 
Novartis 

IL-4/IL-13 

Dupilumab Antibody FDA/EMA 
Regeneron/

Sanofi 

Pitrakinra 

Recombina

nt IL-4 

variant 

Under 

development 
Aerovance 

AMG317 Antibody 
Under 

development 
Amgen 

QBX258(VAK‐

94/QAX‐576) 
Antibody 

Under 

development 

Novartis 
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IL‐13 

CNTO 5825 Antibody 
Under 

development 

Janssen 

Biotech 

Anrukinzumab Antibody 
Under 

development 
Wyeth 

GSK679586 Antibody 
Under 

development 
GSK 

IMA‐026 Antibody 
Under 

development 

Pfizer 

IL-25 ABM125 Antibody 
Under 

development 
Abeome 

Tryptase tetramers MTPS9579A Antibody 
Under 

development 

Roche/Gene

tech 

TSLP 

Tezepelumab Antibody FDA 
AstraZeneca

/Amgen 

CSJ117 Antibody 
Under 

development 
Novartis 

ASP7266 Antibody 
Under 

development 

Upstream 

Bio 

IL-33 

REGN3500 Antibody 
Under 

development 

Regeneron 

and Sanofi 

Tozorakimab/MED

I3506 
Antibody 

Under 

development 
AstraZeneca 

Itepekimab Antibody 
Under 

development 

Regeneron/

Sanofi 

Astegolimab Antibody 
Under 

development 

Hoffmann-La 

Roche 

TSLP/IL-13 

Zweimab  Antibody 
Under 

development 

Boehringer 

Ingelheim 

Doppelmab Antibody 
Under 

development 

Boehringer 

Ingelheim 

IL-13/IL-17 BITS7201A Antibody 
Under 

development 

Genentech 
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TNFα 

Infliximab Antibody 
Under 

development 

MSD 

Etanercept TNFR:Fc 
Under 

development 
Sobi 

Infliximab Antibody 
Under 

development 
MSD 

Golimumab 
Antibody 

Under 

development Centocor 

IL-9 Enokizumab Antibody 
Under 

development 

AstraZeneca

/MedImmune 

IL-6 Tocilizumab Antibody 
Under 

development 

Roche 

IL-1 Anakinra Antibody 
Under 

development 
Sobi 

C5 Eculizumab Antibody 
Under 

development 
Alexion 

Small 

molecule 

drugs 

IL‐4Rα AIR645 
Antisense 

oligo 

Under 

development 

Altair 

CXCR2 (CXC 

chemokine 

receptor 2) 

Navarixin/MK‐

7123 
Antagonist 

Under 

development 

Merck Sharp 

& Dohme 

LLC 

AZD5069 Antagonist 
Under 

development 

AstraZeneca 

CCR3 (eotaxin 

receptor) 
GW766944 Inhibitor 

Under 

development 

Glaxo 

CXCR1/2 SCH527123 Antagonist 
Under 

development 
MSD 

Reactive aldehyde 

species (RASP) 
ADX-629 Inhibitor 

Under 

development 
Aldeyra 

LTRAs CysLTR1 
Montelukast Antagonist FDA Merck 

Zafirlukast Antagonist FDA/EMA AstraZeneca 
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Pranlukast Antagonist 
Approved in 

Japan 

Ono 

Pharmaceuti

cals 

CRTH2/DP2(PGD

2 receptor) 

Timapiprant/OC00

0459 
Antagonist 

Under 

development 

Chiesi 

Setipiprant Antagonist 
Under 

development 
Actelion 

Muscarinic 

receptors 

Umeclidinium Antagonist 
Under 

development 

GSK 

Glycopyrronium Antagonist 
Under 

development 

Max Health 

Ltd 

SABAs ADRB2 

Fenoterol Agonist FDA/EMA 
Boehringer 

Ingelheim 

Levalbuterol Agonist FDA/EMA Sunovion 

Salbutamol 

(Albuterol) 
Agonist FDA/EMA 

GSK 

LABAs  

Formoterol Agonist FDA/EMA Dey, L.P 

Salmeterol Agonist FDA/EMA GSK 

ULABAs  

Indacaterol Agonist FDA/EMA Novartis 

Vilanterol Agonist FDA/EMA GSK 

ULAMAs  Tiotropium Antagonist FDA/EMA 
Boehringer 

Ingelheim 

ICS GR 

Beclomethasone 

dipropionate 
Agonist FDA/EMA 

Teva 

Budesonide Agonist FDA/EMA AstraZeneca 

Ciclesonide Agonist FDA/EMA Nycomed 

Fluticasone 

propionate/furoate 
Agonist FDA/EMA 

Teva 

Triamcinolone 

acetonide 
Agonist 

Under 

development 

Kos 

GR Betamethasone Agonist FDA/EMA Teva 
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Systemic 

CS 

Deflazacort Agonist FDA/EMA Marathon 

Hydrocortisone Agonist FDA/EMA 
Pharmacia & 

Upjohn 

Methylprednisolon

e 
Agonist FDA/EMA 

Pfizer 

Prednisone Agonist FDA/EMA 
Shionogi 

Pharma, Inc. 

 PI3K/p110δ 
Nemiralisib/GSK22

69557 
Inhibitor 

Under 

development 

GSK 

 
pan‐JAK(JAK1,2,3 

and Tyk2) 
VR588 Inhibitor 

Under 

development 

Vectura 

 GATA‐3 SB010 DNAzyme 
Under 

development 

Sterna 

biologicals 

GmbH & Co. 

KG 

 Mast cell stabilizer Nedocromil Inhibitor 
Under 

development 

Pfizer 

 
c‐KIT, PDGFRA 

and PDGFRB 
Imatinib Inhibitor 

Under 

development 

Novartis 

 PDE4 Ibudilast Inhibitor 
Approved in 

Japan 

Kyorin 

 PDE3/4 RPL554 Inhibitor 
Under 

development 

Verona 

 

5‐

lipoxygenase/ALO

X5 

Zileuton Inhibitor FDA 

Chiesi 

ADRB2, β2‐adrenoreceptor; ALOX5, arachidonate 5‐lipoxygenase; CS, 

Corticosteroids; c‐KIT, CD117/stem cell growth factor receptor/tyrosine‐

protein kinase; CRTH2, Chemoattractant receptor homologous molecule 

expressed on T2 cells; CXCR2, interleukin 8 receptor; CysLTR1, cysteinyl 

leukotriene receptor 1; DP2, Prostaglandin D2 receptor 2; EMA, European 

Medicines Agency; FDA, Food and Drug Administration; GATA‐3, GATA 

binding protein 3; GR, Glucocorticoid receptor; ICS, Inhaled Corticosteroids; 
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IgE, Immunoglobulin E; IL, Interleukin; IL‐4Rα, interleukin 4 receptor α chain; 

JAK, Janus kinase; LABAs, Long-Acting Beta Agonists; LTRAs, leukotriene 

receptor antagonists; p110δ, PI3K catalytic subunit delta; PDE, 

phosphodiesterase; PDGFRA, platelet-derived growth factor receptor alpha; 

PDGFRB, platelet-derived growth factor receptor beta; PI3K, phosphoinositide 

3‐kinase; SABAs, Short-acting beta-agonists; TSLP, Thymic stromal 

lymphopoietin; Tyk2, Tyrosine kinase 2; ULABAs, Ultra-long-acting beta-

agonists; ULAMAs, ultra-long-acting muscarinic agonists. Adapted from Roth-

Walter et al. (2019). 

 

1.4.3 Approved biologic therapies 

As the understanding of the pathophysiology of asthma has improved over the 

past decade, the management of asthma is now shifting toward a 

personalized treatment strategy (McGregor et al. 2019). When developing 

personalized treatment strategy for a patient with asthma, doctors should take 

into account both patient-specific characteristics as well as the underlying 

endotype, rather than solely relying on disease severity (McGregor et al. 

2019). As mentioned above, there are two specific endotypes, T2-high and 

T2-low, that are defined based on their distinct inflammatory characteristics, 

such as the expression of IL-4, IL-5, and IL-13. Based on this concept, it is 

important to distinguish the endotypes when considering biologic therapy. Up 

till now, the majority of the biologic therapies that have been approved or 

under development for asthma target inflammatory mediators that have been 

found to increase predominantly in patients with T2-high or 

eosinophilic asthma and shown promising results specifically (Castro et al. 

2011; Castro et al. 2014; Normansell et al. 2014; Ortega et al. 2014; Wenzel 

et al. 2016). Nowadays, there are six biologics, omalizumab (anti-IgE), 

benralizumab (anti-IL5R), mepolizumab and reslizumab (anti-IL5), dupilumab 

(anti-IL4 receptor α) and Tezepelumab (anti-TSLP), which have been 

approved as add-on treatment by subcutaneous (SC) injection for moderate to 

severe asthma with T2-high phenotype (Global Initiative for Asthma 2023). 

 

 

1.4.3.1 Anti-IgE antibodies 
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IgE was the first therapeutic target biologic being used for the treatment of 

asthma. Studies using recombinant humanized monoclonal anti-IgE 

antibodies have demonstrated efficacy in allergic asthma to reduce asthma 

exacerbations and responses to inhaled allergen, including moderate-to-

severe allergic asthma (Boulet et al. 1997; Fahy et al. 1997; Fahy et al. 1999; 

Milgrom et al. 1999; Busse et al. 2001; Milgrom et al. 2001; Solèr et al. 2001; 

Vignola et al. 2004; Van Rensen et al. 2009; Busse et al. 2011; Corren et al. 

2011b; Hanania et al. 2011). However, due to the costs of anti-IgE antibodies, 

the route of administration (SC) and frequency of administration (1-2 times per 

month), and also the unpredictability in patients’ responses, usages of anti-

IgE antibodies were limited (Fajt and Wenzel 2014). Anti-IgE antibody 

omalizumab, a recombinant humanised IgG1 monoclonal antibody, has been 

approved as an add-on treatment by SC injection for allergic asthma (Global 

Initiative for Asthma 2023). Omalizumab binds to the Fc part of free IgE to 

form complexes with free IgE, preventing the binding of IgE to FcƐR1 

receptors, thus blocking the interaction between IgE and effector cells 

(Thomson and Chaudhuri 2011). Omalizumab has been shown to reduce 

serum concentrations of free IgE and eosinophilic airway inflammation; 

however, effects on airway wall structural remodelling and airway 

hyperresponsiveness are less clear (Milgrom et al. 1999). In a meta-analysis 

of RCTs in severe allergic asthma, omalizumab decreased severe 

exacerbations, and improved quality of life (Agache et al. 2020). The adverse 

effects associated with omalizumab include injection site reactions and 

anaphylaxis (Normansell et al. 2014). 

 

1.4.3.2 Anti-IL-5 antibodies 

IL-5 is a type 2 cytokine that is responsible for the maturation, proliferation, 

activation, and migration of eosinophils (Pelaia et al. 2019). Since most of the 

allergic asthmatics present with eosinophilia, monoclonal antibodies targeting 

IL-5, the cytokine play an important role in this process, may be effective in 

this population. Studies targeting anti-IL-5 have shown efficacy in reducing 

asthma exacerbations (Haldar et al. 2009) , blood and sputum eosinophils 

(Leckie et al. 2000; Flood-Page et al. 2003; Flood-Page et al. 2007), 

improving lung function and asthma control (Castro et al., 2011),however, 



PAGE 51 OF 222 

there were less or even no effects on the tissue eosinophils and fraction of 

exhaled nitric oxide (FeNO) (Haldar et al. 2009). There were also some 

effects on asthma quality of life and airway wall thickening, but with no effect 

on the other asthma-associated outcomes, such as the forced expiratory 

volume in one second (FEV1), symptom scores, daily β-agonist use and 

airway hyperresponsiveness (Leckie et al. 2000; Flood-Page et al. 2003; 

Flood-Page et al. 2007). Additionally, a recent study from Oxford University 

showed the priming and activation of eosinophils in severe eosinophilic 

asthma are reversed by mepolizumab (Luo et al. 2024). Anti-IL5 antibodies 

mepolizumab and reslizumab as well as anti-IL5R antibody benralizumab 

have been approved as add-on treatment by SC injection for eosinophilic 

asthma (Global Initiative for Asthma 2023). Mepolizumab and reslizumab 

have been shown to reduce serum eosinophils through binding to IL-5 and 

interfering with its ligation to the IL-5 receptor on eosinophils and basophils 

(Farne et al. 2017). Benralizumab has also been shown to be effective in 

reducing serum eosinophil counts through binding to IL-5 receptor alpha 

subunit to inhibit its activation, leading to apoptosis of eosinophils (Busse et 

al. 2010; Castro et al. 2014). 

 

1.4.3.3 Anti-IL-4/13 antibodies 

Among the cytokines that contribute to the pathogenesis of asthma, IL-4 and 

IL-13 are two important cytokines involved in the production of IgE, mucus 

hypersecretion, airway hyperresponsiveness, and airway inflammation 

(Grünig et al. 1998; Wills-Karp et al. 1998; Webb et al. 2000; Izuhara et al. 

2002; Bloemen et al. 2007). IL-4 and IL-13 share many biological functions 

because they can both function through IL-4 receptor α chain (IL-4Rα) 

(Rolling et al., 1996), so drugs targeting a single cytokine or the IL-4Rα to 

affect the downstream signals for both cytokines are being developed (Corren 

et al. 2009; Wenzel et al. 2013). Results of studies using these drugs showed 

some effect on IgE production, FEV1 improvement, reduction in β-agonist use 

and FeNO levels, but without effects on any other asthma outcomes, and the 

effects seem to be more obvious in mild, atopic asthmatics with significant 

blood eosinophilia (Chibana et al. 2008; Corren et al. 2010; Corren et al. 

2011a; Gauvreau et al. 2011; Slager et al. 2012; Piper et al. 2013). An anti-
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IL4 receptor α antibody dupilumab has been approved as an add-on treatment 

by SC injection for eosinophilic asthma (Global Initiative for Asthma 2023), 

which is a fully humanized monoclonal antibody binding to IL-4 receptor 

alpha, therefore blocking both IL-4 and IL-13 signalling (Ricciardolo et al. 

2021). In a meta-analysis of RCTs in patients with uncontrolled severe 

asthma, anti-IL4Rα reduced severe exacerbations and improved quality of life, 

symptom control and lung function (Agache et al. 2020). Potential predictors 

of asthma response to dupilumab include higher blood eosinophils and higher 

FeNO (Castro et al. 2018). 

 

1.4.3.4 Anti-TSLP antibodies 

Thymic stromal lymphopoietin (TSLP) is primarily released by bronchial 

epithelial cells after epithelial cell damage in response to various triggers such 

as allergens, viruses, bacteria, pollutants, and smoke during the initial stages 

of inflammatory pathways in asthma (Comeau and Ziegler 2010; Gauvreau et 

al. 2020a). TSLP plays a crucial role in stimulating Th2 cells as well as ILC2s 

to produce Th2 cytokines, including IL-4, IL-5 and IL-13, which are integral to 

both innate and adaptive immune responses in asthma (Kitajima et al. 2011; 

Gauvreau et al. 2020a). Given its involvement in the initiation and persistence 

of inflammatory pathways in asthma, targeting TSLP has the potential to be a 

promising treatment for treating inflammation in asthma (Comeau and Ziegler 

2010; Gauvreau et al. 2020a). Tezepelumab, a human monoclonal antibody 

(IgG2λ) that can bind to TSLP, has been approved as an add-on treatment by 

SC injection for severe asthma (Global Initiative for Asthma 2023). Results of 

recently published phase 2 and 3 studies showed that tezepelumab reduced 

severe exacerbations, and improved lung function, symptom control and 

quality of life (Corren et al. 2017; Menzies-Gow et al. 2021). Potential 

predictors of asthma response to anti-TSLP include higher blood eosinophils 

and higher FeNO levels (Menzies-Gow et al. 2021). 

 

Since the above biologics target a single mediator or receptor, they might be 

effective in some patients with specific asthma phenotypes; further studies on 

this topic are necessary to find the asthma phenotype and endotype that may 

respond to these biologic therapies. Considering they are unlikely to have a 
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major clinical impact in non-phenotypic asthmatics, recent studies have 

focused on finding new therapeutic targets for asthma. In addition, 

considering the administration route of subcutaneous injection, the cost of 

these biologics is high and associated with notable side effects such as 

injection site reactions and anaphylaxis, thus limiting their use in asthma 

patients (Global Initiative for Asthma 2023). Considering all these together, 

studies finding new innovative and creative small molecule drugs remain 

significantly attractive to researchers. 

 

1.5 The role of interlukin-33 in asthma pathogenesis 

Airway epithelial cells can secrete various cytokines to participate in the 

immune response and regulation of asthma after being stimulated by 

allergens or pathogenic microorganisms, including IL-33 which attracted the 

researchers to develop the new drug targeting it. IL-33 was first identified in 

2005 as a new member of the IL-1 cytokine superfamily, which is a potent 

initiator of T helper type 2 polarization, and can activate mast cells, 

lymphocytes, eosinophils and other cells to produce Th2 cytokines, thus play 

an important role in inflammation, infection, and autoimmune diseases 

(Schmitz et al. 2005). After the epithelial barrier injury, IL-33 is released and 

binds to its receptor suppression of tumorigenicity 2 (ST2) in a number of cells 

that express ST2, such as ILC2 cells, subgroup of Th2 cells, eosinophils, 

mast cells, etc. IL-33 induces NF-κB phosphorylation and MAPK activation 

and Th2 cytokine production, eosinophilia, and increases levels of serum IgA 

and IgE after binding with ST2+ cells, thus participating in the process of 

allergic diseases (Schmitz et al. 2005). Previously, IL-33 was found to be 

highly expressed in the serum, sputum and lung tissues of asthma patients, 

among which IL-33 expression in severe asthma patients increases more 

significantly (Préfontaine et al. 2009; Liew et al. 2010; Lloyd 2010). In 

addition, IL-33 can promote the synthesis of collagen by fibroblasts of children 

with severe steroid-resistant asthma (SRA), indicating that IL-33 also plays a 

role in airway remodelling (Olin and Wechsler 2014). 

 

Ovalbumin (OVA) induced asthma model is a classic animal model of allergic 

asthma, in which airway hyperresponsiveness, eosinophil infiltration, airway 
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remodelling as well as other common human asthma pathological changes 

can be recapitulated in the mouse (Yu and Chen 2018). In a study conducted 

by Yan Li, the authors directly compared the pathological changes in murine 

models of asthma induced with OVA and IL-33, indicating that as compared to 

OVA, IL-33 induced a later, more severe asthma phenotype as well as more 

neutrophilic inflammation (Li et al. 2015), which is like events observed in the 

later onset of asthmatics. There are also other studies showing that bronchial 

epithelial cells, vascular endothelial cells, and human lung fibroblasts all 

express IL-33R (ST2) (Brown et al. 1993; Yagami et al. 2010; Fujita et al. 

2012). Therefore, these observations indicate that IL-33 may be involved in 

asthma airway remodelling by acting on the above structural cells. 

 

1.6 G protein-coupled receptors as novel drug targets for asthma 

G protein-coupled receptors (GPCRs) are a class of cell surface membrane 

receptors involved in many cellular signal transduction processes (Wendell et 

al. 2020). GPCRs consist of an extracellular N-terminus, seven 

transmembrane alpha-helices (TM-1 to TM-7), which are linked via three 

extracellular (EL-1 to EL-3) and three intracellular loops (IL-1 to IL-3), and an 

intracellular C-terminus (Figure 9) (Gacasan et al. 2017). Upon binding of an 

activating ligand to the receptor's extracellular domain, GPCRs undergo 

conformational changes, resulting in the activation of intracellular signaling 

pathways through heterotrimeric G proteins (Tuteja 2009). It has been known 

that GPCRs play a crucial role in most cellular responses to different triggers, 

including hormones, neurotransmitters, and other environmental factors, thus 

constitute the largest family of drug targets in humans (Rosenbaum et al. 

2009; Katritch et al. 2013; Fasciani et al. 2022). 
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Figure 9. Schematic of the classical G protein-coupled receptor.  

GPCRs consist of an extracellular N-terminus, a transmembrane part (seven 

alpha-helices (TM-1 to TM-7), connected by three extracellular (EL-1 to EL-3) 

and three intracellular loops (IL-1 to IL-3) and an intracellular C-terminus. 

Image taken from Gacasan et al. (2017) 

 

GPCRs have emerged as novel drug targets for asthma due to their pivotal 

role in mediating airway inflammation and bronchoconstriction, key 

pathological features of the disease. These receptors are expressed on 

diverse cell types involved in the pathogenesis of asthma, such as airway 

smooth muscle cells, immune cells (including mast cells, eosinophils, and T 

cells), and epithelial cells (Wendell et al. 2020). For example, GPCRs on 

airway smooth muscle cells play a prominent role in regulating 

bronchoconstriction, while GPCRs on immune cells can modulate 

inflammation and immune responses. Additionally, GPCRs expressed on 

epithelial cells can influence mucus production and airway remodelling 

(Billington and Penn 2003; Patel et al. 2020). Several current medications 

have been used for the treatment of asthma through targeting GPCRs, 

including the β2-adrenergic receptor (LABA, SABA), leukotriene receptors 

(montelukast, pranlukast and zafirlukast) and muscarinic acetylcholine 
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receptors (SAMA, LAMA) (Global Initiative for Asthma 2023). By modulating 

GPCR activity, these drugs aim to mitigate airway inflammation, 

bronchoconstriction, and other pathological processes associated with 

asthma, ultimately providing more effective and personalized treatment 

options for patients. Furthermore, the therapeutic potential of targeting 

GPCRs in asthma is under investigation, including prostaglandin D2 

receptors, histamine receptors, chemokine receptors, and adenosine 

receptors (Wendell et al.,2020). Recently, our group has identified the 

extracellular Calcium-Sensing Receptor (CaSR) as a novel potential drug 

target for asthma (Yarova et al. 2015). 

 

1.7 The extracellular Calcium-Sensing Receptor 

The calcium-sensing receptor is a member of the C family of GPCR, which in 

humans is 1,078 amino acids long (Brown et al. 1993; Garrettt et al. 1995). It 

was first identified in bovine parathyroid glands by Brown et al in 1993 (Brown 

et al. 1993), since then, it enhanced our understanding of the pivotal role of 

extracellular free ionised calcium ([Ca2+]o) homeostasis in health and disease 

(Pollak et al. 1993; Pollak et al. 1994a; Pollak et al. 1994b; Pearce et al. 1995; 

Brown and Macleod 2001; Thakker 2004; RV 2012). Genetic mutations in the 

CASR gene in humans are associated with diseases such as familial 

hypocalciuric hypercalcaemia (FHH), hyperparathyroidism (HPT) and 

autosomal dominant hypocalcaemia (ADH) (Brown et al. 1993; Brown et al. 

1995; Chikatsu et al. 2003; Miyashiro et al. 2004; Waller et al. 2004). 

The CaSR is widely expressed in tissues involved in extracellular calcium 

homeostasis, including thyroid, parathyroid, kidney, intestine, and bone 

(Brown and Macleod 2001). Studies have shown that the main CaSR function 

is in extracellular calcium ion homeostasis through the regulation of 

parathyroid hormone (PTH) release (Brown et al. 1993; Riccardi and Brown 

2010). When the extracellular free ionised calcium concentration increases, 

CaSR is activated, which then leads to an inhibition of PTH release (Brown et 

al. 1993; Conigrave and Ward 2013; Conigrave 2016). Patients with FHH and 

HPT have reduced sensitivity to [Ca2+]o due to CaSR inactivating mutations 

leading to loss of function, while patients with ADH have increased sensitivity 

to extracellular calcium due to CaSR activating mutations (Chibana et al. 
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2008; Slager et al. 2012; Piper et al. 2013). CaSR expression was first 

identified and is of greatest expression in the parathyroid glands as a 

regulator of PTH secretion, but the CaSR is also found in the other key organs 

that participate in calcium homeostasis:calcitonin-secreting C-cells of the 

thyroid gland, kidney, gut and bone (Brown and Macleod 2001). In addition, 

CaSR is also expressed in various organs that are not generally considered to 

be involved in extracellular calcium metabolism, such as the brain, pancreas, 

pituitary, bone marrow, skin, breast, testis, placenta, heart and vascular 

smooth muscle (Riccardi et al. 1995; Cheng et al. 1998; Cheng et al. 1999; 

Wonneberger et al. 2000; Tennakoon et al. 2016; Hannan et al. 2018; Das et 

al. 2020; Ranieri et al. 2023). It has also been shown that the CaSR plays 

roles outside divalent mineral ion homeostasis, and involves in the regulation 

of cell differentiation, proliferation, chemotaxis, apoptosis, gene expression, 

aging, etc (Lin et al. 1998; Brown and Macleod 2001; Ba and Friedman 2004; 

Brown 2007). The primary physiological ligand of CaSR is free ionised 

extracellular calcium (Ca2+ o), however, CaSR can also be activated by many 

other molecules with a lower affinity, such as other divalent cations Mg2+, 

Ba2+, Mn2+, Ni2+, Sr2+ and trivalent cations La3+ and Gd3+, polyamines and L-

amino acids (Brown and Macleod 2001). 

CaSR exerts its effects by activating multiple signaling pathways, including 

Gαq/11, Gαi/o, Gα12/13 and Gαs (Figure 11). The primary signaling pathway 

associated with CaSR is its coupling to Gαq/11, which stimulates 

phospholipase C (PLC)-β to hydrolyze phosphatidylinositol 4,5-bisphosphate, 

generating the second messengers inositol trisphosphate (IP₃) and 

diacylglycerol (DAG) (Brown et al. 1993; Chang et al. 1998). CaSR activation 

of Gαi/o proteins suppresses adenylate cyclase activity, leading to a reduction 

in intracellular cAMP levels (Chang et al. 1998; Kifor et al. 2001). Additionally, 

in certain cell types, CaSR has been reported to couple with Gα12/13 

proteins, leading to the activation of the Rho family of GTPases, which are 

pivotal in cytoskeletal reorganization and cell motility(Huang et al. 2004). 

CaSR coupling to Gαs leads to an increase in intracellular cAMP levels, which 

activates protein kinase A (PKA) and promotes the release of parathyroid 

hormone-related protein (PTHrP) in both immortalized and malignant breast 

cells, as well as in the AtT-20 pituitary-derived cell line (Mamillapalli et al. 
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2008; Mamillapalli and Wysolmerski 2010). In addition to the pathways 

mentioned above, CaSR can also activate the mitogen-activated protein 

kinase (MAPK) pathway through various G protein-dependent and -

independent mechanisms. This activation leads to the phosphorylation of key 

proteins involved in cell proliferation, differentiation, and survival (Brown et al. 

1993). Furthermore, CaSR has been shown to influence the regulation of ion 

channels and transporters, particularly in the kidneys and parathyroid glands, 

thereby contributing to calcium homeostasis (Chang et al. 1998; Kifor et al. 

2001). The downstream pathways of CASR are illustrated in Figure 10. 

 

Figure 10. CaSR downstream pathways.  

The CaSR activates a variety of signaling pathways. In many cell types, CaSR 

primarily signals through G-protein alpha subunits Gαq/11, which stimulate 

phospholipase C (PLC), leading to an increase in intracellular calcium levels 

and the activation of mitogen-activated protein kinase (MAPK). It also couples 

with G-protein alpha subunits Gαi/o to inhibit adenylate cyclase (AC), resulting 

in a reduction in cyclic adenosine monophosphate (cAMP) levels. Additionally, 

the Gα12/13 pathway involves the activation of Rho GTPases, which regulate 

cytoskeletal dynamics and cell movement, as well as the activation of 
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phosphatidylinositol 4-kinase (PI4K), which plays a key role in regulating 

membrane trafficking and various signaling processes. AC, adenylate cyclase; 

ADIS, agonist-driven insertional signaling; AP2, adaptor-related protein 

complex-2; β-Arr, β-Arrestin; CaM, calmodulin; DAG, diacylglycerol; EGFR, 

epidermal growth factor receptor; ER, endoplasmic reticulum; IP3, inositol 

1,4,5-trisphosphate; MAPK, mitogen-activated protein kinase; PI3K, 

phosphatidylinositol 3-kinase; PI4K, phosphatidylinositol 4-kinase; PLC, 

phospholipase C; PLA2, phospholipase A2; PLD, phospholipase D; PKC, 

protein kinase C. Image taken from Leach et al (2020). 

 

1.7.1 CaSR-based therapeutics 

Due to its broad expression across various tissues and cells involved in 

extracellular calcium homeostasis and associated disorders, the development 

of CaSR-based therapeutics has been widely studied and successfully 

applied in clinical settings to manage disorders related to mineral ion 

metabolism, characterized by changes in CaSR expression or function. 

CaSR-based therapeutics include positive allosteric modulators 

(“calcimimetics”) (Nemeth et al. 1998) and negative allosteric modulators 

(“calcilytics”) (Gowen et al. 2000). The positive allosteric modulators of CaSR 

can restore the function of CaSR and several studies demonstrated the 

efficacy of calcimimetics in treating secondary hyperparathyroidism in patients 

receiving hemodialysis during end-stage kidney disease (Antonsen et al. 

1998; Goodman et al. 2002; Block et al. 2004; Ohashi et al. 2004). The CaSR 

agonist, cinacalcet hydrochloride, stimulates the function of CaSR in an 

allosteric manner and has been approved for many years for the treatment of 

secondary hyperparathyroidism and hypercalcaemia in patients with 

parathyroid cancer. Goodman et al (Goodman 2001)and Peacock et al 

(Peacock et al. 2005) reported cinacalcet hydrochloride also shows efficacy in 

primary hyperparathyroidism (PHTP), and is recommended by 

hyperparathyroidism (primary) NICE guideline to be considered for patients 

with primary hyperparathyroidism whose albumin-adjusted serum calcium 

level is 2.85 mmol/L or above with symptoms of hypercalcaemia or 3.0 

mmol/L or above even without symptoms of hypercalcaemia if surgery has 

been unsuccessful, is unsuitable or has been declined (Jawaid and Rajesh 
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2020). The second and third-generation calcimimetics e.g. etelcalcetide, 

evocalcet have demonstrated efficacy in reducing PTH levels as well as 

phosphorus and calcium levels within a relatively short time period in several 

studies (Block et al. 2017; Akizawa et al. 2018; Fukagawa et al. 2018; Jena 

Patel and Mary Barna Bridgeman 2018; Pereira et al. 2018; Akizawa et al. 

2020) and thus received their approval for dialysis patients with secondary 

hyperparathyroidism recently. 

 

In addition, previous studies showed that CaSR can promote the proliferation 

and differentiation of osteoblasts (Dvorak et al. 2004; Yamaguchi and 

Sugimoto 2007) and osteoclast apoptosis (Mentaverri et al. 2006), thus 

promoteing bone remodelling in bone microenvironments, supporting the 

CaSR agonist strontium ranelate being used in postmenopausal osteoporotic 

women (Doublier et al. 2013). Due to their ability to evoke short, sharp 

changes in plasma PTH, a known bone anabolic stimulus, the negative 

allosteric modulators of CaSR (CaSR NAMs), also known as calcilytics, have 

been initially developed as potential novel therapeutic agents for age-related 

osteoporosis and their clinical utility was being assessed in clinical trials, but 

their development in treating this condition has been suspended due to lack of 

efficacy (Gowen et al. 2000; Ward and Riccardi 2012; Nemeth and Goodman 

2016) (Figure 11, Table 3). Recently JTT305 (Encaleret) is being repurposed 

for the treatment of autosomal dominant hypocalcemia type 1 (ADH1) due to 

activating mutations in the CASR gene. A Phase 2 clinical trial 

(ClinicalTrials.gov number, NCT04581629) in 13 participants with ADH1 

concluded that encaleret restored blood and urine calcium levels, increased 

mean blood levels of intact PTH, magnesium, and 1,25-dihydroxyvitamin D, 

decreased phosphorus levels and tubular reabsorption of phosphate, thus 

restored physiologic mineral homeostasis (Gafni et al. 2023). A Phase 3 study 

(ClinicalTrials.gov number, NCT05680818) compared Encaleret to standard-

of-care in ADH1 subjects is ongoing. 
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Figure 11. Structures of calcilytics with known human safety and 

tolerability.  

NPSP-795, Ronacaleret, and JTT-305 are amino alcohols that all derived 

from the same amino-alcohol lead structure SB-222338. Ronacaleret and 

NPSP-795 were codeveloped by NPS Pharmaceuticals with GlaxoSmithKline, 

with Ronacaleret derived from a modification of the aromatic substitution 

group of NPSP-795, with improvement of oral exposure. JTT-305 was 

codeveloped by Japan Tobacco in collaboration with Merk Sharp& Dohme 

(MSD), with the introduction of methyl group ortho to the COOH unit improved 

in vivo potency. Novartis first developed 2 quinazolin-2-one derivatives 

ATF936 and AXT914 to be tested in clinical trials which are associated with 

good bioavailability and exposure levels. However, AXT914 was finally 

selected in future development of a market formulation based on its superior 

solubility properties in microemulsion preconcentrates. Image taken from 

Widler (2011). 
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Table 3. Potential calcilytics to be repurposed as inhaled drugs for 

asthma which previously developed for systemic use in ADH1 and 

osteoporosis tested in clinal trials. 
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Code MW 

(g/mol) 

Company Development 

stage 

NPSP-795/SB-

423562 

(amino-alcohol) 

NPSP790/ SB-

423557 

(ester pro-drug) 

 

 

 

 

NPSP-795/SHP635 

(amino-alcohol) 

 

436.5 NPS/GSK 

(osteoporosis) 

 

 

 

 

 

 

NPS (ADH1) 

 

Phase I (Kumar et 

al. 2010)(n=28; 

i.v.; 2 study 

sessions, seven 

days apart) 

(n=50; oral; > 2 

study sessions, 

seven days apart) 

 

Phase II (Roberts 

et al. 2019) (n=7; 

17 days; i.v.) 

Ronacaleret/SB- 

751689 

(amino-alcohol) 

447.5 GSK 

(osteoporosis) 

 

Phase II 

(Caltabiano et al. 

2013) (n=569; 

12 months; oral) 

JTT-305/MK-5442; 

Encaleret (amino 

alcohol) 

514 Japan 

Tobacco/Merck 

(osteoporosis) 

Phase II (Cosman 

et al. 

2016)(n=526; 

12 months; oral) 

AXT914 

(quinazolin-2-one) 

 

487.4 Novartis 

(osteoporosis) 

 

Phase II (John et 

al. 2014) (n=105; 

4 weeks; oral) 

ATF936 

(quinazolin-2-one) 

 

482.6 Novartis 

(osteoporosis) 

 

Phase I (John et 

al. 2011) (n=14; 

7 weeks; oral) 

Details of the compound code, molecular weight (MW), developing company 

as well as the details of the clinical trials, including number of patients, stages 
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of development, route of administration and duration of the trials. 

i.v.,intravenous, Adapted from Yarova et al. (2021). 

 

1.7.2 The role of CaSR in asthma pathogenesis 

Since the CaSR can be activated by various polycations and polycation 

precursors known to be released by inflammatory cells, including those 

involved in the inflammatory infiltration of the airways in asthma (Kurosawa et 

al. 1992; Maarsingh et al. 2008), previously we demonstrated for the first time 

that the CaSR can be activated by substances produced by neutrophils and 

eosinophils, such as arginine metabolites, spermine, spermidine, and the 

eosinophil-derived cationic proteins (Yarova et al. 2015). Also, our laboratory 

has previously demonstrated that the CaSR is present in human and mouse 

airway epithelium, smooth muscle and inflammatory cells involved in the 

development of inflammation of the airways in asthma such as T lymphocytes, 

eosinophils, and that its expression increased during asthma (Yarova et al. 

2015). In addition, unpublished data from my colleague Mansfield showed that 

the CaSR is present in monocytes, dendritic cells, macrophages and ILC2 

(manuscript in progress). We have also shown that activation of CaSR in the 

airways drives airway hyperresponsiveness, inflammation and remodelling, 

which are the major characteristics of asthma (Yarova et al. 2015; Yarova et 

al. 2021). Using in vivo murine models of asthma, we were also able to show 

that all of these effects could be prevented by inhaled calcilytic (Yarova et al. 

2015). In addition, in a lipopolysaccharide (LPS)-induced COPD-like animal 

model, a model for steroid-resistant inflammatory lung disease, inhalation of 

the calcilytic, NPS98636 for nine days commencing after the fifth LPS 

exposure significantly reduced LPS-induced total leukocyte counts, as well as 

neutrophil, eosinophil, and lymphocyte infiltration into airways and interstitial 

wall thickening of LPS-treated animals (Yarova et al. 2016).  

 

1.8  Hypothesis 

Based on the previous results published by us and others, i.e., 1) the CaSR is 

expressed in airways cells, which increases during asthma, 2) the inhaled 

calcilytic can inhibit steroid-resistant inflammation in LPS-induced COPD-like 

animal model and 3) IL-33 contributes to the pathogenesis of severe, steroid-
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resistant asthma with a predominantly neutrophilic inflammatory profile 

compared to the eosinophilic inflammation of mild or allergic asthma 

(Préfontaine et al. 2009; Liew et al. 2010; Lloyd 2010), I hypothesized that the 

application of inhaled calcilytic is effective in both allergic asthma and IL33-

driven asthma. To test this hypothesis, I selected the best available calcilytic 

inhalators amongst those that have been previously tested in patients for 

osteoporosis, and then went on to test its effects against the current standard 

of care, fluticasone propionate, in a Th2/IgE asthma model; subsequently, I 

went to the laboratory of Prof Ying at CMU to set up two parallel models of 

OVA and IL-33-induced asthma to compare the efficacy of inhaled calcilytic in 

these two models. 

 

1.9 Thesis aims and objectives 

The overall aims of my thesis are as follows: 

1) To select the best available calcilytic suitable for inhalation; 

2) To test inhaled calcilytic against current standard-of-care (SoC); 

3) To test efficacy in both OVA- and IL-33-induced asthma models. 
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Chapter II Methods 

2.1 Materials and Equipment 

The following list is a summary table of reagents, equipment, software and 

their manufacturers I used during my PhD studies. 

REAGENT MANUFACTURER 

Congo red stain Beijing Solarbio Technology Co Ltd, 

Beijing, China 

Red Blood Cell Lysis Buffer  Beijing Solarbio Technology Co Ltd, 

Beijing, China 

Haematoxylin Solution, Harris 

Modified 

Sigma-Aldrich, Missouri, United 

States 

Eosin1 Sigma-Aldrich, Missouri, United 

States 

Hematoxylin2 Zhongshan Golden Bridge 

Biotechnology Co., Ltd, Beijing, 

China 

Eosin2 Zhongshan Golden Bridge 

Biotechnology Co., Ltd, Beijing, 

China 

Masson stain Nanjing 

Mindit Biochemistry Co Ltd, Nanjing, 

China 

AB-PAS stain Beijing Yi Li Fine Chemistry Co Ltd, 

Beijing, China 

Paraffin with low melting point Beijing Chemical Reagent Co., Ltd, 

Beijing, China  

Paraffin with high melting point Beijing Chemical Reagent Co., Ltd, 

Beijing, China  

Ethanol Beijing Chemical Co., Ltd, Beijing, 

China 

Paraformaldehyde Beijing Chemical Reagent Co., Ltd, 

Beijing, China  
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Pentobarbital sodium Sigma-Aldrich, Missouri, United 

States 

Ovalbumin (Experiment in China) Sigma-Aldrich, Missouri, United 

States 

Aluminium hydroxide Sigma-Aldrich, Missouri, United 

States 

Methacholine Sigma-Aldrich, Missouri, United 

States 

Mouse IL-33 Recombinant Protein R&D Systems, Minneapolis MN, 

USA 

Mouse IL-5 ELISA kit  Invitrogen, Carlsbad, CA, USA 

Mouse IL-13 ELISA kit  Invitrogen, Carlsbad, CA, USA 

Mouse IL-6 ELISA kit  Invitrogen, Carlsbad, CA, USA 

Mouse TNF-α ELISA kit  Invitrogen, Carlsbad, CA, USA 

Gibco™ PBS, pH 7.4, 500 mL Thermo Fisher Scientific, Paisley, 

UK 

Phosphate Buffer, PBS  HyClone Laboratories, logan, UT, 

USA 

NaH2PO4  Sinopharm Chemical Reagent Co., 

Ltd, Beijing, China 

Na2HPO4  Sinopharm Chemical Reagent Co., 

Ltd, Beijing, China 

Citrate  Zhongshan Golden Bridge 

Biotechnology Co., Ltd, Beijing, 

China 

Tris  Ameresco, Framingham, 

Massachusetts, USA 

Triton X-100  Beijing Solarbio Technology Co Ltd, 

Beijing, China 

Neutral Balsam  Zhongshan Golden Bridge 

Biotechnology Co., Ltd, Beijing, 

China 



PAGE 68 OF 222 

Dimethylbenzene Sinopharm Chemical Reagent Co., 

Ltd, Beijing, China 

Protease inhibitor cocktail  Roche Diagnostics GmbH, 

Mannheim, Germany 

Glycine  Sigma-Aldrich, Beijing, China 

NaOH  Sinopharm Chemical Reagent Co., 

Ltd, Beijing, China 

NaCl  Sinopharm Chemical Reagent Co., 

Ltd, Beijing, China 

Methacholine 1 Sigma, Poole, UK 

Methacholine 2 Sigma-Aldrich, Beijing, China 

Fluticasone propionate Sigma, Poole, UK 

Leishman's solution Fisher Scientific UK, Loughborough, 

UK 

NPS 2143 hydrochloride Sigma, Poole, UK 

0.9% Sodium chloride solution Sigma, Poole, UK 

TWEEN 80 Sigma, Poole, UK 

Ovalbumin VWR International, Leicestershire, 

UK 

  

EQUIPMENT MANUFACTURER 

Capillary Blood Collection Tube Fisher Scientific UK, Loughborough, 

UK 

Polypropylene 100 Place Slide Box Fisher Scientific UK, Loughborough, 

UK 

Fiberboard Storage Boxes Thermo Fisher Scientific, Paisley, 

UK 

Adventurer balance Ohaus, New Jersey, United States 

Bright Line Counting Chamber CellPath, Powys, United Kingdom 
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Micropipette Eppendorf AG, Hamburg, Germany 

Multipette Eppendorf AG, Hamburg, Germany 

Freezer Thermo Fisher Scientific, Waltham, 

MA, USA 

HYC-360 Fridge Qingdao Haier Company Limited, 

Qingdao, China 

Forma 700 Series UItra Low 

Temperature Upright Freezer 

Thermo Fisher Scientific, Waltham, 

MA, USA  

MDF-U50V Fridge SANYO, Osaka, Japan 

Clean Bench Tianjin Taisite Instrument Co., Ltd, 

Tianjin, China 

1300 SERIES A2 Biosecurity cabinet Thermo Fisher Scientific, Waltham, 

MA, USA  

Inverted Microscope Nikon, Tokyo, Japan 

Optical microscope Nikon, Tokyo, Japan 

FlexiVent small animal ventilator 

system 

Scireq Inc., Montreal, Canada 

EnSpire Multimode Plate Reader Perkin Elmer, Waltham, MA, USA 

3K-15 Centrifuge Sigma-Aldrich, Beijing, China 

MicroCL21 mini Microcentrifuge Thermo Fisher Scientific, Waltham, 

MA, USA  

MicroCL17R mini Microcentrifuge Thermo Fisher Scientific, Waltham, 

MA, USA  

Spectrafuge Mini Microcentrifuge Labnet International, Edison, New 

Jersey, USA 

C3i Centrifuge Thermo Fisher Scientific, Waltham, 

MA, USA  

CL31R Centrifuge Thermo Fisher Scientific, Waltham, 

MA, USA  

1-16K Centrifuge Sigma-Aldrich, Beijing, China 
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C2500-230 Microcentrifuge Labnet International, Edison, New 

Jersey, USA 

Centrifuge 5810 R Centrifuge Eppendorf AG, Hamburg, Germany 

ALLEGRA X-15R Centrifuge Beckman Coulter,Inc., Brea, CA, 

USA 

Millli-Q water-purification system Millipore, Billerica, Massachusetts, 

USA 

4 ℃ Constant temperature medicine 

cabinet 

Panasonic, Osaka, Japan 

LEICA TP1020 tissue processor Leica, Wetzlar, Germany 

LEICA EG 1150 H/C Tissue 

Embedding System 

Leica, Wetzlar, Germany 

Fully Automated IHC and ISH 

Staining System 

Leica, Wetzlar, Germany 

LEICA RM 2255 Fully Automated 

Rotary Microtome 

Leica, Wetzlar, Germany 

HI1210 Water bath for paraffin 

sections 

Leica, Wetzlar, Germany 

HI1220 Flattening table for clinical 

histopathology 

Leica, Wetzlar, Germany 

HW.SY11-KP1 Intelligent constant 

temperature water bath 

Beijing Changfeng Instrument 

Company, Beijing, China 

VORTEX-GENIE 2  Scientific Industries, Inc., New York, 

USA 

TL2010S High-throughput tissue 

grinder 

DHS Life Science & Technology Co., 

Ltd, Beijing, China 

TC20 Automated Cell Counter Bio-Rad Laboratories Co., Ltd, 

Hercules, California, USA 

Ice-making Machine SANYO, Osaka, Japan 

HI4221 pH meter Hanna Instruments, Limena, Italy 

SH-5 Heating magnetic stirrer Beijing Jinbeide Industry and Trade 
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Co., Ltd, Beijing, China 

ESJ120-4 Electronic balance Longteng Electronic Co.Ltd, 

Shenyang, China 

WD-9405B Shaker Beijing Liuyi Instrument Factory, 

Beijing, China 

S2020-P4-B Digital Microtube and 

Microplate Shaker 

Labnet International, Edison, New 

Jersey, USA 

S2025-XL-B-230V Shaker Labnet International, Edison, New 

Jersey, USA 

Unimax 1010 DT Shaker Heidolph Instruments GmbH & Co. 

KG Schwabach, Germany 

4344 Thermo Shaker Thermo Fisher Scientific, Waltham, 

MA, USA  

Handheld tissue homogenizer Sigma-Aldrich, Beijing, China 

Whole-body plethysmography 

(WBP) 

Buxco Research Systems, DSI, St 

Paul, MN, USA 

 

SOFTWARE COMPANY 

GraphPad Prism 8 GraphPad Software, San Diego, CA, 

USA 

Microsoft Excel 2010 Microsoft Corporation, Redmond, 

Wash, USA 

TissueFAXS TissueGnostics, Vienna, Austria 
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2.2 Methods 

A general principle of the methodological approaches used throughout my 

PhD study is described below, while the detailed methods for each 

experiment can be found in the corresponding chapter.  

 

2.2.1 Ex Vivo experiments:  

Determining efficacy and safety of calcilytics in the airways: Measurements of 

airway tension in mouse trachea using wire myography (WM).  

In order to be safe and suitable for inhaled delivery, first of all, I needed to 

determine whether calcilytics might evoke airway contraction under 

experimental conditions mimicking physiological conditions. Therefore, I used 

WM to test the airway tension induced by bronchoconstrictor acetylcholine 

(ACh) before and after treatment with calcilytics to rule out if calcilytics can 

induce airway contraction, and also to see if calcilytics have any preventive or 

therapeutic effect on the trachea contraction, in the presence of medium 

containing physiological [Ca2+]o (i.e., 1 mM). 

 

2.2.1.1 Wire Myography 

Wire myography (WM) is widely used in the field of vascular biology and 

pharmacology to measure the contractile and relaxation properties of blood 

vessels. This technique allows researchers to investigate the physiological 

and pathophysiological mechanisms regulating vascular tone and reactivity 

(Spiers and Padmanabhan 2005). In addition to vascular biology, it is also 

utilized in respiratory research to assess airway tension and responsiveness 

in isolated segments of airway smooth muscle. By measuring the contractile 

force generated by airway smooth muscle in response to stimuli, researchers 

can gain insights into the pathogenesis of airway diseases such as asthma 

and COPD. The image of the wire myograph system and a brief overview of 

the measurement flowchart can be found in the below Figure 12. Briefly, 

tracheae were isolated from normal male BALB/c mice (5 weeks) and 

mounted on the chamber; tracheae tensions induced by ACh were measured 

via the steel wire across the tracheae. Tracheae were placed in ice-cold 

Krebs buffer, a physiological buffer solution used to maintain the pH, 

osmolarity, and ion concentration of tissues (Krebs and Henseleit 1932), 
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bubbled with 5%CO2/ 95%O2 throughout the whole experiment. A diagram 

demonstrating the steps of mounting the trachea and wiring the jaws can be 

found in Figure 13. 
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Figure 12 Multi-Wire Myograph System 

A. Interface Front Panel of Multi Wire Myograph System; B. Multi Wire 

Myograph Unit; C. Schematic Diagram of Measurements of Airway Tension in 
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Mouse Trachea. For the measurements of airway tension in mouse trachea, 

tracheae were isolated first from animals and carefully dissected under a 

microscope to ensure they are intact and free of surrounding connective 

tissue and blood vessels and cut into small segments to suit the size of the 

myograph jaw. Then, tracheae were mounted using steel wire (40 μm in 

diameter). Each piece of the trachea was gradually stretched in a stepwise 

manner until a passive isometric tension of about 5 mN was achieved. After 

that, the tension of the trachea will be measured after the addition of 

acetylcholine (ACh) before and after treatment with calcilytics. The Images of 

the Wire Myograph System are adapted from: 

https://www.dmt.dk/guides.html. 

 

Figure 13. Mounting trachea and wire.  

Step-by-step diagram to demonstrate how to mount the trachea and wire the 

jaws (a-e). The orange rectangle represents the trachea. Images adapted 

from Griffiths and Madhani (2022). 

 

2.2.1.1.1 Prophylactic experiments.  

I first conducted the prophylactic experiments to rule out whether calcilytics 

can induce airway contraction, and to see whether calcilytics have any 

preventive effects on trachea contraction (Figure 14A). A concentration-

response curve to increasing concentrations of ACh (1 nM - 3 μM) was 

constructed before the addition of vehicle (dimethyl sulfoxide (DMSO), 

0.001% w/v) or the four calcilytics (NPSP-795, Ronacaleret, JTT-305 and AXT 

914, 100 nM) or the positive control calcilytics, NPS 2143 (100 nM) and 

https://www.dmt.dk/guides.html
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NPS89636 (300 nM) to serve as the baseline. Another concentration-

response curve to ACh was constructed after the addition of the vehicle or the 

above compounds. Each data point was normalized to the percentage of 

contraction relative to the maximum contraction evoked by Ach. 

 

2.2.1.1.2 Therapeutic experiments.  

Therapeutic experiments were also carried out on mouse tracheae half-

maximally contracted with Ach to investigate the therapeutic effects of 

calcilytics on the existing trachea contraction (Figure 14B). A concentration-

response curve to increasing concentrations of ACh (1 nM - 3 μM) was 

constructed to generate the maximum contraction level. 20 nM Ach was 

selected as the half-maximum contraction level and added first to evoke a 

stable trachea contraction before increasing concentrations of calcilytics (1 

nM - 30 μM) or DMSO (vehicle) were added. Each data point was normalized 

to the percentage of contraction relative to the contraction evoked by the 20 

nM ACh before the treatment, and concentration-response curves for each 

calcilytic were generated. 
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Figure 14. Prophylactic (A, pre-treatment) and therapeutic (B, post-

treatment) Protocol in Wire Myography experiments. 

Tracheae were first examined for viability using high concentrations of KCl (40 

mM and 80 mM). For the prophylactic experiments, tracheal contraction was 

evoked by increasing concentrations of ACh (1 nM - 3 μM) to serve as the 

baseline after 3 washes with Krebs’ buffer (1 min each) and left to equilibrate 

for 20 min. After tracheae were treated with DMSO (vehicle control, 0.001%) 

or different types of calcilytics (NPSP-795, Ronacaleret, JTT-305 and AXT 

914, 100 nM) or with the positive control calcilytics that we previously used, 

NPS 2143 (100 nM) and NPS89636 (300 nM), tracheal contraction was 

evoked again by increasing concentrations of ACh. For the therapeutic 

experiments, tracheae were pre-contracted with 20 nM ACh (sufficient to 

generate approximately 50% of the maximal contraction to ACh) to serve as 

baseline levels. After contraction stabilized, increasing concentrations of the 

different calcilytics (1 nM - 30 μM) or DMSO (corresponding concentrations 

relative to the concentrations of calcilytics) were added to measure the 

contraction and then to calculate the percentage of contraction relative to the 

baseline. KCl = potassium chloride; ACh = acetylcholine; CRC = 

concentration-response curve; DMSO = Dimethyl Sulphoxide. 
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For all prophylactic and therapeutic experiments, tracheae were all first 

checked for viability as demonstrated by their contraction to 40 mM and 80 mM 

KCl. For each experiment, at least 5 replicate measurements were carried out.  

 

2.2.2 In vivo experiments to compare the effects of inhaled calcilytic 

against the current standard-of-care, fluticasone propionate (FP).  

NPSP-795 was selected for further investigation in the in vivo experiments 

since it showed good efficacies in both prophylactic and therapeutic 

experiments. After the wire myography experiments, I conducted a head-to-

head comparison of inhaled calcilytic with FP, the recommended first-line 

asthma treatment (Chipps et al. 2020). 

 

2.2.2.1 Animals 

These studies were carried out in the UK and conformed to the regulations of 

the Animals (Scientific Procedures) Act 1986, under valid Home Office project 

licence (PPL 30/3032) and personal licence (PIL IE/0EE40CD). Five-week old 

BALB/c male/female mice (20-25g) were purchased from Charles River and 

housed at Cardiff University. They were housed under a constant temperature 

of 20°C±2°C and twelve hours light/dark cycle, with room humidity maintained 

at 50%. The cages were enriched with plastic pipes and wood strips, with food 

and water given ad libitum. All animals were housed for 2 weeks before any 

procedures were conducted for environmental accommodation. 

 

2.2.2.2 Acute asthma model 

This part of work was conducted by my colleague Polina L. Yarova in parallel 

with my wire myography experiments, so she used the control calcilytic, 

NPS89636 that she used in her previous experiments. Animals were 

sensitized with ovalbumin (OVA, VWR International Ltd) from chicken eggs 

according to the following protocol: mice were sensitized through 

intraperitoneal (i.p.) injection of 250 μL 0.2 mg/mL OVA (50 μg /mouse) and 

10% (50 mg/mouse) aluminium hydroxide in phosphate buffered solution 

(PBS) on days 0 and 5, respectively. Fourteen days after the last injection, 

mice were challenged by inhalation of a 0.5% OVA aerosol for one hour, twice 

daily, 4 hours apart (Figure 15). NPS89636 (3 μM, dissolved in 0.3% DMSO in 
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PBS), FP (0.5 mg/day, dissolved in 25% DMSO, 50% EtOH in PBS), or 

respective vehicles treatment was performed at 1 hour prior to the first OVA 

challenge and 4 hours post the last OVA challenge. AHR data were taken 24 

hours after the last OVA inhalation challenge.  
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Figure 15. Protocol for shorter-term (prophylactic) OVA-induced murine 

model of allergic asthma. 

BALB/c male mice (5 weeks) were sensitized on days 0 and 5 by i.p. injection. 

Fourteen days after the last injection, mice were challenged by 2 inhalations 

of OVA, 4 h apart. Calcilytic, FP or respective vehicle treatments were given 

at 1 hour prior to the first OVA challenge and 4 hours post the last OVA 

challenge. Bronchoalveolar lavage fluid (BALF) samples were collected after 

24 hours. N = 4-6 animals per experimental group. i.p. injection: 250 ul 0.2 

mg/mL OVA (50 μg /mouse) + 10% (50 mg/mouse) aluminium hydroxide in 

phosphate buffered solution (PBS). Inhalation: 20 mL 5 mg/mL OVA aerosol 

for one hour. Treatment: Calcilytic: 3 µM, dissolved in 0.3% DMSO in PBS, 10 

mL, FP: 0.5 mg/day, dissolved in 25% DMSO, 50% EtOH in PBS, 10 mL. 

 

2.2.2.3 Longer-term asthma model 

Animals were sensitized on days 0 and 10 by i.p. injection of 250 μL 0.2 

mg/mL OVA (50 μg /mouse) and 10% (50 mg/mouse) aluminium hydroxide in 

PBS. After the sensitization, mice were challenged by inhalation of a 0.5% 

OVA aerosol for one hour from day 21, and the OVA challenges continued 
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every other day for 11 days (Figure 16). From day 26, twice daily calcilytic (6 

μM NPSP-795), the current standard-of-care fluticasone propionate FP (0.5 

mg/day) or vehicle (0.3% dimethyl sulfoxide (DMSO) +0.01% Tween-80) 

treatments were performed at 1 hour prior to the OVA challenge and 8 hours 

after the previous one. Airway hyperresponsiveness data were taken 24 hours 

after the last OVA inhalation challenge.  
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Figure 16. Protocol for longer-term therapeutic OVA-induced murine 

model of allergic asthma. 

BALB/c male mice (5 weeks) were sensitized on days 0 and 10 by i.p. 

injection. After the sensitization, mice were challenged by inhalation of a 0.5% 

OVA aerosol for one hour from day 21, and the OVA challenges continued 

every other day for 11 days. From day 26, twice daily calcilytic, FP or 

respective vehicle treatments were given 1 hour prior to the OVA challenge 

and 8 hours after the previous one. Bronchoalveolar lavage fluid (BALF) and 

airway hyperresponsiveness (AHR) data were collected at the end of 

experiment. N = 4-6 animals per experimental group. i.p. injection: 250 μL 0.2 

mg/mL OVA (50 μg /mouse) + 10% (50 mg/mouse) aluminium hydroxide in 

PBS. Treatment: Calcilytic: 6 μM NPSP-795, 10 ml, 30 min, FP:0.5 mg/day, 

10 ml, 30 min, vehicle: 0.3% dimethyl sulfoxide (DMSO) +0.01% Tween-80. 

 

2.2.2.4 Measuring lung function by non-invasive technique, whole-

body plethysmography  
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Throughout all studies conducted at Cardiff University, a non-invasive 

method, whole-body plethysmography (WBP) (Buxco Research Systems, 

DSI, St Paul, MN, USA), was employed to measure the lung function of all 

animals. Whole-body plethysmography is a technique used to measure 

respiratory function in laboratory animals without anesthesia or restraint. 

Whole-body plethysmography can be conducted in unrestrained, conscious 

mice, and the mice are allowed to move freely around the airtight chamber 

which can minimize the stress on the animal and the effects of traumatic 

tracheotomy and anesthesia, improve animal welfare and produce results at 

the physiological conditions. It involves placing the animal in a sealed 

chamber and measuring changes in chamber pressure resulting from 

breathing movements. A sensitive pressure transducer is connected to the 

chamber to measure pressure changes inside the chamber (Hamelmann et al. 

1997). Before the measurements, animals were trained twice in the chamber, 

allowing them to acclimatize to the environment in the chamber to minimize 

the effects of measurement variability. 

 

Enhanced pause (Penh) is a dimensionless parameter related to airway 

resistance (Lomask 2006) derived from whole-body plethysmography 

measurements in rodents. It is commonly used as an index of airway 

obstruction or bronchoconstriction in experimental studies involving small 

animals, particularly mice and rats. The concept of Penh was introduced by 

Hamelmann et al. in 1997 as a non-invasive method to assess airway 

responsiveness and bronchoconstriction in allergic mice (Hamelmann et al. 

1997). Penh is calculated based on changes in pressure within a sealed 

chamber as the animal breathes. Higher Penh values indicate increased 

airway resistance and bronchoconstriction, while lower values suggest 

reduced airway resistance and improved lung function. Although the 

physiological data provided by a Penh-based approach differ from those using 

the forced oscillation technique of the FlexiVent system, the non-invasive 

approach allowed for longitudinal measurements of baseline and chronic drug 

effects in the same animals. Also, previous studies have shown that Penh is a 

good indication of airway obstruction (Hamelmann et al. 1997; Yarova et al. 
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2015). A schematic diagram of the whole-body plethysmography system is 

shown in Figure 17. 

 

  

Figure 17. Schematic diagram of the whole-body plethysmograph.  

For the whole-body plethysmography system, mice can freely move in the 

chamber while Penh is being measured, which can reduce environmental and 

irritant effects on animals. Positive and negative pressure sources are 

connected in tandem with mass flow controllers and high-resistance elements 

to establish a consistent bias flow through the animal chamber. A reference 

chamber is utilized to eliminate background noise from the pressure signal. 

Both chambers slowly leak to equalize pressure with the atmospheric 

pressure. The sensor bladder (SB) detected the mechanical pressure 

fluctuations changes caused by mouse breathing, while the reference bladder 

(RB) signal facilitates the elimination of unwanted chamber pressure 

interference through the use of a differential pressure transducer. +, 

Pressurized air source; -, vacuum source; narrowed tubes, high resistance 

elements; →, bias flow; -----, platform; ΔP, differential pressure transducer. 

Image taken from Hernandez et al. (2012). 

 

2.2.2.5 Blood collection 

Following the measurement of non-invasive lung function, animals were killed 

by intraperitoneal injection of overdose sodium pentobarbital (Euthatal, 400 

mg/kg body weight). Blood samples were collected via cardiac puncture and 

stored at 4 ℃ overnight. Serum was obtained next day by centrifugation at 

2,000 g for 5 minutes and stored at -80 ℃ for further analysis. 

 

2.2.2.6 Bronchoalveolar lavage fluid (BALF) collection and analysis  
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To quantify the degree of inflammatory cell infiltration, I collected 

bronchoalveolar lavage fluid (BALF) using PBS to lavage the lung and then 

counted the number of cells infiltrated in the BALF as a measurement of 

inflammatory cell infiltration in the lung. After blood collection, BALF was 

collected via a tube inserted into the small incision in mice trachea using 3 

washes of 1 mL PBS to rinse the lung (this yields at least 2.5 mL of BALF + 

PBS). The BALF was centrifuged at 1500 rpm at 4℃ for 15 minutes to collect 

the supernatant. Cell pellets were resuspended in 0.3 mL PBS and the 

number of total cells was counted using a hemocytometer (CellPath, Powys, 

United Kingdom) at x20 magnification. 

 

2.2.2.7 BALF differential cell counts with Leishman’s staining 

protocol 

Cytospin slides were prepared using 100 μL BALF under centrifugation for 7 

minutes at 110 G using a Shandon Cytospin (ThermoFisher Scientific, Hemel 

Hempstead, UK). The slides were subsequently air dried and then stained 

with 0.15% Leishman’s solution (Fisher Scientific UK, Loughborough, UK) in 

100% methanol for 6 minutes and washed twice in ddH20. Once slides were 

dried overnight, at least 300 cells were counted under a light microscope at 

x100 magnification to count the different types of inflammatory cells that 

typically present in asthma, including eosinophils, neutrophils, lymphocytes 

and macrophages (Gude et al., 1982).Macrophages are the most common 

and largest cells in BALF in normal mice, they can be easily found under 

Leishman’s staining because of their larger size. Eosinophils are very 

common in the OVA-induced animals which are smaller than macrophages, 

measuring 10-14 μm in diameter and showing red/brown stained granules in 

the cytoplasm under Leishman’s staining. Lymphocytes are mononuclear cells 

whose diameter can vary depending on their activation, and that can be 

divided into small (6-8 μm), medium (8-10 μm) and large (10 μm or more), of 

which the small lymphocytes are most common and show a dark blue large 

spherical nucleus and a small light blue cytoplasm in the Leishman’s staining. 

Neutrophils are the rarest cells in BALF, with morphology and diameter (9-12 

μm) similar to eosinophils and without red/brown stained granules in the 

cytoplasm compared to eosinophils, instead showing light purple-stained 
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granules (Figure 18). The different types of inflammatory cells for Leishman’s 

staining were calculated as the percentage in 300 total cells and then 

multiplied by the total cell counts, which was determined as described above. 

 

Figure 18. Photograph of the four subtypes of leukocytes, eosinophils, 

neutrophils, lymphocytes and macrophages stained with Leishman’s 

staining. 

The largest mononuclear cells are macrophages. The medium-sized cells full 

of red/brown stained granules in the cytoplasm are eosinophils. Another type 

of medium-size cell which is a little smaller than eosinophil without red/brown 

stained granules instead of light purple stained granules in the cytoplasm are 

neutrophils. The smallest cells with dark blue large spherical nucleus and 

small light blue cytoplasm are lymphocytes(Gude et al. 1982).  

 

2.2.3 Development of parallel therapeutic models of allergic and 

alarmin-driven asthma 

Allergic asthma and alarmin-driven asthma represent distinct mechanisms of 

airway inflammation. Allergic asthma is primarily triggered by exposure to 

allergens, including pollen, dust mites, animal dander, and certain foods, while 

alarmin-driven asthma is triggered by the release of alarmins (such as TSLP, 
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IL-25, and IL-33), which are released by damaged or stressed cells in 

response to various insults such as respiratory viruses, pollutants, or tissue 

injury. Allergic asthma primarily involves an adaptive immune response 

mediated by IgE antibodies, while alarmin-driven asthma primarily involves an 

innate immune response mediated by ILC2s, which in turn promote IgE-

independent type 2 inflammation. 

 

Once I had identified the best calcilytic based on my airway contractility I went 

on to determine the therapeutic effects of one of the four clinically tested 

calcilytics, NPSP-795, delivered by inhalation, in murine asthma models of T2 

vs non-T2 asthma. To this end, I visited Prof. Sun Ying's laboratory. These 

studies were carried out in China, in the laboratory of Capital Medical 

University (CCMU), which also allowed me to conduct invasive lung function 

measurements using the FlexiVent small animal ventilator system (Scireq 

Inc., Montreal, Canada).  

 

2.2.3.1 Animals 

In this part of the work, I used female BALB/c mice (6-8-weeks). All mice were 

obtained from Vital River Laboratories (Beijing, China) and housed in the 

pathogen-free mouse facility, with environmental enrichment and ad libitum 

access to food and water.  

 

2.2.3.2  Th2/IgE- and alarmin-driven asthma models 

Female BALB/c mice (6-8 weeks, around 20 g body weight) were randomly 

assigned to each experimental group. Animals in the Th2/IgE-driven asthma 

model were first sensitized with two IP injections of OVA (Sigma-Aldrich, 

Missouri, United States, 100 μg emulsified in AL[OH]3/dose) or saline on day-

17 and day-5, and then for both models, animals were intranasally given OVA 

(50 μg/mouse) or saline and IL-33 (Mouse IL-33 Recombinant Protein, R&D 

Systems, Minneapolis MN, USA, 30 ng in 50 μL saline) or saline for 6 days. 

From the second day, NPSP-795 (200 μg/mouse in 50 μL vehicle) or vehicle 

(0.6% DMSO in saline) were given twice daily, 2h before OVA/ IL-33 

administration (Figure 19 and Figure 20). 
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Figure 19. Protocol for OVA-induced murine model of asthma 

Treatments: Female BALB/c mice (6-8 weeks) were sensitized by i.p. injection 

of 100 μg OVA (OVA group and OVA + NPSP-795 group) or saline (Vehicle 

group) in Al(OH)3 in 200 μL on days -17 and -5. After sensitisation, animals 

were intranasally given OVA (50 μg/mouse in 50 μL saline, OVA group and 

OVA + NPSP-795 group) or saline (Vehicle group) from day 1 to day 6 for 6 

days. From day 2, NPSP-795 (200 μg/mouse in 50 μL vehicle, OVA + NPSP-

795 group) or vehicle (0.6% DMSO in saline, OVA group and Vehicle group) 

were given twice daily, with the evening dosing given 2h before OVA 

administration. N = 6-7 animals per experimental group.  
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Figure 20. Protocol for alarmin (IL-33)-induced murine model of asthma. 

Treatments: Female BALB/c mice (6-8 weeks) were given IL-33 intranasally 

(30 ng/mouse in 50 μL saline, IL-33 group and IL-33+ NPSP-795 group) or 

saline (Vehicle group) from day 1 to day 6 for 6 days. From day 2, NPSP-795 

(200 μg/mouse in 50 μL vehicle, IL-33 + NPSP-795 group) or vehicle (0.6% 

DMSO in saline, IL-33 group and Vehicle group) were given twice daily, with 

the evening dosing given 2h before IL-33 administration. N = 8 animals per 

experimental group. 

 

2.2.3.3  Invasive lung function measurements by FlexiVent system 

For the animal work I conducted in China, I used an invasive method, the 

FlexiVent system (Scireq Inc., Montreal, QC, Canada), to measure lung 

function. The FlexiVent system is widely used in small animal respiratory 

research, such as mice and rats, for assessing lung function and mechanics. 

The invasive animal lung function measurements measured by the FlexiVent 

system have very high accuracy, surpassing the non-invasive methods 

(SCIREQ 2024), though it is not a good choice for longitudinal study 

comparisons since animals undergo terminal anaesthesia for these 

experiments (Ahookhosh et al. 2023). Briefly, mouse lung function was 

measured in response to increased concentrations of methacholine (MCh, 0, 

6, 12, 24 and 48 mg/ml) for animals treated with or without inhaled calcilytic 

(NPSP-795). A schematic diagram of the FlexiVent system is shown in Figure 
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21. The key respiratory function parameters related to asthma measured by 

FlexiVent, and their indications, are as below:  

• Respiratory Resistance (Rrs): Rrs measures the overall resistance 

to airflow within the respiratory system, including central and 

peripheral airways. Increased Rrs indicates airway obstruction, 

bronchoconstriction, or changes in airway caliber. Monitoring Rrs 

helps assess the degree of airway resistance and the presence of 

airflow limitation, which are common features of respiratory 

diseases like asthma and chronic obstructive pulmonary disease 

(COPD). 

• Respiratory System Compliance (Crs): Crs represents the ability of 

the respiratory system to expand and accommodate changes in 

lung volume for a given pressure change during breathing. Crs 

measures lung distensibility and elasticity, reflecting the extent of 

ease how the lungs can be inflated and deflated. Higher Crs values 

indicate greater lung compliance, meaning the lungs can stretch 

more easily, while lower Crs values suggest decreased compliance 

and increased stiffness or resistance to expansion. Changes in Crs 

can occur due to various factors, including lung diseases such as 

emphysema, fibrosis, or acute respiratory distress syndrome 

(ARDS).  

• Respiratory Elastance (Ers): Ers measures the stiffness or elasticity 

of the respiratory system, representing the inverse of compliance. 

Increased Ers suggests reduced lung compliance and increased 

lung stiffness, which can occur due to factors like fibrosis, 

inflammation, or decreased surfactant production. Monitoring Ers 

helps assess lung tissue properties and how easily the lungs 

expand and contract during breathing. 

• Central Airway Resistance (Rn): Rn specifically measures the 

resistance in the central airways, which includes larger conducting 

airways. Increased Rn may indicate narrowing or obstruction in the 

larger airways, such as the trachea and bronchi. Monitoring Rn 
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helps evaluate the patency and function of the central airways, 

which play a crucial role in regulating airflow and gas exchange. 

• Tissue Elastance (H): H represents the viscoelastic properties of 

the lung tissue, reflecting the energy dissipation during lung inflation 

and deflation. Changes in H can indicate alterations in lung tissue 

mechanics, such as tissue remodelling, fibrosis, or inflammation. 

Monitoring H provides insights into the dynamic behavior of lung 

tissue and its response to mechanical forces. 

• Tissue Damping (G): G measures the resistance to airflow caused 

by energy dissipation within the lung tissue during breathing. 

Increased G suggests increased resistance to airflow within the 

lung parenchyma, which can occur due to factors like tissue 

stiffness, inflammation, or mucus accumulation. Monitoring G helps 

assess the energy dissipation properties of lung tissue and its 

contribution to overall lung function. 

 

Overall, the parameters measured by FlexiVent provide valuable insights 

for diagnosing asthma, assessing disease severity, and evaluating the 

effectiveness of asthma treatments, including bronchodilators and anti-

inflammatory medications. 
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Figure 21. A schematic diagram of the FlexiVent system. 

The FlexiVent system can directly measure lung function with high accuracy, 

and is thus regarded as the gold standard for in vivo small animal lung 

function measurements. The diagram is taken from the FlexiVent FX User 

Manual download from the SCIREQ company website 

(https://www.scireq.com/downloads/). 

 

2.2.3.4  Blood collection 

After the animal was euthanized, blood samples were collected to measure 

the concentration of Ca2+ for animals treated with or without inhaled calcilytic 

as an indication for systemic “overspill” effects of inhaled calcilytic, given the 

role of the CaSR in extracellular free ionised calcium homeostasis. Briefly, 

blood samples were collected from the retro-orbital venous plexus by 

removing the eyeball after AHR measurement. Sera were obtained by 

centrifuging the samples at 2,300 g at 4℃ for 20 minutes. Samples were 

stored overnight at 4℃. 

 

2.2.3.5  BALF collection 

For this part of the work, I also collected the BALF to measure the 

inflammatory cell infiltration into the lungs. Lungs from each animal were 

lavaged with 2 x 0.8 ml (3 times for each lavage to collect the infiltrated 

inflammatory cells as much as possible) of pre-cooled sterile PBS buffer to 
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yield at least 1.2ml BALF. The collected samples of BALF were centrifuged at 

300 g at 4℃ for 10 minutes to collect the supernatants pending analysis of 

cytokine concentrations into the BALF. The remaining cell pellets were 

processed to count for total and differential cell counts. 

 

2.2.3.6  Differential cell counts 

For the differential cell counts from the animal work conducted in China, I 

used Congo red staining to identify the 4 cell types since this was the 

standard staining in the laboratory. In Congo red stained slides, macrophages 

appear as the largest cells with abundant cytoplasm and irregularly shaped 

nuclei with a diameter of 15-20 μm. Eosinophils typically have bilobed nuclei 

and exhibit red-stained granules in the cytoplasm. Eosinophils are slightly 

smaller than macrophages, with a diameter ranging from 10-14 μm. 

Neutrophils have multilobed nuclei (usually 2-5 lobes) with a diameter around 

9-12 μm. Lymphocytes typically have different sizes from small (6-8 μm), 

medium (8-10 μm) and large (10 μm or more), but most of them appear as the 

smallest ones with a round blue large spherical nucleus and minimal 

cytoplasm (Figure 22) (Gude et al. 1982). 300 total cells were counted and the 

percentage of the 4 different types of cells were calculated. Absolute 

inflammatory cell count was calculated as the cell percentage multiplied by 

the total cell counts. 
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Figure 22. Exemplar photograph of Congo red staining used to identify 

the four subtypes of leukocytes, eosinophils, neutrophils, lymphocytes 

and macrophages. 

The largest mononucleated cell is the macrophage. There are two medium-

size cells, one with red-stained granules in the cytoplasm is an eosinophil, 

and the other one without red-stained granules in the cytoplasm is a 

neutrophil. The smallest cell with a dark-blue large spherical nucleus and little 

light blue cytoplasm is a lymphocyte(Gude et al. 1982). 
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2.2.3.7  Tissue collection 

To see the pathological changes in lung tissue, the left lungs were collected 

and fixed with 10% neutral-buffered formalin for 24h. The next day, fixed 

lungs were paraffin-embedded. The blocks were cut into 4-μm thick sections 

and processed for histological staining. Formalin-fixed paraffin-embedded 

(FFPE) tissue processing is a standard method used to prepare tissue 

samples for histological staining. This process is essential for preserving 

tissue structure and optimizing microscopic examination. The protocol for a 

formalin‐fixed paraffin-embedded procedure is as follows: 

 

2.2.4  Preparation Protocol for Formalin‐Fixed Paraffin-Embedded Lung 

Tissue 

1. Lung tissue was fixed with approximately 2ml 10% formalin for 24 

hours at room temperature. 

2. The fixed lungs were horizontally cut into 3 pieces to show the different 

types of airways. Then the 3 pieces of lungs were placed in embedding 

cassettes. 

3. Processed for paraffin embedding schedule as follows: 

70% Ethanol 1 hour 

80% Ethanol 1 hour 

95% Ethanol 2 x 1 hour 

100% Ethanol 2 x 1 hour 

Xylene 2 x 40 minutes 

Paraffin wax (60 ºC) 2 x 2 hours 

4. Embed tissues into paraffin blocks. 

5. Before cutting, the blocks were cooled in the fridge at about 4 ºC for a 

while to make them easy to cut. 

6. Paraffin blocks were trimmed as necessary and cut at 4 μm. 

7. Each paraffin ribbon was placed in a water bath at about 40 ºC. 

8. Mounted sections onto slides and labeled as appropriate. 

Sections were allowed to dry at 36 ºC for about 30 minutes and then baked in 

a 60 ºC oven overnight. 
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2.2.5  Histological staining 

2.2.5.1  Haematoxylin & eosin (H&E) staining 

Haematoxylin and eosin (H&E) staining is the most widely used histological 

staining technique in both clinical pathology and research laboratories. It 

involves staining tissue sections with two dyes: haematoxylin and eosin. 

Nuclei are stained as blue or purple by haematoxylin, while cytoplasm and 

extracellular matrix are stained as pink or red by eosin. H&E is widely used for 

the visualization of tissue architecture, cell morphology, and abnormalities, 

making it invaluable in the diagnosis of various diseases and conditions, as 

well as in research studies aimed at understanding tissue structure and 

function. The detailed staining procedures for lung tissue are as follows:  

• Placed the slides in an oven preset at 60℃ for 2 hours. 

• Deparaffinization and hydration steps 

Xylene 2 x 10 minutes 

100 % EtOH 2 x 5 minutes 

95 % EtOH  5 minutes 

70 % EtOH  5 minutes 

50% EtOH 5 minutes 

30% EtOH 5 minutes 

Distilled Water 5 minutes 

• Stained with haematoxylin for 3.5 minutes, and washed with running tap 

water. 

• Stained with 1% Alcohol acid for 2 seconds, and washed with running tap 

water. 

• Stained with eosin for 10 seconds, and washed with running tap water. 

• Dehydration 

95% EtOH 2 minutes 

100 % EtOH 2 x 5 minutes 

Xylene 2 x 10 minutes 

• Mounted using neutral balsam and covered with a coverslip. 
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2.2.5.2 Congo red staining for lung tissue slides 

Congo red staining is primarily used to identify and visualize amyloid deposits 

in tissues. However, eosinophils can be stained as orange-red colour clearly 

with Congo red. So, it is also used to identify eosinophils and used in the 

BALF differential cell counts. The detailed staining procedures for lung tissue 

are as follows: 

• Placed the slides in an oven preset at 60℃ for 2 hours. 

• Deparaffinization and hydration 

Xylene 2 x 10 minutes 

100 % EtOH 2 x 5 minutes 

95 % EtOH  5 minutes 

70 % EtOH  5 minutes 

50% EtOH 5 minutes 

30% EtOH 5 minutes 

Distilled Water 5 minutes 

• Stained with haematoxylin for 3.5 minutes, and washed with running tap 

water. 

• Stained with 1% Alcohol acid for 2 seconds, and washed with running tap 

water. 

• Stained with Congo red for 40 minutes, and washed with running tap 

water. 

• Dehydration 

95% EtOH 2 minutes 

100 % EtOH 2 x 5 minutes 

Xylene 2 x 10 minutes 

• Mounted using neutral balsam and covered with a coverslip. 

 

2.2.5.3  Congo red staining for differential BALF cell counts 

As mentioned above, since eosinophils can be stained orange-red colour 

clearly with Congo red, it is also used in the BALF differential cell counts. The 

detailed staining procedures for BALF slides are as follows: 

• Hydration: placed the slides in Distilled Water for 5 minutes. 

• Stained with haematoxylin for 3.5 minutes, and washed with running tap 
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water. 

• Stained with 1% Alcohol acid for 2 seconds, and washed with running tap 

water. 

• Stained with Congo red for 40 minutes, and washed with running tap 

water. 

• Dehydration 

95% EtOH 2 minutes 

100 % EtOH 2 x 5 minutes 

Xylene 2 x 10 minutes 

• Mounted using neutral balsam and covered with a coverslip. 

 

2.2.5.4  Masson’s trichrome staining of lung tissue 

Masson's trichrome staining is a histological staining technique that is widely 

used to differentiate connective tissues, particularly collagen, on tissue 

sections. It involves staining tissue sections with three different dyes, 

nuclei are stained as blue or dark blue by haematoxylin, cytoplasm are 

stained as red or pink by acid fuchsin or fuchsine acid, collagen fibers are 

stained as blue-green by aniline blue or light green. By staining tissues with 

these three dyes, Masson's trichrome staining allows for the visualization and 

differentiation of collagen fibers, muscle fibers, and cell nuclei, aiding in the 

histological examination of tissues, particularly in studies related to fibrosis, 

scarring, and structural changes in tissues. The detailed staining procedures 

for lung tissue are as follows:  

• Placed the slides in an oven preset at 60℃ for 2 hours. 

• Deparaffinization and hydration 

Xylene 2 x 10 minutes 

100 % EtOH 2 x 5 minutes 

95 % EtOH  5 minutes 

70 % EtOH  5 minutes 

50% EtOH 5 minutes 

30% EtOH 5 minutes 

Distilled Water 5 minutes 

• Placed the slides in 25% potassium dichromate solution overnight, and 
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then washed with running tap water. 

• Mixed equal parts of Weigert's Iron Haematoxylin A and B solution and the 

slides were stained for 5 minutes, and then washed with running tap water. 

• Stained with 1% Alcohol acid for 2 seconds, and washed with running tap 

water. 

• Stained with Lichunhong-acid fuchsin solution for 5 minutes, and washed 

with distilled water. 

• Differentiated the sections in the phosphomolybdic acid solution for 8 

minutes without wash. 

• Directly transferred the slides to aniline blue solution and stained for 5 

minutes. Rinsed in distilled water briefly, differentiated in 1% acetic acid 

solution for 1 minute, and then washed with distilled water. 

• Dehydration 

95% EtOH 2 minutes 

100 % EtOH 2 x 5 minutes 

Xylene 2 x 10 minutes 

• Mounted using neutral balsam and covered with a coverslip. 

 

2.2.5.5  AB-PAS staining of lung tissue 

Periodic acid-Schiff (PAS) staining is also a widely used histological staining 

technique to identify carbohydrate-containing structures in tissues, including 

glycogen, mucins, glycoproteins, and basement membranes. The PAS stain is 

particularly useful in diagnosing various diseases and conditions involving 

these substances. It is most commonly used to detect glycogen deposits in 

the liver and muscle tissues. In respiratory tracts, PAS staining can highlight 

mucus-secreting cells and glands. Carbohydrate-containing structures are 

stained as magenta/bright pink by Schiff reagent after oxidation by periodic 

acid. Other tissue components are stained as blue or dark blue by 

haematoxylin, providing contrast to the magenta-stained structures. The 

detailed staining procedures for lung tissue are as follows: 

• Placed the slides in an oven preset at 60℃ for 2 hours. 

• Deparaffinization and hydration 

Xylene 2 x 10 minutes 
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100 % EtOH 2 x 5 minutes 

95 % EtOH  5 minutes 

70 % EtOH  5 minutes 

50% EtOH 5 minutes 

30% EtOH 5 minutes 

Distilled Water 5 minutes 

• The slides were stained with Alcian solution for 5 minutes, and then 

washed with running tap water. 

• Oxidization in the periodic acid solution for 15 minutes, washed with 

running tap water, and then rinsed in distilled water. 

• The slides were stained with Schiff reagent for 20 minutes (protected from 

light during this step), and then washed with running tap water. 

• Dehydration 

95% EtOH 2 minutes 

100 % EtOH 2 x 5 minutes 

Xylene 2 x 10 minutes 

• Mounted using neutral balsam and covered with a coverslip. 

 

2.2.6  Measurements of cytokine concentrations in the lung tissue 

The measurements of cytokine concentrations in the lung tissue were 

conducted by Enzyme-Linked Immunosorbent Assay (ELISA) that is widely 

used for detecting and quantifying specific proteins, peptides, antibodies, 

hormones, and other molecules in biological samples due to its simplicity, 

versatility, sensitivity, and specificity, developed by Engvall and Perlman in 

1971 (Engvall and Perlmann 1971). There are four types of ELISA methods: 

direct ELISA, indirect ELISA, sandwich ELISA, and Competitive ELISA 

(Figure 23). For my experiments, I used a sandwich ELISA to measure 

cytokine concentrations: briefly, 1. Capture antibodies were coated on the 

plate; 2. Blocking solutions were added; 3. Samples and standards were 

added; 4. Detection antibodies were added; 5. Avidin-HRP solutions were 

added; 6.TMB substrates were added; 7. Stop solutions were added to stop 

the reaction; 8. The plates were read at 450 nm.  
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Figure 23. Four major types of ELISA assays and their principles.  

In a direct ELISA, the antigen of interest is immobilized directly onto the 

surface of a microplate well. In an indirect ELISA, the main difference 

compared to direct ELISA is it uses an unlabeled primary antibody and a 

labeled secondary antibody, amplifying the signal to detect the target 

molecule indirectly. In a sandwich ELISA, the capture antibody is immobilized 

onto the surface of the microplate well, and the antigen in the sample and 

standards bind to the capture antibody. Competitive ELISA is used to 

measure the concentration of an antigen in a sample by competition between 

the antigen in the sample and a labeled antigen (often a synthetic antigen or 

antigen conjugate) for binding to a limited amount of specific antibody 

immobilized onto the microplate well (Hayrapetyan et al. 2023). Image taken 

from Lengfeld et al. (2021). 

 

The right lung tissue was stored at -80℃ on the sampling day and 

homogenized on the next day using homogenizer (Wuhan Servicebio 

Technology Co., Ltd, Wuhan, China, 2,000 rpm). Supernatants of the 

homogenized lung tissue were collected and stored at -80℃ until analysis. 

Asthma-associated cytokines IL-5, IL-13, IL-6 and TNF α (tumour necrosis 

factor-alpha), were measured in the supernatants of homogenized lung tissue 

and quantified using commercial ELISA kits (eBioscience, San Diego, CA, 

USA), according to the manufacturer’s instructions. A typical ELISA protocol is 

described below, with IL-6 as an example. 
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1. Corning Costar 9018 ELISA plates were first coated with capture 

antibody (100 μL/well) in 1X Coating Buffer (diluted according to certificate of 

analysis (COA)). The plates must be sealed and incubated overnight at 2-8°C.  

2. The wells were aspirated and washed for 3 x 2 minutes with 300 

μL/well Wash Buffer the next day. The plates were placed on absorbent paper 

to remove any residual buffer. 

3. One part of 5X ELISA/ELISPOT Diluent and 4 parts of DI water were 

mixed to prepare the working Diluent. The wells were blocked with 200 

μL/well of 1X ELISA/ELISPOT Diluent and incubated for 1 hour at room 

temperature.  

4. Lyophilized standards were reconstituted according to Certificate of 

Analysis (C of A) using DI water. Wait for 15 minutes with gentle agitation 

prior to diluting further. 

5. The reconstituted standards were diluted according to C of A using 1X 

ELISA/ELISPOT Diluent to prepare the top standard concentration. 100 

μL/well of top standard concentration was added to the appropriate wells, and 

two-fold serial dilutions of the top standards were made to generate 8 

standard curve data points. 100 μL/well samples were added to the 

appropriate wells. Two well of 100 μL/well of 1X ELISA/ELISPOT Diluent only 

were included to serve as plate blanks. The plates must be sealed and 

incubated at room temperature for 2 hours.  

6. Follow the aspirate/wash process as in step 2 for a total of 3-5 washes.  

7. 100 μL/well of detection antibody in 1X ELISA/ELISPOT Diluent 

(diluted according to C of A) was added. The plates must be sealed and 

incubated at room temperature for 1 hour.  

8. Follow the aspirate/wash process as in step 2 for a total of 3-5 washes.  

9. 100 μL/well of Avidin-HRP in 1X ELISA/ELISPOT Diluent (diluted 

according to C of A) was added. The plates must be sealed and incubated at 

room temperature for 30 minutes.  

10. Follow the aspirate/wash process as in step 2 for a total of 5-7 washes.  

11. 100 μL/well of 1X TMB Solution was added to each well. The plates 

must be sealed and incubated at room temperature for 15 minutes.  

12. 50 μL Stop Solution was added to terminate the reaction in each well.  

13. The plates were read at 450 nm. 
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2.2.7  Measurements of serum Ca2+ levels 

Blood samples were collected from the retro-orbital venous plexus after lung 

function measurements, and serum samples were collected by centrifuge at 

1000 g, 4 ℃ for 20 minutes on the second day and stored at -80℃ until used. 

The measurements of Ca2+ level in serum were conducted by the 

Biochemstry laboratory within the University of Wales Hospital. 

 

2.2.8  Quantification of the histochemical staining slides using 

TissueFAXS image analysis software StrataQuest 

To know the degree of the effects of inhaled calcilytic on asthma symptoms, I 

use the TissueFAXS image analysis software StrataQuest (TissueGnostics, 

Vienna, Austria) to quantify the degree of the inflammatory cell infiltration, 

eosinophilia, mucus overproduction, collagen deposition in H-E-, Congo red-, 

PAS- and Masson's trichrome- staining slides. Briefly, an area of interest was 

selected, and the total area was counted by pre-defined rules; the area of the 

colour of interest (Masson's trichrome- staining, Figure 24) or the number of 

cells of interest (H-E-, Congo red- and PAS-staining, Figure 25) were counted 

to calculate the percent of colour in the total area or the number of interested 

cells per 10000 μm2 area. Generally, 4 pictures per animal were counted. 
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Figure 24. Graphical representation of the Masson's trichrome-stained 

slides used to determine peribronchial collagen in StrataQuest.  

 (A) Masson's trichrome-staining of airway regions. (B) Airways were identified 

by drawing the airway lumen with yellow and the airway epithelium with green. 

Grey area is the area to exclusion. StataQuest (TissueGnostics, AT) was then 

programmed to analyse the percentage of positively stained blue pixels in the 

different parts around the peribronchial area, with 7 peribronchial rings 

extending away from the airway epithelium in increments of 30 µm. Scale bar 

= 100 μm. 

 

Figure 25. Graphical representation of the H&E-stained slides used to 

determine peribronchial inflammation in StrataQuest. 

(A) H&E staining of airway regions. (B) Airways were identified by drawing the 

airway lumen with yellow and the airway epithelium with green. Grey area is 

the area to exclusion. StataQuest was then programmed to analyse the 
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number of positively stained cells per 10000 μm2 area tissue to quantify the 

peribronchial inflammation. Scale bar = 100 μm. 

 

 

Figure 26. Graphical representation of the PAS-stained slides used to 

determine mucus production in StrataQuest. 

(A) PAS staining of airway regions. (B) Airways were identified by drawing the 

airway epithelium with green. StataQuest was then programmed to analyse 

the number of positively stained cells per 10000 μm2 area airway to quantify 

the mucus production. Scale bar = 100 μm. 

 

2.2.9  Preparation of solutions used in studies 

500 μg/ml OVA in aluminium hydroxide solution 

Take 1 mg OVA and dissolve in 1 ml saline, then add 1 ml AL(OH)3 and mix. 

 

10% formalin fixative (pH 7.0) 

Take 100 ml 40% formaldehyde, 4.0 g KH2PO4, 6.5 g Na2HPO4, and dissolve 

in 900 ml distilled water to make a 10% formalin fixative.  

 

1% Triton X-100 protease inhibitor (PI) solution preparation for the lung 

tissue homogenate. 

Take 1 tablet protease inhibitor cocktail (Roche, Basel, Switzerland) dissolve 

it in 1 ml distilled water, add 9 ml PBS to dilute it, and then add 100 μL Triton 

X-100 and vortex to mix completely.  

 

3 % H2O2 solution preparation 
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Use Distilled Water to dilute 30 % H2O2 solution. 

Preparation of 0.3% Triton X-100 

Add 0.3 ml Triton X-100 to 100 ml 0.01M PBS and vortex to mix thoroughly. 

 

Antibody dilution fluid preparation 

Dissolve 1% BSA and 3% goat serum in filter-sterilised PBS, pH7.4. 

 

10 X Phosphate Buffered Saline (PBS) preparation 

For 1 litre 10 X PBS, add the following in Milli-Q water 

Na2HPO4 (dibasic anhydrous) 12 g 

NaH2PO4 (monobasic anhydrous) 2.0 g 

NaCl (sodium chloride) 85.0 g 

Mix and adjust the pH to 6.75. Dilute to make 1 X PBS, and adjust the pH to 

7.4 when using. 

 

PBST wash buffer for ELISA 

Add 0.25 mL Tween-20 to 500 mL PBS and mix thoroughly. 

 

ELISA stop solution 

Add 10 mL concentrated sulphuric acid to 170 mL distilled water and mix 

thoroughly. 

 

Glycine buffer (pH 10.0), Congo red staining solution 

Glycine 0.225 g 

sodium chloride 0.1215 g 

sodium hydroxide 0.16 g 

Mix and stir to completely dissolve in 100 ml of distilled water. Then take 1 g 

of Congo red powder and dissolve it in a mixed solution of 100 ml of glycine 

buffer and 100 ml of ethanol to make a 0.5% Congo red staining solution. 

 

1% HCl alcohol 

For a 100 mL solution, carefully add 1 mL of concentrated (37%) HCl to 99 

mL of ethanol (70%) while stirring, and mix well. This solution is used for 

decolorization and differentiation of stained slides. 
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4 mM hydrochloric acid 

Dissolve 100 μL concentrated hydrochloric acid in 301.4 ml saline and mix 

well. 

 

4% Sodium pentobarbital solution (pH 7.5) 

Accurately weigh 0.4 g sodium pentobarbital and add to a tube with 10 ml 

saline, mix until it is completely dissolved. 

 

0 mg/ml, 6 mg/ml, 12 mg/ml, 24 mg/ml, 48 mg/ml Methacholine solution 

for airway hyperresponsiveness measurement 

Label 5 tubes with 0, 6, 12, 24, 48. Accurately weigh 96 mg MCh and add to 

the tube labelled with 48, which contains 2 ml saline to make a 48 mg/ml 

concentration solution, then dilute in sequence to make 24, 12, 6 and 0 mg/ml 

concentration solution. 

 

2.2.10 Statistical Analysis 

For the sample size calculation, I followed the resource equation approach as 

recommended by (Arifin and Zahiruddin 2017), and the formula is: n = DF/k + 

1 for the one-way ANOVA. Using this method, the acceptable range of the 

degrees of freedom (DF) for the error term in an ANOVA is in the range of 10 

to 20 (Festing and Altman 2002; Festing 2006; Mead et al. 2009). The 

minimum and maximum numbers of animals in each group can be calculated 

by replaced the DF in the formulas with the minimum (10) and the maximum 

(20) as follow:  

Minimum n = 10/k + 1  

Maximum n = 20/k + 1 

Where k = number of groups, and n = number of animals in each group. 

For my experiment, k = 3, hence in this case, minimum n = 10/3 + 1 = 4.3, 

maximum n = 20/3 + 1 = 7.7. The minimum and maximum are rounded up 

and down to 5 and 7, respectively, to keep the DF for each group within the 

limit (DF = k(n – 1), e.g., DF = 12 for n = 5, and DF = 18 for n = 7). 

Considering that 10% of animal may die during an experiment, n = 6/7 for 

OVA experiment and n = 8/9 for IL-33 experiment were chosen. 
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Data were analysed using the Prism 9.0 software package (GraphPad Inc.). 

All data were plotted as mean ± SEM. One-way ANOVA (with Bonferroni post 

hoc analysis) or unpaired t test were used to test the differences between 

groups after the Shapiro-Wilk’s test for normality. P-values < 0.05 were 

considered significant. 
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Chapter III Selecting the best available calcilytic 

3.1 Introduction 

Because of the involvement of CaSR in the regulation of physiological 

processes that may play a critical role in the process of inflammation and 

proliferation, our lab previously tested the role of the CaSR in the 

development of asthma (Yarova et al., 2015, 2016), and the possibility of 

using calcilytics to alter disease onset and progression. Firstly, we have 

demonstrated that the CaSR is expressed in both human and mouse airways 

and its expression increases during asthma (Yarova et al., 2015). 

Furthermore, calcilytics, delivered topically to the lung, abrogate airway 

hyperresponsiveness and inflammation in a mixed allergen (MA) -sensitized 

and in a triple allergen (Aspergillus, Alternaria, house dust mite)-sensitised 

murine asthma models (Yarova et al., 2015). We have also demonstrated 

that, in a lipopolysaccharide (LPS) - induced model of steroid-resistant 

inflammatory lung disease in Guinea pigs, nebulised calcilytics reduce 

inflammation and interstitial wall thickening in the lungs of these animals 

(Yarova et al., 2016).  

 

CaSR antagonists, calcilytics, were initially developed for osteoporosis, but 

their development has been discontinued owing to a lack of efficacy for this 

indication (Ward & Riccardi, 2012; GINA). There are two main classes of 

calcilytics (Widler 2011), which have been previously tested in the clinical 

trials via the systemic route: 1) amino alcohols (SB-423557, Ronacaleret, 

JTT-305, NPSP-795/SB-423562); 2) quinazolin-2-one (AXT914 and ATF936) 

(Table 3). SB-423562 has a very low systemic exposure due to poor intestinal 

absorption and/or first-pass hepatic extraction after oral administration. SB-

423557 is the prodrug of SB-423562, with improved absorption and increased 

bioavailability after oral administration. AXT914 and ATF936 are two 

quinazolin-2-one derivatives that Novartis developed for testing in clinical 

trials, which showed almost identical dose-dependent exposure levels in 

healthy male volunteers. However, AXT914 was finally selected to be tested 

in the later phase of development due to its superior solubility properties in 

microemulsion preconcentrates, enabling substantially higher drug loading of 
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the emulsions (Widler 2011). In the previous experiment, our lab 

demonstrated that calcilytic can abrogate airway hyperresponsiveness and 

inflammation, a generic calcilytic NPS89636 was used, the one didn’t-test in 

the clinical trials (Yarova et al., 2015). So, in the first part of my PhD studies, I 

wanted to select the best available calcilytic previously tested in clinal trials 

which could be suitable for repurposing for inhalation. To this end, I compared 

the effects of calcilytics previously tested in humans, namely NPSP-795, 

Ronacaleret, JTT-305 and AXT 914, on acetylcholine (ACh)-induced airway 

contraction in naïve mouse tracheae ex vivo, with the scope to identify the 

best calcilytic for repurposing in asthma using wire myography. In my 

experiments, the candidate calcilytics were custom-synthetized by Signature 

Discovery (Durham, United Kingdom), and the control calcilytic, NPS2143, 

was purchased from Tocris (Tocris Bioscience, Bristol, United Kingdom).  

 

3.2 Aims And Objectives 

To further explore the possibility of repurposing existing calcilytics, delivered 

topically to the lung, as a novel asthma drug in humans, the aim of this 

chapter was to select the best calcilytic amongst those previously tested in 

humans via the systemic route (i.e., NPSP-795, Ronacaleret, JTT-305 and 

AXT 914) for testing in preclinical in vivo asthma models. The purpose of this 

part of my work was to carry out wire myography on isolated airways in which 

contraction was induced by ACh in naïve mouse tracheae ex vivo in order to 

compare the bronchoconstricting and bronchodilatory properties of the 

selected calcilytics. 

 

3.3 Materials and Methods 

To select the best calcilytic for further clinical development, I tested the 

bronchodilatory properties of calcilytics ex vivo by wire myography by 

determining the effects of different concentrations of clinical-grade calcilytics 

on airway contraction evoked by the acetylcholine (ACh), in tracheae isolated 

from male Balb/C mice. 

 

3.3.1 Wire Myography 
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For this part of the work, I tested the effects of calcilytics both prophylactically 

and therapeutically. For both settings, tracheae were isolated, processed and 

mounted on a wire myography machine as detailed in the Methods section 

2.2.1.1. The contraction of the trachea was induced by the bronchoconstrictor 

acetylcholine and the effect of the four candidate calcilytics (NPSP-795, 

Ronacaleret, JTT-305 and AXT 914, 100 nM) or the positive control calcilytics, 

NPS 2143 (100 nM) and NPS89636 (300 nM) were tested in the pre-

treatment (Figure 14A) and post-treatment (Figure 14B) settings. For the 

prophylactic experiments, I aimed to rule out the possibility of causing trachea 

constriction by calcilytics, and to check if they had any preventive effects on 

trachea constriction. So, calcilytics were added before evoking tracheal 

contractions by increasing concentrations of ACh (1 nM - 3 μM) (Figure 14A in 

Methods section 2.2.1.1.1). For the therapeutic experiments, trachea 

constriction was induced by half-maximum effects of Ach (20 nM) before 

increasing concentrations of calcilytics (1 nM - 30 μM) or DMSO (vehicle) 

were added, to investigate their effects on pre-existing partial trachea 

constriction. The generated averaged data points for each experiment were 

then fitted as contraction with logarithm dose (% contraction v.s. log dose, % 

contraction as Y axis, log dose as X axis, ACh dose for the pre-treatment 

experiments, dose of different calcilytics for the post-treatment experiments) 

to generate concentration-response curves (Microsoft Excel 2010, Microsoft 

Corporation, Redmond, Washington; GraphPad Prism 7, San Diego, CA).  

 

3.3.2 Materials 

Clinically tested calcilytics, the quinazolin-2-one, AXT914, and the amino 

alcohols, JTT-305, NPSP-795 and Ronacaleret, were custom-synthetized by 

Sygnature Discovery Ltd. NPS89636 was a gift from NPS Pharmaceuticals 

Inc. NPS2143 was purchased from Tocris. All other chemicals from this part 

of work were purchased from Sigma-Aldrich (Merck), unless otherwise 

specified. 

 

3.4 Results 

3.4.1 Prophylactic effects of calcilytics on ACh-induced airway 

contraction ex vivo in naïve animals 
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As shown in Figure 27, pharmacologically relevant concentrations of NPSP-

795 and AXT-914 evoke a rightward shift in the ACh dose-response curve 

with statistically significant effects albeit with differences in the modes and 

magnitude for the relaxation, suggesting that NPSP-795 and AXT-914 have 

prophylactic effects in preventing trachea constriction induced by ACh. By 

comparing the ACh dose-response curve obtained in the presence of the 

calcilytic vs that observed in control (DMSO) conditions, I found that: the ACh 

dose-response curve in the presence of prophylactic administration of NPSP-

795 exhibits a rightward shift from the DMSO (control) group at concentrations 

as low as 100 nM, which becomes statistically significant at 300 nM until the 

highest dosage tested 3 μM. However, prophylactic administration of AXT-

914, though the ACh dose-response curve also exhibits a rightward shift at 

100 nM, this difference only became statistically significant at the highest 

concentration tested, 3 μM. Though Ronacaleret, and the control calcilytics 

NPS2143 and NPS89636 evoked a rightward shift in the ACh dose-response 

curve, this effect was not significantly different from that seen in the DMSO 

control group (Figure 27).
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Figure 27. Prophylactic effects of calcilytics on acetylcholine-induced trachea contraction.  

Trachea contraction was evoked by increasing concentrations of acetylcholine ( Ach, 1 nM - 3 μM) to serve as the baseline levels, 

after which tracheae were treated with DMSO (0.001%, control) or calcilytics (100 nM), then the percentage of contraction relative 

to the contraction evoked by the ACh alone was measured. NPSP-795 and AXT 914 significantly reduced bronchial constriction. 

Results are from 5 or 6 independent experiments. Data are presented as Mean ± SEM. P-values are from unpaired t test, *: p < 

0.05, **: p < 0.01. 
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3.4.2 Therapeutic effects of calcilytics in acetylcholine (ACh)-induced 

airway contraction ex vivo in naïve animals 

To test the ability of calcilytics to affect pre-contracted airways, 20 nM ACh 

was added first to evoke a trachea contraction and after stability was 

achieved, different concentrations of calcilytics were added to investigate 

whether calcilytics evoked further constriction, or relaxation, of half-maximally 

pre-contracted mouse tracheae (Figure 14B in Methods section 2.2.1.1.2). 5 

calcilytics, including three repurposing calcilytics Ronacaleret, NPSP-795 and 

JTT-305 and the control calcilytics NPS2143 and NPS89636, evoked a 

statistically significant airway relaxation compared to the DMSO control. In 

contrast, AXT 914 didn’t show any effect on airway contraction. NPS2143, 

NPS89636, NPSP-795, Ronacaleret, and JTT-305 are all amino alcohols with 

similar structures, while AXT 914 is a quinazolin-2-one with different structure. 

The mode and magnitude of relaxation effects of NPS89636, NPSP-795 and 

Ronacaleret were comparable, and they all demonstrated to evoke relaxation 

from concentrations of 10 μM. NPS2143 and JTT-305 also had comparable 

relaxation effects mode and magnitude, with the effect onset at the highest 

dosage tested 30 μM (Figure 28).



PAGE 113 OF 222 

-9 -8 -7 -6 -5 -4

50

100

150

DMSO, N=7

NPS89636, N=5

log [Calcilytic], (M)

R
el

ax
at

io
n

  C
o

n
tr

ac
ti

o
n

 (
%

)
***

****

-9 -8 -7 -6 -5 -4

50

100

150

DMSO, N=7

log [Calcilytic], (M)

R
el

ax
at

io
n

  C
o

n
tr

ac
ti

o
n

 (
%

)

NPS2143, N=5

****

-9 -8 -7 -6 -5 -4

50

100

150

DMSO, N=7

log [Calcilytic], (M)

R
el

ax
at

io
n

  C
o

n
tr

ac
ti

o
n

 (
%

)

NPSP-795, N=7

****

****

-9 -8 -7 -6 -5 -4

50

100

150

DMSO, N=7

log [Calcilytic], (M)

R
el

ax
at

io
n

  C
o

n
tr

ac
ti

o
n

 (
%

)

Ronacaleret, N=8

***

****

-9 -8 -7 -6 -5 -4

50

100

150

DMSO, N=7

log [Calcilytic], (M)

R
el

ax
at

io
n

  C
o

n
tr

ac
ti

o
n

 (
%

)

JTT-305, N=6

****

-9 -8 -7 -6 -5 -4

50

100

150

DMSO, N=7

log [Calcilytic], (M)

R
el

ax
at

io
n

  C
o

n
tr

ac
ti

o
n

 (
%

)

AXT 914, N=7

A B C

D E F

 
Figure 28. Therapeutic effects of calcilytics on acetylcholine-induced trachea contraction.  

Measurements of trachea contraction were carried out in the presence of different concentrations of calcilytics (1 nM - 30 μM) in 

naïve mouse trachea half-maximally pre-constricted with the bronchoconstrictor acetylcholine (ACh, 20 nM). NPSP-795, 

Ronacaleret, JTT-305 and the control calcilytics (NPS2143 and NPS89636) significantly reduced bronchoconstriction compared 

with the DMSO vehicle control, while AXT 914 did not. Results are from 5-8 independent experiments. Data are presented as Mean 

± SEM. P-values are from unpaired t test, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001.
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3.5 Discussion 

In this chapter, I tested, for the first time, the prophylactic and therapeutic 

effects of the four calcilytics previously clinically tested in osteoporosis trials 

on ACh-induced airway contraction ex vivo in naïve mouse trachea to identify 

the best available calcilytic for repurposing as a novel asthma drug. In mouse 

trachea, all the tested amino alcohol calcilytics evoked reductions in ACh-

induced tracheal contraction to some degree when applied therapeutically, 

showing different modes and magnitude of relaxation, while quinazolin-2-one 

calcilytic AXT 914 didn’t show any effects. The control calcilytic NPS89636 

and two repurposing calcilytics, NPSP-795 and Ronacaleret exhibited 

comparable great effects, with effects onset from the concentration of 10 μM. 

NPS2143 and JTT-305 demonstrated comparable effects, with effects onset 

from the concentration of 30 μM. In contrast, only two calcilytics, NPSP-795 

and AXT 914 attenuated ACh-induced tracheal contraction when applied 

prophylactically at concentrations known to selectively inhibit the CaSR. For 

the therapeutic treatments, the Ach dose-response curve in the NPSP-795 

group seems to have a rightward shift from the DMSO-treated group earlier 

(100 nM) than the AXT-914 group (3 μM). In contrast, Ronacaleret, JTT-305, 

NPS2143 and NPS89636 didn’t show a significant effect when compared to 

the DMSO control group. NPS2143, Ronacaleret, JTT-305 and NPSP-795 

belong to the same structural class amino alcohols and with similar structures, 

however, their effects on tracheal contraction were significantly different in 

both prophylactic and therapeutic settings; in the prophylactic setting, NPSP-

795 showed significant inhibition of the airway contraction, however 

Ronacaleret and JTT-305 didn’t show any effect; in the therapeutic setting, 

though the 3 calcilytics evoked relaxation, Ronacaleret and NPSP-795 

induced a similar and much earlier and greater relaxation than JTT-305. The 

reason for the differential effect of different calcilytics may be related to their 

distribution in tissue, or the differential affinity for the receptor. NPS2143 is the 

early-developed amino alcohol, while Ronacaleret, NPSP-795 and JTT-305 

are later-developed amino alcohols with improved selectivity profiles 

compared with NPS2143 (Widler 2011). They also have different half-life, 

volume of distribution and oral bioavailability when applied systemically. 

However, aside from receptor affinity, the bioavailability was related to 
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intestinal absorption and/or first-pass hepatic extraction when applied 

systemically (Widler 2011). Their effects when applied locally haven’t been 

investigated before my study; however, a group from Australia published in 

2023 that they compared the effects of CaSR NAMs on MCh-induced airway 

contraction with the standard of care, salbutamol (Diao et al. 2023). In that 

study, the authors reported that by using the mouse precision-cut lung slices, 

they were able to demonstrate that CaSR NAMs reverse MCh-induced airway 

contraction to a similar extent with salbutamol. In addition, the authors 

showed that the bronchodilator effects of CaSR NAMs are maintained under 

conditions mimicking a severe asthma attack when β2-adrenergic receptor 

desensitization while salbutamol shows no efficacy. Furthermore, some CaSR 

NAMs also show preventive effects after overnight treatment on MCh-induced 

airway contraction while formoterol has no effects. Taken together, these data 

highly support the bronchodilator properties of NAMs and their preventive 

effect on bronchoconstriction in asthma. 

 

I conducted this experiment using Krebs’ solution containing 1 mM Ca2+ to 

mimic physiologic conditions, while my colleague Polina Yarova also carried 

out parallel experiments in Krebs’ solution containing 2 mM Ca2+ to mimic 

proinflammatory conditions (Yarova et al. 2021). In the proinflammatory 

conditions, CaSR NAMs were able to relax precontracted tracheae even more 

effectively than those of the physiologic conditions. All CaSR NAMs tested 

were able to relax precontracted tracheae, even the one that didn’t show an 

effect under physiologic conditions, AXT-914 (Yarova et al. 2021). Since 

these data showed that CaSR NAMs may have greater effects in 

proinflammatory conditions, these data further support the repurpose of CaSR 

NAMs in pulmonary inflammatory diseases, such as COPD and asthma. 

 

Airway hyperresponsiveness is the most important feature of asthma, 

contributing to airway narrowing and obstruction. Airway hyperresponsiveness 

in asthma is associated with increased ASM contractile function, the 

mechanisms of which have not been fully elaborated but may be related to the 

elevation of [Ca2+]i concentration and Ca2+ sensitivity (Camoretti-Mercado and 

Lockey 2021). CaSR located on the plasma membrane detects changes in 
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extracellular calcium levels and modulates cellular responses accordingly. 

Activation of these receptors can regulate calcium entry and release, 

contributing to overall [Ca2+]i homeostasis (Riccardi et al. 2022).  

 

Bronchial challenge tests have been long used to measure BHR using 

bronchoconstrictive stimuli to rule out or confirm a diagnosis of asthma (Sterk 

et al. 1993; Cockcroft 2010). The most common stimulus utilized in bronchial 

challenge testing is methacholine, a direct-acting agent that mimics the 

neurotransmitter acetylcholine and functions as an agonist of muscarinic M3 

receptors on ASM cells (Sterk et al. 1993). However, its specificity is poor 

since healthy subjects and subjects with other diseases such as COPD also 

respond to the stimulus, with less sensitivity than asthmatic (Lexmond et al. 

2018). This is because instead of directly measuring BHR, bronchial 

challenge test actually measures airway obstruction, which comprises of 

bronchial smooth muscle hyperresponsiveness, submucosal inflammation, 

excessive mucus production and airway remodelling (Corrigan 2020). Airways 

inflammation and remodelling make the airways narrow, and excessive mucus 

production may critically obstruct the airways, which all exert very great 

influences on the resistance to airflow aside from bronchial 

hyperresponsiveness (Corrigan 2020). This is why inhaled corticosteroids 

were said to reduce bronchial hyperresponsiveness whereas they do not: they 

simply increase the internal diameter of the airways by reducing inflammatory 

cellular infiltration and edema, which results in a reduction of airway 

resistance (Corrigan 2020). One of the advantages of my experiments is that I 

used wire myography to directly test the airway tension without the 

confounding effects of airflow resistance resulting from airway inflammation 

and remodelling. My results clearly demonstrate that calcilytics exhibit 

bronchodilator properties. 
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Although existing bronchodilators temporarily alleviate bronchospasm caused 

by bronchial smooth muscle hyperresponsiveness, there is no therapy that 

directly and efficiently targets smooth muscle hyperresponsiveness. There 

isn't a specific drug designed solely to prevent bronchial hyperresponsiveness 

to date. Thus, asthmatics who have bronchial hyperresponsiveness but with 

mild symptoms also have a high risk of death due to a lack of preventive 

treatment or radical treatment of bronchial hyperresponsiveness (Corrigan 

2020). If the observed effects of the calcilytics on tracheal contraction and 

relaxation in my experiments translate to humans, they support the beneficial 

prophylactic and therapeutic use of calcilytics as bronchodilators in asthma 

patients, i.e. prevent the onset of bronchial hyperresponsiveness and to relax 

constricted airways in ICU settings. 

 

Based on these observations, and additional data concerning PK/PD and 

formulation studies (Yarova et al. 2021), I selected NPSP-795 as the best 

calcilytic to carry out my future experiments, along with the control calcilytic, 

NPS89636. 
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Chapter IV Testing the effects of inhaled calcilytic against the current 

standard of care, fluticasone propionate, in a Th2/IgE asthma model 

4.1 Introduction 

Since asthma is a heterogeneous group of disorders, the causative factors 

and key components can vary, leading to their different susceptibility to 

different treatments. According to GINA 2023(Global Initiative for Asthma 

2023), the treatment of asthma follows a stepwise approach, of which 

corticosteroids and beta 2-agonists are the standard-of-care that have been 

used to treat asthma for more than 40 years. However, they do not work for all 

patients, 5%-25% amongst asthmatic patients who have more severe disease 

typically have poor response to high doses of or even with oral steroid 

treatment (Rhen and Cidlowski 2005; Barnes 2010b), and represent the 

severe, steroid-resistant asthma. 

 

Though steroid-resistant asthma is only seen in a small percentage of 

patients, it accounts for significant healthcare costs, which leaves steroid-

resistant asthma as an area of unmet medical need (Serra-Batlles et al. 

1998). In addition, inhaled steroids and beta-agonists are associated with 

significant side effects (Barnes and Woolcock 1998; Huscher et al. 2009), of 

which voice problems and cough are the most common local side effects 

resulting from oropharyngeal and laryngeal deposition of inhaled drugs 

(Williamson et al. 1995; Leach 1998; Global Initiative for Asthma 2023). Also, 

patients taking ICS/OCS have an increased risk of pneumonia and 

osteoporosis, which are dose-dependent (Israel et al. 2001; Kim 2019; 

Chalitsios et al. 2021; Global Initiative for Asthma 2023).  

 

In contrast to the significant health and economic burden of asthma, very few 

classes of safe and effective therapies have been introduced to the market 

during the last decades because of a poor understanding of the underlying 

disease mechanisms, such as leukotriene receptor antagonists such as 

zafirlukast, montelukast and zileuton, as well as anti-IgE monoclonal antibody 

omalizumab (Mullane 2011; Chini et al. 2014). Also, anti-IL5 monoclonal 

antibody Mepolizumab (Nucala®), Reslizumab (Cinqair®) and Benralizumab 

(Fasenra®), anti-IL4R monoclonal antibody Dupilumab (Dupixent®) as well as 
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anti-TSLP monoclonal antibody Tezepelumab (Tezspire®) have been 

approved recently by FDA for treatment of severe asthmatics (Matera et al. 

2019). Although there is a pipeline of these innovative new treatments for 

asthma, they have been shown to be effective only in a specific sub-type of 

asthma (McGregor et al. 2019).  

 

In our previous studies, we have shown that calcilytics, delivered topically to 

the lung, can abrogate airway hyperresponsiveness and inflammation in an 

allergic asthma model and also decrease steroid-resistant neutrophilic 

inflammation and airway remodelling in an LPS-induced COPD-like animal 

model (Yarova et al. 2015; Yarova et al. 2016). In this case, in the current 

study, I aimed to compare the effects of the inhaled calcilytic with the standard 

of care, inhaled FP, in two different protocols of Th2/IgE asthma (shorter-term 

and longer-term) induced by OVA in vivo.  

 

4.2 AIMS AND OBJECTIVES 

4.2.1 AIMS 

The aim of this chapter was to compare the effects of inhaled calcilytic against 

the current SOC, FP, in murine asthma models in vivo.  

 

4.2.2  OBJECTIVES 

1) To test the effects of inhaled calcilytic against FP in a shorter-term, 

prophylactic murine OVA-induced asthma model in vivo; 

2) To select the best vehicle that could be used to dissolve both calcilytic and 

FP; 

3) To compare the effects of inhaled calcilytic against the current SOC, FP, in 

a longer-term, therapeutic murine OVA-induced asthma model in vivo. 

 

4.3 Materials and Methods 

4.3.1 Animals 

As described in Methods section 2.2.2.1, 5 weeks BALB/c male/female mice 

(20-25g) were used in the experiments which I conducted in UK. They were 

purchased from Charles River and housed at Cardiff University for 2 weeks 

before any procedures were conducted for environmental accommodation. 
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The housing conditions are as described in Methods section 2.2.2.1. There 

was an additional one-week acclimatisation and training for the animals 

before the start of the experiment.  

 

4.3.2 Acute asthma model 

The schematic diagram of the protocol is shown in Figure 15 in Methods 

section 2.2.2.2. Briefly, on days 0 and 5, animals were sensitized and 

challenged by 2 inhalations of OVA fourteen days later. Calcilytic  

or FP treatments were given at 1 hour prior to the first OVA challenge and 4 

hours post the last OVA challenge. 

 

4.3.3 Longer-term asthma model. 

Animals for the longer-term asthma model were sensitized and challenged as 

described in Figure 16 in Methods section 2.2.2.3. Briefly, on days 0 and 10, 

animals were sensitized and challenged every other day from day 21 for a 

total of 6 inhalations. Calcilytic or FP treatments were given twice daily from 

day 26. 

 

4.3.4 BALF collection and analysis 

Following the measurement of non-invasive lung function, BALF was collected 

as described in Methods section 2.2.2.6 to determine total and differential 

inflammatory cell infiltration. 

 

4.3.5 BALF differential cell counts with Leishman’s staining protocol 

BALF cells were spun onto slides using Cytospin centrifugation. After this, the 

slides were air-dried, and stained with 0.15% Leishman’s solution to count 

differential cell counts. At least 300 cells were counted and 4 different cell 

types, eosinophils, neutrophils, lymphocytes and macrophages, were counted 

according to the method described in the above Methods section 2.2.2.7. 
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4.4 Results 

4.4.1 Comparison of the effect of inhaled calcilytic NPS89636 to inhaled 

FP on inflammatory cell infiltration in BALF in acute murine asthma 

model. 

In order to compare the ability of inhaled calcilytics to suppress acute airway 

inflammation with that of the current standard of care, inhaled FP, I employed 

a short-term OVA-sensitized, OVA-challenged murine asthma model where 

animals were challenged twice in one day before the BALF collection (Figure 

15). The results from the BALF total cell counts and differential cell counts 

demonstrated that inhaled calcilytic (3 μM NPS89636) significantly inhibited 

total leucocyte infiltration in the BALF in a magnitude that is similar to that one 

achieved by FP inhalation (0.5 mg/day). Moreover, the calcilytic was able to 

suppress eosinophil infiltration in the BALF significantly (Figure 29). 
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Figure 29. Effect of NPS89636 and fluticasone propionate (FP) on 

Bronchoalveolar lavage fluid (BALF) leucocyte cell count in the short-

term asthma model. 

This work was conducted by my colleague Polina Yarova. BALB/c male mice 

(5 weeks) were sensitized on days 0 and 5 by an i.p. injection of 250 μL 0.2 

mg/mL OVA (50 μg /mouse) and 10% (50 mg/mouse) aluminium hydroxide in 

phosphate buffered solution (PBS). Fourteen days after the last injection, 

mice were challenged by inhalation of a 20 mL 5 mg/mL OVA aerosol for one 

hour twice on the same day, 4 h apart (Figure 15). Calcilytic (NPS89636, 3 

µM, dissolved in 0.3% DMSO in PBS, 10 mL), FP (0.5 mg/day, dissolved in 

25% DMSO, 50% EtOH in PBS, 10 mL), or respective vehicle treatment is at 

1 hour prior to the first OVA challenge and 4 hours post the last OVA 

challenge. Bronchoalveolar lavage fluid (BALF) samples were collected at the 

end of the experiment. Inhaled calcilytic significantly inhibited total leucocyte 

infiltration and eosinophil infiltration in a magnitude similar to FP in the BALF. 

N=4-6 animals per experimental group. Data are presented as Mean ± SEM. 

P-values are from one-way ANOVA with Bonferroni’s post hoc test, ****: 

p<0.0001. 

 

In conclusion, in this short-term asthma model, I was able to determine that 

inhaled NPS89636 inhibits inflammatory cell infiltration in the BALF, with an 

effect comparable to that of inhaled FP. However, in this model, I used 

https://pubmed.ncbi.nlm.nih.gov/?size=200&term=Yarova+PL&cauthor_id=33115824
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different vehicles for calcilytic and FP, which may partly affect the comparison. 

So, in the next step, I aimed to use the same vehicle for both drugs. 
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4.4.2 Vehicle optimization 

Since inhaled calcilytic showed an inhibitory effect similar to inhaled FP in the 

OVA-induced asthma, as a further development, I wanted to compare the 

therapeutic effect of inhaled calcilytic to that of inhaled FP in a longer-term 

asthma model. In order to make a better comparison, I set out to find the 

optimal vehicle for these two agents that did not cause significant airway 

irritancy by dissolving them in different vehicles, and by determining the 

effects of nebulized drugs on airway obstruction (by plethysmography), and by 

measuring airway inflammation (by measuring BALF cell infiltration). First of 

all, a stock solution was prepared in DMSO at a concentration of 12 mM. On 

the day of measurement, the stock solution was diluted in the corresponding 

vehicle to the desired working concentration. 

  

1. 25% DMSO + 50% ethanol + 25% Saline 

To find the optimal vehicle that works for both calcilytic and FP, initially, I used 

the vehicle that we used in our previous experiment for calcilytic, 25% DMSO 

+ 50% ethanol + 25% PBS. However, FP did not completely dissolve in this 

vehicle, as shown in the Figure below (Figure 30). 

 

Figure 30. Solubility test of 0.5 mg FP in 1 mL of 25% DMSO, 50% 

ethanol, and 25% PBS. 

FP did not completely dissolve in 25% DMSO + 50% ethanol + 25% PBS, with 

a lot of precipitate in the solution. 
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2. 30% ethanol + 70% Saline 

I then tried 30% ethanol as a vehicle since that has been used previously to 

dissolve FP (Escotte et al. 2002). My results showed that, while FP dissolved 

completely in this vehicle, it precipitated in the nebulizer after the nebulization. 

This is likely to be due to the fact that ethanol volatilized faster than nebulized 

saline during the nebulization, leaving only saline being nebulized at the later 

phase, while given its hydrophobic nature, FP cannot be dissolved in aqueous 

saline solutions. 

 

3. 1% DMSO + 0.1% Tween 80 

I next tried 1% DMSO + 0.1% Tween 80, because Tween 80 can be used to 

increase the solubility of the drugs, because it has been previously used to 

dissolve FP (Patterson et al. 2012) and also because it has been used to 

dissolve human drugs (such as FP spray) (Pirinase Allergy 0.05% Nasal Spray - 

Summary of Product Characteristics (SmPC) 2023). The result of the dissolution 

test showed that FP completely dissolved in this vehicle, yielding a clear, 

colorless liquid (Figure 31). However, when I then measured the total number 

of BALF cell infiltration in the vehicle group, I found that its administration 

resulted in an increase in inflammatory cell infiltration, though this increase 

was not statistically significant (Figure 32). Analysis of whole-body 

plethysmography showed that the change of Penh after the challenge with the 

vehicle relative to before the challenge (Penh) increased compared to the 

naïve animals, indicating some irritancy effect of this vehicle (Figure 33). 
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Figure 31. Solubility test of 0.5 mg FP in 1 mL of 1% DMSO and 0.1% 

Tween 80. 

 FP completely dissolved in 1% DMSO + 0.1% Tween 80. 
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Figure 32. Total cell counts of the naïve and vehicle-treated BALB/c male 

mice 

Male BALB/c mice (5 weeks) were divided into naïve control and vehicle 

groups. Animals in the naïve control group are naïve BALB/c male mice 

without treatment. Animals in the vehicle group were challenged with vehicle 

(1% DMSO + 0.1% Tween 80) twice daily for 6 days. N=4-6 animals per 

experimental group. Data are presented as Mean ± SEM. P-values are from 

unpaired t-test, ns: not-significant. The total cells in the vehicle group 
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increased compared to that of the naïve animals, but the difference did not 

reach significance. 
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Figure 33. Penh of the naïve and vehicle-treated BALB/c male mice 

measured by plethysmography 

Male BALB/c mice (5 weeks) were divided into naïve control and vehicle 

groups. Animals in the naïve control group are naïve mice without treatment. 

Animals in the vehicle group were challenged with vehicle (1% DMSO + 0.1% 

Tween 80) twice daily for 6 days. N=4-6 animals per experimental group. Data 

are presented as Mean ± SEM. P-values are from unpaired t-test for each 

points, *: p < 0.05. Penh significantly increased in the vehicle group 

compared to that measured for the naïve animals. 

 

4. 0.3% DMSO + 0.01% Tween 80 

Finally, I further decreased the concentrations of DMSO and Tween 80 to 

0.3% and 0.01%, respectively. The result of the dissolution test also showed 

that FP completely dissolved in this vehicle, resulting in a clear, colorless 

liquid (Figure 34). The total BALF cells infiltration and whole-body 

plethysmography showed no significant effects of the vehicle, indicating there 

was no induction of airway irritancy when this vehicle was used (Figure 35 

and Figure 36). As NPSP-795 also fully dissolved in this vehicle, I used it for 
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both FP and NPSP-795 in my future studies aimed at testing the effects of 

inhaled NPSP-795 in an in vivo therapeutic asthma model. 

 

Figure 34. Solubility test of 0.5 mg FP in 1 mL of 0.3% DMSO and 0.01% 

Tween 80. 

FP completely dissolved in 0.3% DMSO + 0.01% Tween 80 PBS solution. 
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Figure 35. Total cell counts of the naïve and vehicle-treated male BALB/c 

mice 

Male BALB/c mice (5 weeks) were divided into naïve control and vehicle 

groups. Animals in the naïve control group are naïve mice without treatment. 

Animals in the vehicle group were challenged with vehicle (0.3% DMSO + 

0.01% Tween 80 PBS solution) twice daily for 6 days. N=4-6 animals per 

experimental group. Data are presented as Mean ± SEM. P-values are from 
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unpaired t-test, ns: not-significant. There is no statistical difference in the total 

cells infiltrated into the BALF in the vehicle group compared to the naïve 

animals. 
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Figure 36. Penh of the naïve and vehicle-treated male BALB/c mice 

measured by plethysmography 

Male BALB/c mice (5 weeks) were divided into naïve and vehicle groups. 

Animals in the vehicle group were challenged with vehicle (0.3% DMSO + 

0.01% Tween 80 PBS solution) twice daily for 6 days. N=4-6 animals per 

experimental group. Data are presented as Mean ± SEM. P-values are from 

unpaired t-test for each point, ns: not-significant. There is no difference in 

Penh in the vehicle group compared to the naïve animals. 

 

4.4.3  Comparison of the effect of inhaled calcilytic and inhaled FP on 

inflammatory cell infiltration in BALF in a longer-term murine asthma 

model. 

Once I had identified a suitable vehicle that allowed me to dissolve both FP 

and the calcilytic NPSP-795, I went on to investigate how well the inhaled 

calcilytic performs in comparison to the current standard of care, inhaled FP, 

at suppressing airway inflammation. To this end, I employed a previously 

established OVA-sensitized OVA-challenged murine asthma model where 

animals were challenged every other day for twelve days to achieve a strong 

and robust inflammation (Figure 16). Aerosolised calcilytic inhalation (6 μM 

NPSP-795) was able to significantly suppress total leucocyte infiltration and 

eosinophil infiltration in a magnitude similar to the one achieved by FP 
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Figure 37). Combined treatment with both calcilytic and FP resulted in an 

effect that was similar to the one produced by each of the compounds 

individually 
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Figure 37), showing there were no additive effects of calcilytic and ICS. 
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Figure 37. BALF leucocyte cell count from male BALB/c mice in the 

longer-term asthma model. 

Male BALB/c mice (5 weeks) were sensitized on days 0 and 10 by i.p. 

injection of 250 μL 0.2 mg/mL OVA (50 μg /mouse) and 10% (50 mg/mouse) 

aluminium hydroxide in PBS. After the sensitization, mice were challenged by 

inhalation of a 0.5% OVA aerosol for one hour from day 21, and the OVA 

challenges continued every other day for 11 days. From day 26, twice daily 

calcilytics (6 μM NPSP-795, 10 ml, 30 min), FP (0.5 mg/day, 10 ml, 30 min) or 

vehicle (0.3% dimethyl sulfoxide (DMSO) +0.01% Tween-80) treatments were 

performed at 1 hour prior to the OVA challenge and 8 hours after the previous 

one. Inhaled NPSP-795 and FP (0.5 mg/day) both significantly suppress total 

leucocyte infiltration and eosinophil infiltration to a comparable magnitude, 

with no additive effect of calcilytic and steroid. N=4-6 animals per 

experimental group. Data are presented as Mean ± SEM. P-values are from 

one-way ANOVA with Bonferroni’s post hoc test, *: p<0.05, **: p<0.01. 

 

4.4.4 Comparison of the effect of inhaled calcilytic to the inhaled FP on 

goblet cell hyperplasia in a longer-term murine asthma model. 

After I found that inhaled calcilytic was able to inhibit total cell infiltration and 

eosinophil infiltration in BALF, I compared their effect on goblet cell 

hyperplasia. This work was conducted by my colleague Richard Bruce using 

StrataQuest image analysis software. Quantitative image analysis revealed 
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that inhaled NPSP-795 reduced goblet cell hyperplasia as demonstrated by a 

reduction of the mean goblet cell number in the airways, whereas inhaled FP 

did not show any effects (Figure 38B). 
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Figure 38 (A) Representative images of Masson’s trichrome-stained 

slides and (B) The effects of inhaled NPSP-795 or FP on goblet cells. 

The effects of inhaled NPSP-795 (6 μM) or FP (0.5 mg/day) on goblet cells 

were quantified using StrataQuest image analysis software conducted by my 

colleague Richard Bruce. Briefly, regions of interest were manually drawn, 

and the percentage of positive goblet cells was calculated. N = 6 animals per 

experimental group. Data are presented as Mean ± SEM. P-values are from 

one-way ANOVA with Holm-Sidak’s post hoc test. ns: not-significant, *: 

P<0.05, ***: p < 0.001. 
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4.5 Discussion 

The most common treatment of asthma is bronchodilators, β-adrenoceptor 

agonists, and anti-inflammatory corticosteroids, or in some severe patients 

require therapy with the combination of them (Global Initiative for Asthma 

2023). However, all of them raise safety concerns, compliance issues and are 

ineffective even when used in combination in some patients (Kim et al. 2009; 

Sadatsafavi et al. 2010; O’Neill et al. 2015). Therefore, a safe and effective 

single treatment that has effect on both inflammation and AHR would be 

highly advantageous (Page and Cazzola 2014). In one of our previous 

papers, we have already demonstrated that inhaled calcilytics have the 

potential to abolish AHR in a safe and steroid-independent fashion (Yarova et 

al. 2015). So, in this study, I compared the therapeutic effect of inhaled 

calcilytic with the current SOC, inhaled corticosteroid in the OVA-induced 

asthma model. 

FP is the most common corticosteroid used in clinical, however it is poorly 

soluble in common solvents. From the previous study, the common solvents 

and route of administration used in the animal models are saline:dimethyl 

sulfoxide (DMSO):ethanol (40:30:30) by aerosol (Evans et al. 2012), DMSO in 

saline and administered intranasally (Kimura et al. 2013), DMSO in PBS and 

intratracheal treatment (Wakahara et al. 2008), Tween-20 in PBS and through 

intranasal (i.n.) administration (Ravanetti et al. 2017), Tween-80 in sterile 

saline via nebulization (Patterson et al. 2012). However, I tried DMSO:ethanol 

in saline, DMSO in PBS, Tween-20 in PBS, and Tween-80 in sterile saline, 

which all failed to dissolve the drug, or evoked airway irritancy. Instead, I 

found that Tween-80 in sterile saline with DMSO is the best vehicle, with good 

solubility and low toxicity. So, I used 0.3% DMSO + 0.01% Tween 80 as the 

vehicle to dissolve both FP and calcilytic for our further studies. 

Inflammatory cells and eosinophil infiltration are the major characteristics of 

asthma (Hamid et al. 2003), so in my study, I measured the total cell and 

eosinophil counts in BALF. Both inhaled calcilytic and steroid reduced the 

inflammatory cells and eosinophil infiltration; however, there were no additive 

effects of calcilytic and steroid. In addition, inhaled calcilytic can reduce goblet 

cell hyperplasia, while inhaled FP did not, suggesting that they might show 

greater efficacy than steroids, thereby representing a novel, first-in-class 
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asthma treatment. These findings align with a previously published study 

indicating that CaSR NAMs reduce mucus production in human epithelial cells 

stimulated by tobacco smoke (Lee et al. 2017a). This suggests that long-term 

use of inhaled CaSR NAMs could potentially protect airway integrity and 

mitigate irreversible airway obstruction caused by remodelling. 

 

Overall, my results indicate that treatment with inhaled calcilytic exerts 

comparable efficacy to that of inhaled steroid FP in suppressing airway 

inflammation and superior efficacy to that of inhaled steroid FP in reducing 

goblet cell hyperplasia in an asthma model. Thus, this approach could 

empower disease management for asthmatics worldwide whilst avoiding 

regular steroid exposure.  
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Chapter V Testing the efficacy of inhaled calcilytic in OVA and IL-33-

induced asthma models. 

5.1 Introduction 

Although the majority of asthmatics respond well to steroid therapies, 

approximately 30% of severe asthmatics are steroid-refractory (Rhen and 

Cidlowski 2005; Barnes 2010b; Chung et al. 2014). Also, steroid-resistant 

asthma (SRA) occurs in ~10% of the total asthmatic population, but it 

accounts for up to 90% of the total asthma healthcare costs, which costs over 

$8 billion/ year in Europe, USA, and Australia combined (Shaw et al. 2007; 

WHO. 2024). Thus, effective treatments for severe, steroid-resistant asthma 

are urgently required. Recently, several biologics including reslizumab, 

mepolizumab, benralizumab and omalizumab have been approved for the 

treatment of moderate-to-severe asthma and found to improve lung function in 

patients with severe asthma (Busse et al. 2013; Hanania et al. 2013; Bel et al. 

2014; Gauvreau et al. 2014; Humbert et al. 2014; Ortega et al. 2014; Brightling et al. 

2015; Castro et al. 2015; Krug et al. 2015; Bjermer et al. 2016; Bleecker et al. 2016; 

Corren et al. 2016; FitzGerald et al. 2016; Wenzel et al. 2016; Saco et al. 2017; 

CINQAIR® (reslizumab) Injection – About CINQAIR 2020; NUCALA® (mepolizumab) 

prescribing information 2023; XOLAIR® (omalizumab) prescribing information 2024). 

However, unlike other medications for asthma, most biologics are currently 

administered as a subcutaneous injection or as an intravenous infusion which 

is not easy for patients to use. In addition, biologics are more expensive 

compared to other medications for asthma. Therefore, the development of 

new therapies offering both convenience and lower costs are needed. 

IL-33 is an epithelial-derived cytokine, first discovered in 2005 (Schmitz et al. 

2005), which is released after cell injury or infection, so it functions as an 

alarmin to alert the innate immune system (Pichery et al. 2012). After being 

discovered, IL-33 has been found to be expressed in a variety of organs in 

human, including lung tissue, skin, lymph nodes, spleen, kidney, heart, 

stomach and pancreas(Schmitz et al. 2005; Liew et al. 2010). IL-33 is mainly 

expressed in fibroblasts, smooth muscle cells, and epithelial cells as well as 

some inflammatory cells, including endothelial cells, macrophages and 

dendritic cells (Moussion et al. 2008; Préfontaine et al. 2010; Pichery et al. 
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2012; Nabe 2014). IL-33 is released after epithelial barrier injury to induce NF-

κB phosphorylation and MAPK activation and TH2 cytokine production, 

eosinophilia, and increased levels of serum IgA and IgE after binding with its 

ligand ST2 in cells that express ST2 (Schmitz et al. 2005). In asthma patients, 

IL-33 is highly expressed in the serum, sputum and lung tissue, especially 

those from severe asthmatics, where IL-33 expression increases significantly 

(Préfontaine et al. 2009). IL-33 can promote collagen synthesis by fibroblasts 

in children with severe steroid-resistant asthma, indicating that IL-33 also 

plays a role in airway remodelling (Olin and Wechsler 2014). In addition, 

accumulating data show that levels of IL-33 are increased in asthma patients 

compared to the control group, especially in patients with severe asthma, 

suggesting that IL-33 may be an inflammatory marker of severe and steroid-

resistant asthma (Préfontaine et al. 2009; Israel and Reddel 2017). 

Because of the important role of IL-33 in severe and steroid-resistant asthma, 

Li Yan et al. compared OVA and IL-33-induce asthma mouse models at 

different time points and found that, compared to OVA-induced asthma, IL-33 

induced a later and more persistent lung neutrophilic infiltration (Li et al. 

2015). It is well established that steroid-resistant asthma is associated with an 

increased number of neutrophils that is non-allergic (Alam et al. 2017) 

although the exact pathogenesis is still not clear. Our previous studies 

showed that inhaled calcilytics can suppress both neutrophilic and 

eosinophilic inflammation induced by LPS and OVA (Yarova et al. 2015; 

Yarova et al. 2016). Thus, I hypothesized that inhaled calcilytics can attenuate 

airway inflammation and airway remodelling in Th2/IgE- and alarmin (IL-33)-

driven asthma murine models in vivo.  

 

5.2 AIMS AND OBJECTIVES 

5.2.1 AIMS 

The aim of this chapter was to test the effects of inhaled calcilytics in Th2/IgE- 

and IL33-driven asthma models in vivo.  

 

5.2.2  OBJECTIVES 

1) To develop parallel, therapeutic Th2/IgE- and IL33-driven murine asthma 

models in vivo; 
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2) To compare the effects of inhaled calcilytic NPSP-795 in the above two 

models, with specific emphasis on airway hyperresponsiveness, airway 

inflammation, eosinophilia, mucus production and collagen deposition; 

3) To determine the systemic effects of topically delivered NPSP-795 by 

measuring serum Ca2+ levels in animals exposed to intranasal instillations 

of this calcilytic. 
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5.3 Materials and Methods 

5.3.1 Animals 

This part of work was conducted in a pathogen-free mouse facility from the 

Department of Laboratory Animal Sciences, Capital Medical University, 

Beijing, China under constant temperature and light cycles. All animal 

experiments were conducted following protocols and regulations approved by 

the Institutional Animal Care and Use Committee at Capital Medical University 

(Licence number: SYXK (Jing) 2018-0002). Female BALB/c mice (6-8 weeks) 

were purchased from Vital River Laboratories (Beijing, China), housed in 

groups of 5 in each cage, with ad libitum access to certified pelleted 

commercial laboratory diet and water, with enrichment devices provided in the 

cages.  

 

5.3.2 Th2/IgE-driven asthma model 

5.3.2.1 Sensitisation 

Mice were randomly assigned into different groups and sensitized first by an 

intraperitoneal injection of OVA (Sigma-Aldrich, Missouri, United States, 100 

μg emulsified in AL[OH]3/dose)/ saline on day-17 and day-5. 

 

5.3.2.2 Ovalbumin Challenges 

As described in 
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Figure 19, animals were intranasally given OVA (50 μg/mouse) or saline from 

day 1 to day 6 for 6 days after the initial sensitisation. From day 2, NPSP-795 

(200 μg/mouse in 50 μL vehicle) or vehicle (0.3% DMSO in saline) were given 

twice daily, 2h before OVA administration. 

 

5.3.3 Alarmin-driven asthma model 

For the alarmin-driven asthma model, sensitisation is not needed because IL-

33 can induce asthma symptoms independently of IgE production (Saikumar 

Jayalatha et al. 2021). Animals were given IL-33 intranasally (Mouse IL-33 

Recombinant Protein, R&D Systems, Minneapolis MN, USA, 30 ng/mouse in 

50 μL saline) or saline from day 1 to day 6 for 6 days. From day 2, NPSP-795 

(200 μg/mouse in 50 μL vehicle) or vehicle (0.6% DMSO in saline) were given 

twice daily, 2h before IL-33 administration. The details of the administration 

protocol can be found in 
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Figure 20 in Methods section 2.2.3.2. 

 

5.3.4 Invasive lung function measurements 

On Day 7, mice were anesthetized by intraperitoneal injection of 80 mg/kg 

body weight phenobarbital sodium (Sigma-Aldrich, Missouri, United States), 

tracheostomized and ventilated through the tracheal intubation in the supine 

position then tested as follows: (1) mechanical ventilation with 21% O2, a 

respiratory rate of 150 breaths/min, a positive end-expiratory pressure (PEEP) 
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of 2 cmH2O, and a tidal volume of 10 ml/kg; (2) block the exhalation to 

increase the intrapulmonary pressure to 30 cmH2O and continue for 5 s to 

open the atelectatic part of lung tissue when the mouse breathes smoothly to 

make sure all the animals are at the same baseline level; (3) After 2 minutes, 

when the PEEP is 2 cmH20, the single compartment model (SnapShot-150) 

and the constant phase model (Prime-8) were used to measure the 

respiratory function parameters respiratory resistance (Rrs), central airway 

resistance (Rn), respiratory elastance (Ers), tissue elastance (H) and tissue 

damping(G). Concentrations of 0, 6, 12, 24 and 48 mg/ml methacholine 

(Sigma-Aldrich, Missouri, United States) were delivered via a nebulizer. 

 

5.3.5 Blood collection and process 

Following the measurement of airway hyperresponsiveness, blood samples 

were collected from the retro-orbital venous plexus. The blood was then 

stored overnight at 4℃, after which it was centrifuged at 2,300 g at 4℃ for 20 

minutes to collect the serum. The serum was stored at -80 ℃ until use for 

analysis of free ionised Ca2+ concentrations. 

 

5.3.6 BALF collection and process 

After blood collection, BALF samples were collected by injection of 2 x 0.8 ml 

pre-cooled sterile PBS buffer through tracheal intubation and each lung was 

lavaged 3 times to yield at least 1.2ml BALF. The collected BALF samples 

were centrifuged at 300 g for 10 minutes at 4℃, and the resulting 

supernatants were collected and stored at -80°C until cytokine detection. 200 

μL red blood cell lysis buffer (Beijing Solarbio Technology Co Ltd, Beijing, 

China) was added to the remaining cell pellets, mixed and kept at room 

temperature for 4 minutes to remove the red blood cell contamination, after 

that 1 ml PBS was added, and centrifuged at 300 g for 10 minutes at 4℃ to 

remove the supernatants. The cell pellets were resuspended with 1 ml PBS 

and the number of total cells were counted using a hemocytometer (CellPath, 

Powys, United Kingdom) under the microscope (Nikon, Tokyo, Japan) using 

x20 magnification. 
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5.3.7 Differential cell counts 

After measurements of total cell counts, cytospins were prepared from 100 μL 

of cell suspension, dried and fixed with 4% paraformaldehyde for 10-20 

minutes. The slides were stained with Congo red staining (Beijing Solarbio 

Technology Co Ltd, Beijing, China) to count the differential cells (eosinophils, 

lymphocytes, neutrophils and macrophages) as described previously (E et al. 

2012). At least 300 total cells were counted for each slide. 

 

5.3.8 Tissue collection 

Lung tissue was collected after all the experiments were done and fixed with 

10% neutral formalin for 24h. On the next day, the lungs were paraffin-

embedded and prepared for sectioning (nominal 4-μm thickness). The right 

lung tissue was homogenized and stored at -80 ℃ until analysis. 

 

5.3.9 Preparation of lung tissue homogenate 

The weight of the right lung was weighed and recorded using an electronic 

balance (Adventurer Analytical Balance, New Jersey, United States). The 

appropriate volume of tissue homogenate solution containing protease 

inhibitor was added according to the weight of the lung tissue. Tissue 

homogenate was then obtained using a tissue homogenizer (Wuhan 

Servicebio Technology Co., Ltd, Wuhan, China) by 10 working cycles with 

working for 40s and intermittent for 10s. The resulting homogenate was 

centrifuged at 13200 g for 10 minutes at 4 ° C. The supernatant was stored at 

-80 ℃ until analysis. 

 

5.3.10 Histological staining and quantification 

The 4-μm thickness slides were stained with haematoxylin and eosin (Sigma-

Aldrich, Missouri, United States), Congo red, periodic acid-Schiff (PAS) 

(Beijing Yi Li Fine Chemicals Co Ltd, Beijing, China) and Masson’s trichrome 

(MT) blue (Nanjing Mindit Biochemistry Co Ltd, Nanjing, China) staining to 

examine inflammatory cellular and eosinophil infiltration into the lung tissue, 

mucus productions and collagen deposition in the lung peribronchial and 

perivascular regions, respectively. Stained slides were scanned via the 

Olympus BX40 slide scanner system (Olympus Corporation, Shinjuku, Tokyo, 
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Japan) at ×20 magnification and then quantified objectively using TissueFAXS 

image analysis software StrataQuest (TissueGnostics, Vienna, Austria) as 

described in Figure 24 and Figure 25. 

 

5.3.11 Quantitative image analysis method for Masson's trichrome-

stained slides using StrataQuest 

I used Masson's trichrome-staining to quantify collagen deposition. First, I 

drew the airway lumen with yellow and the airway epithelium with green to 

identify the airway. Then I drew 7 peribronchial rings extending away from the 

airway epithelium in increments of 30 µm. The area of stained collagen in 

each ring and the total area (μm2) of each ring were automatically calculated 

by the software. Then, the percentage of collagen area in the total ring area 

was calculated as the readout. A detailed explanatory figure can be found in 

Figure 24 in Methods section 2.2.2.1. 

 

5.3.12 Quantitative image analysis method for H&E and Congo-stained 

slides using StrataQuest 

As with Masson's trichrome-stained slides, I first identified the airway by 

drawing the airway lumen with yellow and the airway epithelium with green. 

The number of total cells (with H&E Staining) or positive stained cells (with 

Congo Red Staining) around the peribronchial region and the total area (μm2) 

of tissue was automatically calculated by the software. Then, the number of 

cells per 10000 μm2 area tissue was calculated as the readout. A detailed 

explanatory figure can be found in Figure 25 in Methods section 2.2.2.1. 

 

5.3.13 Quantitative image analysis method for PAS-stained slides using 

StrataQuest 

For the PAS-stained slides, the airways were identified by drawing the airway 

epithelium with green. The number of positive stained cells (PAS Staining) on 

the airway and the total area (μm2) of airway were automatically calculated by 

the software. Then the number of positive cells per 10000 μm2 area tissue 

was calculated as the readout. Figure 24 

 

5.4 Results 
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5.4.1 Effect of inhaled NPSP-795 on BALF inflammatory cell infiltration 

in Th2/IgE- and alarmin-driven asthma models 

To investigate the effect of inhaled NPSP-795 on the asthma symptoms 

evoked in these two asthma models, I first looked at the effect of inhaled 

NPSP-795 on inflammation, one of the major characteristics of asthma by 

measuring inflammatory cell infiltration into the BALF. Figure 39 shows that 

the total cell count dramatically increased in the OVA group. The cell 

population was mainly composed of eosinophils in this asthma model. 

Inflammatory cell infiltration into the BALF was significantly reduced by 

inhaled calcilytic in the OVA-induced model. Inflammation was not 

differentially affected in the IL-33 model (Figure 39 and Figure 40). For the 

differential cell counts, calcilytic significantly reduced eosinophil, neutrophil 

and lymphocyte infiltration induced by OVA and partially reduced eosinophil 

and neutrophil infiltration induced by IL-33 (Figure 39 and Figure 40). 
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Figure 39. Effect of inhaled NPSP-795 on total cell and differential cell 

infiltration into the lung in the OVA-induced asthma model. 

Female BALB/c mice (6-8 weeks) were sensitized by intraperitoneal injection 

of 100 μg OVA (OVA group and OVA + NPSP-795 group) or saline (Vehicle 

group) in Al(OH)3 in 200 μL on days -17 and -5. After sensitisation, animals 
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were intranasally given OVA (50 μg/mouse in 50 μL saline, OVA group and 

OVA + NPSP-795 group) or saline (Vehicle group) from day 1 to day 6 for 6 

days. From day 2, NPSP-795 (200 μg/mouse in 50 μL vehicle, OVA + NPSP-

795 group) or vehicle (0.6% DMSO in saline, OVA group and Vehicle group) 

were given twice daily, with the evening dosing was given 2h before OVA 

administration. On day 7, Following the measurement of airway 

hyperresponsiveness and blood collection, BALF samples were collected and 

centrifuged at 300 g for 10 min at 4℃ to count the total cells using a 

hemocytometer under the microscope and the differential cells (eosinophils, 

lymphocytes, neutrophils and macrophages) using Congo red staining. At 

least 300 total cells were counted. Inflammatory cell infiltration into the BALF 

was significantly reduced by calcilytic in the OVA-induce model. For the 

differential cell counts, calcilytic significantly reduced eosinophil, neutrophil 

and lymphocyte infiltration induced by OVA. N= 6-7 animals per experimental 

group. Data are presented as Mean ± SEM. P-values are from one-way 

ANOVA with Bonferroni’s post hoc test. ns: not-significant, *: P<0.05, **: 

P<0.01. 
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Figure 40. Effect of inhaled NPSP-795 on total cell infiltration into the 

lung in the IL-33-induced asthma model 
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Female BALB/c mice (6-8 weeks) were given IL-33 intranasally (30 ng/mouse 

in 50 μL saline, IL-33 group and IL-33+ NPSP-795 group) or saline (Vehicle 

group) from day 1 to day 6 for 6 days. From day 2, NPSP-795 (200 μg/mouse 

in 50 μL vehicle, IL-33 + NPSP-795 group) or vehicle (0.6% DMSO in saline, 

IL-33 group and Vehicle group) were given twice daily, with the evening 

dosing was given 2h before IL-33 administration. On day 7, Following the 

measurement of airway hyperresponsiveness and blood collection, BALF 

samples were collected and centrifuged at 300 g for 10 min at 4℃ to count the 

total cells using a hemocytometer under the microscope and the differential 

cells (eosinophils, lymphocytes, neutrophils and macrophages) using Congo 

red staining. At least 300 total cells were counted. There is a decreasing trend 

for total cell, eosinophil and neutrophil infiltration after inhaled NPSP-795 

treatment; however, the reduction had no statistical significance. N= 8-9 

animals per experimental group. Data are presented as Mean ± SEM. P-

values are from one-way ANOVA with Bonferroni’s post hoc test. ns: not-

significant, *: P<0.05, **: P<0.01, ***: p < 0.001. 
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5.4.2 Effect of inhaled NPSP-795 on airway hyperresponsiveness in 

Th2/IgE- and IL33-driven asthma models 

Airway hyperresponsiveness is a main feature of asthma, which is present in 

the majority of patients with asthma (Meurs et al. 2008). The presence of AHR 

is useful to assist in the clinical diagnosis of asthma in individuals presenting 

with symptoms and signs suggestive of asthma (Brannan and Lougheed 

2012). In the present study, airway resistance induced by increasing 

concentrations of MCh was detected by the invasive approach using the 

FlexiVent system. In the OVA-sensitized and challenged mice, the respiratory 

resistance, respiratory elastance, tissue damping and tissue elastance all 

significantly increased, while central airway resistance didn’t change 

significantly. However, only the respiratory resistance and elastance were 

significantly reduced by inhaled NPSP-795, while the other parameters were 

not significantly affected (Figure 41). In the IL-33 asthma model, there was 

increased respiratory resistance, respiratory elastance, tissue damping and 

tissue elastance, and all of these parameters were significantly reduced by 

inhaled NPSP-795 (Figure 42).  
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Figure 41. Effect of inhaled NPSP-795 on airway hyperresponsiveness in 

the OVA-induced asthma model. 

Female BALB/c mice (6-8 weeks) were sensitized by intraperitoneal injection 

of 100 μg OVA (OVA group and OVA + NPSP-795 group) or saline (Vehicle 

group) in Al(OH)3 in 200 μL on days -17 and -5. After sensitisation, animals 

were intranasally given OVA (50 μg/mouse in 50 μL saline, OVA group and 

OVA + NPSP-795 group) or saline (Vehicle group) from day 1 to day 6 for 6 

days. From day 2, NPSP-795 (200 μg/mouse in 50 μL vehicle, OVA + NPSP-
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795 group) or vehicle (0.6% DMSO in saline, OVA group and Vehicle group) 

were given twice daily, with the evening dosing was given 2h before OVA 

administration. On day 7, mice were anesthetized by intraperitoneal injection 

of 80 mg/kg body weight phenobarbital sodium, tracheostomized and 

ventilated through the tracheal intubation in the supine position to measure 

the respiratory function parameters respiratory resistance (Rrs), central airway 

resistance (Rn), respiratory elastance (Ers), tissue elastance (H) and tissue 

damping(G) (SCIREQ 2024) by applying concentrations of 0, 6, 12, 24 and 48 

mg/ml MCh to see the effect on the airway hyperresponsiveness (AHR). AHR 

was significantly reduced by calcilytic in the OVA-induced asthma model. N= 

6-7 animals per experimental group. Data are presented as Mean ± SEM. P-

values are from one-way ANOVA with Bonferroni’s post hoc test, **: P<0.01, 

***: p < 0.001, ****: P<0.0001, “red *” represents Vehicle v.s. OVA, “green *” 

represents OVA v.s. OVA+NPSP-795. “black*” represents OVA+NPSP-795 

v.s. Vehicle. 
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Figure 42. Effect of inhaled NPSP-795 on airway hyperresponsiveness in 

IL-33-induced asthma model.  

Female BALB/c mice (6-8 weeks) were given IL-33 intranasally (30 ng/mouse 

in 50 μL saline, IL-33 group and IL-33+ NPSP-795 group) or saline (Vehicle 

group) from day 1 to day 6 for 6 days. From day 2, NPSP-795 (200 μg/mouse 

in 50 μL vehicle, IL-33 + NPSP-795 group) or vehicle (0.6% DMSO in saline, 

IL-33 group and Vehicle group) were given twice daily, with the evening 
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dosing was given 2h before IL-33 administration. On day 7, mice were 

anesthetized by intraperitoneal injection of 80 mg/kg body weight 

phenobarbital sodium, tracheostomized and ventilated through the tracheal 

intubation in the supine position to measure the respiratory function 

parameters Rrs, Rn, Ers, H and G by applying concentrations of 0, 6, 12, 24 

and 48 mg/ml methacholine to see the effect on the airway 

hyperresponsiveness (AHR). Airway hyperresponsiveness was significantly 

reduced by inhaled calcilytic in IL-33-induced asthma model. N= 8 animals per 

experimental group. Data are presented as Mean ± SEM. P-values are from 

one-way ANOVA with Bonferroni’s post hoc test, **: P<0.01, ***: p < 0.001, 

****: P<0.0001, “red *” represents Vehicle v.s. IL-33, “green *” represents IL-

33 v.s. IL33 +NPSP-795. “black*” represents IL-33 +NPSP-795 v.s. Vehicle. 

 

5.4.3 Effect of inhaled NPSP-795 on cytokines in lung homogenate and 

BALF in Th2/IgE- and alarmin-driven asthma models 

To further investigate the effect of inhaled NPSP-795 on inflammation, I next 

looked at the levels of cytokines that are typically involved in asthma 

pathogenesis, specifically IL-5, IL-13, IL-6 and TNF-α, in lung homogenate 

and in the BALF. In the OVA-induced asthma model, IL-5, IL-13 and IL-6 were 

all significantly increased in both lung homogenate and BALF (Figure 43). 

Albeit the above cytokines are all decreased in both lung homogenate and 

BALF by the inhaled NPSP-795, only the reduction in IL-6 in BALF reached 

statistical significance. However, the levels of IL-5, IL-13 and IL-6 between the 

vehicle and inhaled NPSP-795 group in both lung homogenate and BALF 

didn’t show significant differences. In the IL-33-induced asthma model, IL-5, 

IL-13, IL-6 and TNF-α were all significantly increased in lung homogenate in 

the IL-33 group, while only IL-5 significantly increased in BALF. Among the 

increased levels of cytokines, only IL-5 showed a significant decrease in the 

inhaled NPSP-795 group (Figure 44). 
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Figure 43. Effects of inhaled calcilytics on Th2 cytokines in the OVA-

induced asthma model. 

Female BALB/c mice (6-8 weeks) were sensitized by intraperitoneal injection 

of 100 μg OVA (OVA group and OVA + NPSP-795 group) or saline (Vehicle 

group) in Al(OH)3 in 200 μL on days -17 and -5. After sensitisation, animals 

were intranasally given OVA (50 μg/mouse in 50 μL saline, OVA group and 

OVA + NPSP-795 group) or saline (Vehicle group) from day 1 to day 6 for 6 

days. From day 2, NPSP-795 (200 μg/mouse in 50 μL vehicle, OVA + NPSP-
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795 group) or vehicle (0.6% DMSO in saline, OVA group and Vehicle group) 

were given twice daily, with the evening dosing given 2h before OVA 

administration. On day 7, the right lung and BALF were collected and 

processed to analyze the level of Th2 cytokines. IL-13 and IL-5 as well as IL-6 

and TNF-α (proinflammatory cytokines) in the OVA-induced asthma model in 

lung homogenate (left-panel) and BALF (right-panel). NPSP-795 significantly 

reduced IL-5, IL-13 and IL-6, but not TNF-α in the OVA model. N = 5-8 

animals per experimental group. Data are presented as Mean ± SEM. P-

values are from Kruskal-Wallis test with Dunn's multiple comparisons test. ns: 

not-significant, *: p < 0.05, **: p < 0.01.  
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Figure 44. Effects of inhaled calcilytics on Th2 cytokines in IL-33-

induced asthma model.  

Female BALB/c mice (6-8 weeks) were given IL-33 intranasally (30 ng/mouse 

in 50 μL saline, IL-33 group and IL-33+ NPSP-795 group) or saline (Vehicle 

group) from day 1 to day 6 for 6 days. From day 2, NPSP-795 (200 μg/mouse 

in 50 μL vehicle, IL-33 + NPSP-795 group) or vehicle (0.6% DMSO in saline, 

IL-33 group and Vehicle group) were given twice daily, with the evening 

dosing given 2h before IL-33 administration. On day 7, the right lung and 

BALF were collected and processed to analyze the level of Th2 cytokines. IL-
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13 and IL-5 as well as IL-6 and TNF-α (proinflammatory cytokines) in the IL-

33-induced asthma model in lung homogenate (left-panel) and BALF (right-

panel). NPSP-795 significantly reduced IL-5, but not IL-13, IL-6 and TNF-α in 

the IL-33 model. N = 5-7 animals per experimental group. Data are presented 

as Mean ± SEM. P-values are from Kruskal-Wallis test with Dunn's multiple 

comparisons test. ns: not-significant, *: p < 0.05, **: p < 0.01.  

 

5.4.4 Effect of inhaled NPSP-795 on immune cells infiltration in lung 

tissue in Th2/IgE- and alarmin-driven asthma models 

I further investigated the effect of inhaled NPSP-795 on inflammatory cell 

infiltration in lung by H&E staining. I used the TissueFAXS software 

(TissueGnostics, Vienna), to quantify total cell number around the 

peribronchial and perivascular regions per 10000 μm2 area to quantify the 

degree of inflammation. Briefly, Airways were identified by drawing the airway 

lumen with yellow and airway epithelium with green on H&E-stained slides. 

The number of total cells around the peribronchial and perivascular regions 

and the number per 10000 μm2 area tissue were automatically calculated by 

StataQuest. In the OVA-induced asthma model, there is dramatically 

increased cell infiltration around the peribronchial and perivascular regions in 

lung tissue in the OVA group. However, these increased cell infiltrations were 

significantly decreased by inhaled NPSP-795 (Figure 45). In the IL-33-induced 

asthma model, there is also significantly increased cell infiltration in lung 

tissue in the IL-33 group, which was significantly decreased by inhaled NPSP-

795 (Figure 46). 
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Figure 45. H & E staining in the OVA-induced asthma model. 

Female BALB/c mice (6-8 weeks) were sensitized by intraperitoneal injection 

of 100 μg OVA (OVA group and OVA + NPSP-795 group) or saline (Vehicle 

group) in Al(OH)3 in 200 μL on days -17 and -5. After sensitisation, animals 

were intranasally given OVA (50 μg/mouse in 50 μL saline, OVA group and 

OVA + NPSP-795 group) or saline (Vehicle group) from day 1 to day 6 for 6 

days. From day 2, NPSP-795 (200 μg/mouse in 50 μL vehicle, OVA + NPSP-

795 group) or vehicle (0.6% DMSO in saline, OVA group and Vehicle group) 

were given twice daily, with the evening dosing was given 2h before OVA 

administration. On day 7, the left lung tissues were collected. Haematoxylin 

and eosin staining was conducted after the lung tissues were fixed and 

paraffin-embedded. The number of total cells around the airway area per 

10000 μm2 area was calculated using the TissueFAXS image analysis 

software StrataQuest on the scanned H&E-stained slides. Briefly, the airways 

were identified by drawing the airway lumen with yellow and the airway 

epithelium with green. The number of total cells around the peribronchial 
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region per 10000 μm2 area tissue was automatically calculated by the 

software. The top panel is the representative photograph of HE staining, and 

the right panel is quantitative data quantified using the TissueFAXS image 

analysis software StrataQuest. Inflammatory cell infiltration around the airway 

and perivascular area in lung tissue was significantly reduced in the OVA + 

NPSP-795 group compared to the OVA group in the OVA-induced asthma 

model. Data are expressed as the cell counts in 10000 μm2 lung tissue. N = 

36-42 slides per experimental group. Data are presented as Mean ± SEM. P 

values are from one-way ANOVA with Bonferroni’s post-hoc test. ns: not-

significant, ****: p < 0.0001. Scale bar: 100 μm. 
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Figure 46. H & E staining in IL-33-induced asthma model. 

Female BALB/c mice (6-8 weeks) were given IL-33 intranasally (30 ng/mouse 

in 50 μL saline, IL-33 group and IL-33+ NPSP-795 group) or saline (Vehicle 

group) from day 1 to day 6 for 6 days. From day 2, NPSP-795 (200 μg/mouse 

in 50 μL vehicle, IL-33 + NPSP-795 group) or vehicle (0.6% DMSO in saline, 

IL-33 group and Vehicle group) were given twice daily, with the evening 

dosing was given 2h before IL-33 administration. On day 7, the left lung 

tissues were collected. Haematoxylin and eosin staining was conducted after 

the lung tissues were fixed and paraffin-embedded. As described above, the 

number of total cells around the airway area per 10000 μm2 area was 

calculated using the TissueFAXS image analysis software StrataQuest on the 

scanned H&E-stained slides. The top panel is the representative photograph 

of HE staining, and the lower panel is quantitative data quantified using the 

TissueFAXS image analysis software StrataQuest. Inflammatory cell 

infiltration around the airway and perivascular area in lung tissue was 

significantly reduced in the IL-33 + NPSP-795 group compared to the IL-33 
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group in the IL-33-induced asthma model. Data are expressed as the cell 

counts in 10000 μm2 lung tissue. N = 48-54 slides per experimental group. 

Data are presented as Mean ± SEM. P values are from one-way ANOVA with 

Bonferroni’s post-hoc test. ns: not-significant, **: p < 0.01, ***: p < 0.001. 

Scale bar: 100 μm. 

 

5.4.5 Effect of inhaled calcilytic on lung tissue eosinophilia in Th2/IgE- 

and alarmin-driven asthma models 

Patients with asthma often exhibit airway eosinophilia, so I next compared the 

counts of eosinophils around the peribronchial and perivascular regions per 

10000 μm2 area before and after the administration of inhaled calcilytic in lung 

tissue in both models using Congo red staining. The number of eosinophils 

per 10000 μm2 lung tissue was also determined using the TissueFAXS 

software StrataQuest (TissueGnostics, Vienna) on Congo red-stained slides 

according to the procedure similar to total cell infiltration. In the OVA-induced 

asthma model, the number of eosinophils around the peribronchial and 

perivascular regions dramatically increased in the OVA group. However, the 

administration of inhaled NPSP-795 reversed the increase of eosinophils 

induced by OVA (Figure 47). The same effect was seen in the IL-33-induced 

asthma model, where IL-33 increased the counts of eosinophils and these 

were reversed by inhaled NPSP-795 (Figure 48). 
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Figure 47. Congo red-stained lung tissue in OVA asthma model. 

Female BALB/c mice (6-8 weeks) were sensitized by intraperitoneal injection 

of 100 μg OVA (OVA group and OVA + NPSP-795 group) or saline (Vehicle 

group) in Al(OH)3 in 200 μL on days -17 and -5. After sensitisation, animals 

were intranasally given OVA (50 μg/mouse in 50 μL saline, OVA group and 

OVA + NPSP-795 group) or saline (Vehicle group) from day 1 to day 6 for 6 

days. From day 2, NPSP-795 (200 μg/mouse in 50 μL vehicle, OVA + NPSP-

795 group) or vehicle (0.6% DMSO in saline, OVA group and Vehicle group) 

were given twice daily, with the evening dosing was given 2h before OVA 

administration. On day 7, the left lung tissues were collected. Congo red-

staining was conducted after the lung tissues were fixed and paraffin-

embedded. The number of eosinophils around the airway area per 10000 μm2 

area was calculated using the TissueFAXS image analysis software 

StrataQuest on the scanned Congo red-stained slides. Briefly, the airways 

were identified by drawing the airway lumen with yellow and the airway 
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epithelium with green. The number of Congo red-positive cells around the 

peribronchial region per 10000 μm2 area tissue was automatically calculated 

by the software. The top panel is the representative photograph of Congo red 

staining, and the lower panel is quantitative data quantified using the 

TissueFAXS image analysis software StrataQuest. NPSP-795 significantly 

reduced the eosinophil infiltration around the airway and perivascular area in 

lung tissue in the OVA-induced asthma model. Data are expressed as the cell 

counts in 10000 μm2 lung tissue. N = 36-42 slides per experimental group. 

Data are presented as Mean ± SEM. P values are from one-way ANOVA with 

Bonferroni’s post-hoc test. ns: not-significant, **: p < 0.01, ****: p < 0.0001. 

Scale bar: 100 μm. 
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Figure 48. Congo red-stained lung tissue in IL-33 asthma model. 

Female BALB/c mice (6-8 weeks) were given IL-33 intranasally (30 ng/mouse 

in 50 μL saline, IL-33 group and IL-33+ NPSP-795 group) or saline (Vehicle 

group) from day 1 to day 6 for 6 days. From day 2, NPSP-795 (200 μg/mouse 

in 50 μL vehicle, IL-33 + NPSP-795 group) or vehicle (0.6% DMSO in saline, 

IL-33 group and Vehicle group) were given twice daily, with the evening 

dosing was given 2h before IL-33 administration. On day 7, the left lung 

tissues were collected. Congo red-staining was conducted after the lung 

tissues were fixed and paraffin-embedded. As described above, the number 

of eosinophils around the airway area per 10000 μm2 area was calculated 

using the TissueFAXS image analysis software StrataQuest on the scanned 

Congo red-stained slides. The top panel is a representative photograph of 

Congo red staining, and the lower panel is quantitative data quantified using 

the TissueFAXS image analysis software StrataQuest. NPSP-795 significantly 

reduced the eosinophil infiltration around the airway and perivascular area in 
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lung tissue in the IL-33-induced asthma model. Data are expressed as the cell 

counts in 10000 μm2 lung tissue. N = 48-54 slides per experimental group. 

Data are presented as Mean ± SEM. P values are from one-way ANOVA with 

Bonferroni’s post-hoc test. ns: not-significant, **: p < 0.01, ***: p < 0.001. 

Scale bar: 100 μm. 

 

5.4.6 Effect of inhaled NPSP-795 on mucus production in Th2/IgE- and 

alarmin-driven asthma models 

Airway goblet cell hyperplasia and the resulting excessive mucus and phlegm 

production is another common aspect of asthma. I also investigated the effect 

of inhaled NPSP-795 on mucus production using Periodic acid-Schiff (PAS) 

staining. I used the TissueFAXS software StrataQuest (TissueGnostics, 

Vienna) to count the number of stained cells in the airway and then divided by 

the area of the airway to quantify the degree of mucus production. Airways 

were identified by drawing the airway epithelium with green. The number of 

positively stained cells and the number per 10000 μm2 area airway were 

automatically calculated by StataQuest. In both the OVA and IL-33-induced 

asthma models, there is obvious goblet cell hyperplasia and mucus 

production in the airway. However, the inhalation of NPSP-795 could not 

reverse these effects (Figure 49 and Figure 50). 
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Figure 49. PAS staining in the OVA-induced asthma model. 

Female BALB/c mice (6-8 weeks) were sensitized by intraperitoneal injection 

of 100 μg OVA (OVA group and OVA + NPSP-795 group) or saline (Vehicle 

group) in Al(OH)3 in 200 μL on days -17 and -5. After sensitisation, animals 

were intranasally given OVA (50 μg/mouse in 50 μL saline, OVA group and 

OVA + NPSP-795 group) or saline (Vehicle group) from day 1 to day 6 for 6 

days. From day 2, NPSP-795 (200 μg/mouse in 50 μL vehicle, OVA + NPSP-

795 group) or vehicle (0.6% DMSO in saline, OVA group and Vehicle group) 

were given twice daily, with the evening dosing was given 2h before OVA 

administration. On day 7, the left lung tissues were collected. Periodic acid-

Schiff (PAS) staining was conducted after the lung tissues were fixed and 

paraffin-embedded. The number of stained cells in the airway per 10000 μm2 

area was calculated using the TissueFAXS image analysis software 

StrataQuest on the scanned PAS-stained slides. Briefly, the airways were 

identified by drawing the airway lumen with yellow and the airway epithelium 

with green. The number of PAS-positive cells around the peribronchial region 
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per 10000 μm2 area tissue was automatically calculated by the software. The 

top panel is the representative photograph of PAS staining, and the lower 

panel is quantitative data quantified using the TissueFAXS image analysis 

software StrataQuest. NPSP-795 did not significantly reduce mucus secretion 

in lung tissue in the OVA asthma models. N = 22-31 slides per experimental 

group. Data are presented as Mean ± SEM. P-values are from one-way 

ANOVA with Bonferroni’s post hoc test. ns: non-significant, ***: p < 0.001, ****: 

p < 0.0001. Scale bar: 100 μm. 
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Figure 50. PAS staining in IL-33-induced asthma model. 

Female BALB/c mice (6-8 weeks) were given IL-33 intranasally (30 ng/mouse 

in 50 μL saline, IL-33 group and IL-33+ NPSP-795 group) or saline (Vehicle 

group) from day 1 to day 6 for 6 days. From day 2, NPSP-795 (200 μg/mouse 

in 50 μL vehicle, IL-33 + NPSP-795 group) or vehicle (0.6% DMSO in saline, 

IL-33 group and Vehicle group) were given twice daily, with the evening 

dosing was given 2h before IL-33 administration. On day 7, the left lung 

tissues were collected. Periodic acid-Schiff (PAS) staining was conducted 

after the lung tissues were fixed and paraffin-embedded. As described above, 

the number of stained cells in the airway per 10000 μm2 area was calculated 

using the TissueFAXS image analysis software StrataQuest on the scanned 

PAS-stained slides. The top panel is the representative photograph of PAS 

staining, and the lower panel is quantitative data quantified using the 

TissueFAXS image analysis software StrataQuest. NPSP-795 did not 

significantly reduce mucus secretion in lung tissue in the asthma model. N = 

37-39 slides per experimental group. Data are presented as Mean ± SEM. P-
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values are from one-way ANOVA with Bonferroni’s post hoc test. ns: non-

significant, ****: p < 0.0001. Scale bar: 100 μm. 

 

5.4.7 Effect of inhaled NPSP-795 on collagen deposition in Th2/IgE- and 

alarmin-driven asthma models 

I next investigated the effect of inhaled NPSP-795 on collagen deposition 

through Masson’s trichrome staining. I quantified the percentage of collagen 

area around the peribronchial and perivascular regions with an increment of 

30 μm to see the degree of collagen deposition in the different parts of the 

lung tissue. First, Airways were identified by drawing the airway lumen with 

yellow and the airway epithelium with green. And 7 peribronchial rings 

extending away from the airway epithelium in increments of 30 µm were also 

defined to quantify the extent of collagen deposition in different parts of the 

peribronchial regions. The collagen area in each ring and the percentage of 

collagen area in the total ring area were automatically calculated by 

StataQuest. In the OVA-induced asthma model, inhaled NPSP-795 

significantly decreased the collagen deposition particularly in the areas closer 

to the airway lumen and also the total collagen deposition induced by OVA 

(Figure 51). In the IL-33-induced asthma model, inhaled NPSP-795 

significantly decreased collagen deposition in all the analyzed areas of the 

lung tissue except for the areas closer to the airway lumen and the total 

collagen deposition induced by IL-33 (Figure 52).  
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Figure 51. Masson's trichrome staining in the OVA-induced asthma 

model. 

Female BALB/c mice (6-8 weeks) were sensitized by intraperitoneal injection 

of 100 μg OVA (OVA group and OVA + NPSP-795 group) or saline (Vehicle 

group) in Al(OH)3 in 200 μL on days -17 and -5. After sensitisation, animals 

were intranasally given OVA (50 μg/mouse in 50 μL saline, OVA group and 

OVA + NPSP-795 group) or saline (Vehicle group) from day 1 to day 6 for 6 

days. From day 2, NPSP-795 (200 μg/mouse in 50 μL vehicle, OVA + NPSP-

795 group) or vehicle (0.6% DMSO in saline, OVA group and Vehicle group) 

were given twice daily, with the evening dosing was given 2h before OVA 

administration. On day 7, the left lung tissues were collected. Masson's 

trichrome stainings were conducted after the lung tissues were fixed and 

paraffin-embedded. The percentage of collagen area around the peribronchial 

and perivascular regions with an increment of 30 μm were calculated using 

the TissueFAXS image analysis software StrataQuest on the scanned 

Masson-stained slides to see the degree of collagen deposition in the different 

parts of the lung tissue.  Briefly, the airways were identified by drawing the 

airway lumen with yellow and the airway epithelium with green. 7 
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peribronchial rings extending away from the airway epithelium in increments 

of 30 µm were defined. The percentage of collagen area in the total ring area 

was automatically calculated by the software. The top panel is the 

representative photograph of Masson's trichrome staining, and the below 

panel is quantitative data quantified using the TissueFAXS image analysis 

software StrataQuest. Inhaled calcilytic significantly reduced collagen 

deposition close to the airway and also the total collagen deposition. N = 30-

40 slides per experimental group. Data are presented as Mean ± SEM. P 

values are from one-way ANOVA with Bonferroni’s post hoc test. ns: non-

significant, *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001. Scale bar: 

100 μm. 
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Figure 52. Masson's trichrome staining in IL-33-induced asthma model. 

Female BALB/c mice (6-8 weeks) were given IL-33 intranasally (30 ng/mouse 

in 50 μL saline, IL-33 group and IL-33+ NPSP-795 group) or saline (Vehicle 

group) from day 1 to day 6 for 6 days. From day 2, NPSP-795 (200 μg/mouse 

in 50 μL vehicle, IL-33 + NPSP-795 group) or vehicle (0.6% DMSO in saline, 

IL-33 group and Vehicle group) were given twice daily, with the evening 

dosing was given 2h before IL-33 administration. On day 7, the left lung 

tissues were collected. Masson’s trichrome staining of lung tissues was 

conducted after the lung tissues were fixed and paraffin-embedded. As 

described above, the percentage of collagen area around the peribronchial 

and perivascular regions with an increment of 30 μm were calculated using 

the TissueFAXS image analysis software StrataQuest on the scanned 

Masson-stained slides, to see the degree of collagen deposition in the 

different parts of the lung tissue. The top panel is the representative 

photograph of Masson's trichrome staining, and the below panel is 

quantitative data quantified using the TissueFAXS image analysis software 

StrataQuest. Inhaled calcilytic significantly reduced collagen deposition in all 

the analysed areas of the lung tissue and the total collagen deposition. N = 
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36-48 slides per experimental group. Data are presented as Mean ± SEM. P 

values are from one-way ANOVA with Bonferroni’s post hoc test. ns: non-

significant, *: p < 0.05, **: p < 0.01. Scale bar: 100 μm. 

 

5.4.8 Effect of topical administration of NPSP-795 on Serum Ca2+ levels 

in Th2/IgE- and alarmin-driven asthma models 

Since systemic Ca2+ levels are very important to people and CaSR can affect 

Ca2+ levels, I next investigated the effect of topical administration of NPSP-

795 on serum Ca2+ levels by biochemical analysis to investigate the systemic 

side effects of topical administration of NPSP-795. My results show that there 

were no significant differences between vehicle, OVA and OVA + NPSP-795 

groups nor between vehicle, IL-33 and IL-33 + NPSP-795 groups, indicating 

there are no systemic side effects of topical administration of NPSP-795 

(Figure 53A and B). 
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5.5 Discussion 

Asthma is a very common chronic pulmonary disease, but its exact causes 

remain unclear. The traditional theory suggests that asthma is mainly 

mediated by Th2 type immune response, involving immune cells like mast 

cells, neutrophil and eosinophils, among which eosinophils play the most 

important role (Boonpiyathad et al. 2019). Type-2 cytokines such as IL-4, IL-5, 

and IL-13 are critical in asthma pathogenesis (Lambrecht et al. 2019). IL-4 

can promote the differentiation and development of naïve T cells into Th2 

cells, and plays an important role in the category conversion of B cells to 

produce IgE (Barnes 2018). IL-13 can promote the eosinophil infiltration 

inflammation (Larose et al. 2015) and can also promote increased mucus 

secretion, airway fibrosis and remodelling, as well as involved in the 

occurrence of airway hyperresponsiveness (Wills-Karp 2004; Nair and 

O’Byrne 2019). IL-5 plays a key role in eosinophil infiltration inflammation 

(Yanagibashi et al. 2017). Recent studies also highlight the role of epithelial-

derived cytokines like IL-33, IL-25, and TSLP in the development of asthma 
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(Abraham et al. 2003). Among these epithelial-derived cytokines, IL-33 is 

thought to be involved in both type 2 inflammation and non-type 2 

inflammation through the activation of ILC2 and Th17 cells, and the latter 

ones play a major role in attracting and stimulating neutrophils, which was 

thought to be associated with the neutrophilic inflammation(Israel and Reddel 

2017). 

 

Li Yan et al. compared OVA and IL-33-induced asthma models and found that 

IL-33-induced asthma presents more severe, long-lasting symptoms, 

including inflammation, airway remodelling, and neutrophil involvement. The 

OVA model reflects early-phase, allergic asthma, while IL-33 is more 

representative of later-phase, allergen-independent asthma (Li et al. 

2015).Click or tap here to enter text. 

 

In my study, I evaluated the therapeutic effects of inhaled calcilytic on 

inflammatory cell infiltration in BALF, AHR, cytokines production, inflammatory 

cell infiltration in lung tissue, lung tissue eosinophilia, mucus production and 

collagen deposition induced by OVA and IL-33, as well as the change of 

serum Ca2+ levels before and after the inhalation of calcilytic. My results 

indicate that inhaled calcilytic significantly reverses the symptoms induced by 

both OVA and IL-33, with the effect being more marked in the IL-33-induced 

asthma model. These effects were achieved in the absence of significant 

changes in the serum Ca2+ levels, indicating that inhaled calcilytic can be 

developed as a potential novel treatment for both Th2/IgE and alarmin-driven 

asthma.  

 

In addition, my result demonstrated that there was no effect on mucus 

secretion of inhaled calcilytic in the Th2/IgE and alarmin-driven asthma. 

However, in our short-term OVA model, inhalation of NPSP-795 resulted in a 

reduction in the mean number of goblet cells in the airways, whereas FP had 

no effect. This discrepancy may be due to the different stages of mucus 

secretion in these models. In the acute phase, mucus secretion may not be as 

pronounced, with gene expression and goblet cell proliferation just beginning. 

As such, it can be hypothesized that both gene expression and goblet cell 
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hyperplasia may be suppressed in this early phase. In contrast, our IL-33-

induced model may represent a subacute phase, where mucus secretion is 

heightened, making it more difficult for the current dose of calcilytic to 

effectively inhibit this stronger mucus production. 

This observation is supported by a study from Korea, which demonstrated that 

the CaSR antagonist NPS2143 can inhibit MUC5AC expression in human 

airway epithelial cells exposed to cigarette smoke extract (Lee et al. 2017b). 

MUC5AC and MUC5B are two distinct mucins in the airway, with their 

production spatially separated. MUC5AC is primarily localized to goblet cells 

in the tracheobronchial surface epithelium, while MUC5B is mainly localized to 

mucous cells in submucosal glands (Hovenberg et al. 1996; Groneberg et al. 

2002). These mucins have distinct regulatory mechanisms and contribute 

differently to airway mucus production. MUC5AC plays a key role in mucus 

gel formation in response to allergens or irritants, while MUC5B is more 

crucial for maintaining normal mucociliary clearance in healthy airways 

(Hovenberg et al. 1996; Groneberg et al. 2002). Given the dynamic nature of 

mucin expression and secretion, the effects of calcilytic may vary across 

asthma models and stages of disease. 

Click or tap here to enter text.Considering the findings from both our study and the 

study by Lee et al. (Lee et al. 2017b), it may be worthwhile to explore higher 

doses of calcilytic, particularly in the chronic phase, or adjust the treatment to 

target the subacute phase more effectively. Future studies should also 

investigate the dose-response relationship and examine whether increased 

doses can modulate both MUC5AC and MUC5B expression to inhibit mucus 

secretion more effectively in these models. 

 

Current asthma treatments like ICS, LABA, and LAMA, while effective for 

symptom management, cannot reverse long-term airway remodelling, 

possibly because they don't target IL-33, which is thought to play a role in 

remodelling (Warner and Knight 2008; Saglani et al. 2013). In contrast, in my 

alarmin-driven asthma, inhaled calcilytic can inhibit the asthma symptoms as 

well as airway remodelling, measured from both functional (Flexivent) and 

immunohistochemical (collagen deposition) standpoints. While biologic 

therapies have shown promise, limitations such as efficacy in specific asthma 
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subtypes, poor adherence and high costs limit their use (Busse et al. 2013; 

Hanania et al. 2013; Bel et al. 2014; Humbert et al. 2014; Ortega et al. 2014; Castro 

et al. 2015; Bjermer et al. 2016; Corren et al. 2016; NUCALA® (mepolizumab) 

prescribing information 2023; XOLAIR® (omalizumab) prescribing information 2024). 

Given these challenges, our results are significant for their efficacy, route of 

administration, and side effects. 

 

Another PhD student from our laboratory has demonstrated CaSR expression 

in ILC2 cells, which may be the downstream of the alarmin signalling 

(Mansfield et al, unpublished observations). This provides further evidence 

that inhaled calcilytic could be effective in treating severe asthma, especially 

since IL-33 is involved in airway remodelling (Olin and Wechsler 2014). 

However, my study did not investigate the exact underlying disease 

mechanism, so further studies should explore how IL-33 and CaSR interact, 

possibly using lung-specific CaSR knock-out (KO) mice to assess asthma 

symptoms in the absence of CaSR, and examining CaSR expression in 

isolated mast cells, natural killer (NK) cells involved in the pathogenesis of 

asthma. 

 

In conclusion, my study indicates that inhaled calcilytic can reduce the asthma 

symptoms induced by OVA and IL-33. These results, together with the results 

presented in chapters 3 and 4, suggest that inhaled calcilytic could be 

developed as a potential novel treatment for asthma.  
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Chapter VI General discussion, conclusion and future directions 

6.1 Discussion 

Asthma is a life-threatening disease, affecting more than 300 million people 

worldwide (Masoli et al. 2004). The main pathological changes in asthma 

include airway epithelial cell damage, shedding, submucosal oedema, 

subepithelial fibrosis, smooth muscle hyperplasia, hypertrophy, infiltration of 

eosinophils, monocytes, mast cells, etc., as well as basement membrane 

thickening (Global Initiative for Asthma 2023). Histological changes are mainly 

manifested as airway inflammation and epithelial injury, smooth muscle 

hyperplasia, submucosal gland hyperplasia, collagen deposition under the 

basement membrane as well as angiogenesis in the airway; all of these 

ultimately cause irreversible airway obstruction (Global Initiative for Asthma 

2023). 

Many mild-to-moderate asthmatic patients can be well controlled with 

currently available drugs, including inhaled corticosteroids and 

bronchodilators as well as a combination of these. However, the use of the 

existing treatments is associated with substantial unwanted effects, such as 

osteoporosis, hypertension, diabetes, adrenal suppression, and cataracts 

(Sullivan et al. 2018). In addition, they induce some airway remodelling, which 

may cause irreversible obstruction in a substantial subgroup of patients, 

resulting in therapy-resistant chronic morbidity and increased risk of death 

(Hansbro et al. 2017; O’Byrne et al. 2019). Moreover, there is no asthma 

therapy which directly targets airway hyperresponsiveness (inhaled 

bronchodilators temporarily alleviate the symptoms but do not address the 

underlying problem), or prevents airway remodelling and progressive, 

irreversible obstruction of the airways (Corrigan 2020). The lack of knowledge 

about the underlying mechanism and the true molecular triggers for asthma 

has driven many researchers to identify other drug targets that are involved in 

the development of airway hyperresponsiveness, airway inflammation and 

airway remodelling. 

On the other hand, the recently approved and developing biologics 

(monoclonal antibodies) targeting IgE or asthma-related cytokines (IL-13, IL-5, 

IL-4, IL-25, IL-33 and TSLP) only have effects in a subset of patients and the 
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degree of effect are varied, and are expensive and are difficult to be self-

administered (Walsh 2017). 

It was mainly thought that allergens play an important role in asthma 

pathogenesis since most asthmatics present an allergic phenotype. However, 

it has been found that many patients present a non-allergic phenotype, which 

is related to a later onset and more severe disease (Humbert et al. 1999; 

Novak and Bieber 2003). This evidence raises the question: “What is the main 

cause of asthma in non-allergic patients?”. Furthermore, several studies found 

that the expression of some epithelial-derived cytokines, including IL-33 

increased in the serum, sputum and lung tissue of some severe asthmatic 

patients (Préfontaine et al. 2009; Zhao et al. 2023).  

IL-33 was proposed to function as a novel alarmin because it is rapidly 

released from producing cells upon cell damage or mechanical injury to alert 

the immune system, thus playing important roles in innate immunity 

(Moussion et al. 2008; Cayrol and Girard 2009; Lüthi et al. 2009; Pichery et al. 

2012; Grotenboer et al. 2013). IL-33 is expressed at high levels in epithelial 

barrier tissues and lymphoid organs, so it is rapidly released following 

infection with parasites or viruses, or exposure to allergens to ‘alarm’ ILC2 

cells and other immune cells, including mast cells (Cayrol and Girard 2014). Li 

Yan et al. used murine surrogates and compared a classical asthma animal 

model (OVA-induced asthma) with an IL-33-induced asthma model. The 

authors have found that in the IL-33-induced asthma model, all the asthma 

symptoms such as inflammatory cellular infiltration, eosinophil infiltration, 

increased cytokine and chemokine expression, airway goblet cell hyperplasia, 

extracellular lung matrix protein deposition, airways smooth muscle 

hypertrophy and angiogenesis seems to appear later, they were more severe 

as well as persisted longer (Li et al. 2015). These results suggest that IL-33 

may be implicated in airway remodelling and severe asthma. 

The CaSR is a G-protein coupled receptor which has been found to be 

involved in asthma pathogenesis in our previous studies. Indeed, we found 

that eosinophil cationic proteins are CaSR agonists, that bronchial smooth 

muscle hyperresponsiveness in asthma reflects over-expression of the CaSR 

and CaSR-mediated signalling is implicated in airway hyperresponsiveness 

and inflammation (Yarova et al. 2015; Yarova et al. 2016), effects that could 
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be prevented by prophylactic administration of inhaled calcilytic. In addition, 

airway inflammation and cytokines production, steroid-resistant neutrophilic 

inflammation and interstitial wall thickening can be reduced with topical use of 

the negative allosteric modulators of CaSR, calcilytics (Yarova et al. 2015; 

Yarova et al. 2016). During the course of my PhD, I aimed to answer the 

following questions: 

Question 1. How well the calcilytics perform against the current standard of 

care, inhaled corticosteroids? 

To achieve this, I have compared the therapeutic effects of inhaled calcilytic 

with the standard-of-care FP in an OVA-induced asthma animal model in vivo. 

For the short-term and longer-term comparison, since FP is the most common 

corticosteroid used in the clinic, I selected it as the standard-of-care (positive 

control). However, it is poorly soluble in common solvents. Since animals 

were to be dosed in a nebulization chamber, I first detected a suitable vehicle 

for both calcilytic and FP, which was able to give a good solubility and also 

had no irritancy for the animals. In my initial studies, I tried 50% ethanol in the 

presence of 25% DMSO, which was used previously (Lowe et al. 2015) to 

dissolve the calcilytic in a saline solution. However, FP didn’t dissolve 

completely in this vehicle. Then I tried 30% ethanol without DMSO, which 

resulted in a good solubility for both calcilytic and FP, however after 

nebulization, the drugs were left in the nebulizer, mainly due to the 

evaporation of ethanol during the nebulization process, causing the drugs 

precipitated in the nebulizer. Finally, I tried polysorbate 80 (Tween 80), a 

surfactant, which has been widely used as an emulsifier and solubilizer in 

cosmetics, food and pharmaceutical industry (Ten Tije et al. 2003; Kerwin 

2008; Khan et al. 2015). The combination of DMSO and Tween 80 yielded a 

good solubility for both calcilytic and FP, and no drugs were left in the 

nebulizer after nebulization. Finally, I selected 0.3% DMSO + 0.01% Tween 

80 as the vehicle because these concentrations of DMSO and Tween 80 not 

only give good solubility for both calcilytic and FP, but also have good 

tolerance, with low toxicity in mice in vivo. These achievements allowed me to 

test the effects of inhaled calcilytic against the current standard-of-care in an 

asthma model using the same vehicle for both drugs. The administration of 

inhaled calcilytic NPSP-795 to mice sensitized and challenged with OVA 
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significantly reduced total BALF leucocyte infiltration and eosinophil 

infiltration, which was comparable to that seen for FP. However, FP and 

NPSP-795 did not show an additive effect, which was surprising given their 

different mechanisms of action. This may be because their effects converge 

onto the same intracellular targets, or their target are at the same pathway. It 

is known that the main mechanism of action of ICS involves inhibition of 

mitogen-activated protein kinase (MAPK) signalling pathway (Jaffuel et al. 

2000; Barnes 2011), a known downstream of GPCRs (Daub et al. 1996; 

Natarajan and Berk 2006). Another main mechanism of action of ICS is 

binding with GR and Galigniana et al demonstrated that GR may be 

nitrosylated by nitric oxide (NO) in vitro, indicating NO could reduce 

glucocorticoid responsiveness, so this may be the reason for steroid 

resistance in severe asthma patients who have increased expression of 

inducible NO synthase and large amounts of NO (Galigniana et al. 1999). 

Therefore, it is reasonable to assume that without function through GR, 

inhaled calcilytic may be useful in severe asthma. From this point of view, it 

will be worth investigating the effect of these two drugs in this pathway and 

the interactions in future. Also, it would be worth testing if there are any 

additive effects of ICS+ calcilytic to reduce drug exposure while minimizing 

the side effects of ICS. Overall, these experiments show that inhaled calcilytic 

can be developed to prevent inhaled corticosteroid side effects and 

remodelling, and also as a novel potential steroid-independent asthma 

treatment option. 

 

Question 2. Can we take calcilytics that have been previously tested in the 

clinic as systemic drugs, and use them as novel asthma treatment, delivered 

directly to the lung, to bypass systemic drug effects? 

Because my plan was to deliver the calcilytics directly to the lung via 

inhalation, in the first series of experiments, I wanted to test their effects on 

the airway lumen. To this end, I used wire myography to assess the effects of 

calcilytics in naïve mouse tracheae half-maximally contracted with ACh ex 

vivo to select the best calcilytic to be used for in vivo experiments. Four 

calcilytics, NPSP-795, Ronacaleret, JTT-305 and AXT 914, were selected as 

candidate calcilytics to be used in vivo because they have been tested in 
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human phase 1 and 2 clinical trials (Gowen et al. 2000; Ward and Riccardi 

2012; Nemeth and Goodman 2016), and were proven safe and well tolerated. 

In addition, NPS89636 and NPS2143 have been employed in previous 

studies and were therefore used as positive controls. I investigated the effects 

of calcilytics on tracheal contraction in both therapeutic and prophylactic 

settings. My results have demonstrated that calcilytic has effects on tracheal 

contraction and relaxation. Specifically, in the therapeutic setting, NPS89636, 

NPSP-795 and Ronacaleret evoked a comparable reduction of the tracheal 

contraction induced by ACh, which was of larger magnitude compared to 

NPS2143 and JTT-305. AXT 914 showed no effects on tracheal contraction in 

this setting. Interestingly, in the prophylactic setting, only NPSP-795 and AXT 

914 attenuated ACh-induced tracheal contraction. Ronacaleret, JTT-305 and 

NPSP-795 are from the same structural class of amino alcohols, with similar 

structures, so it is not surprising that they all have effects in the therapeutic 

setting though JTT-305 has a lower effect than the other two. However, only 

NPSP-795 has an effect in the prophylactic setting, while the other two amino 

alcohols show no effects. In addition, AXT 914 didn’t show an effect in the 

therapeutic setting, while it did evoke airway relaxation in the prophylactic 

setting. The reason for these differences is still unclear; but may be related to 

the distribution of the agent in the tissue, and/or to the affinity to the receptor 

for the drug. Also, Diao et al. have investigated bronchodilator properties 

using different NAMs compared with the standard-of-care SABA salbutamol 

and LABA formoterol (Diao et al. 2023). The authors showed that 1) CaSR 

NAMs and salbutamol can inhibit MCh-induced airway contraction to a similar 

extent; 2) the bronchodilator effects of CaSR NAMs still exist when salbutamol 

has no effect under conditions mimicking a severe asthma attack when β2-

adrenergic receptor desensitization; 3). two of the CaSR NAMs they tested 

(NPS2143 and Pfizer compound 1) demonstrated preventive effect after 

overnight treatment on MCh-induced airway contraction, while formoterol and 

one of the CaSR NAMs, BMS compound 1 didn’t. Together with their results, 

CaSR NAMs may have better bronchodilator effects than those of the existing 

bronchodilators, especially regarding their preventive effects. 
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Question 3. Which of the existing clinically tested calcilytics is best suited for 

lung delivery? 

Upon the completion of the ex vivo work, NPSP-795 was selected as the 

inhaled calcilytic to be used in vivo asthma model since NPSP-795 showed 

both prophylactic and therapeutic effects in ACh-induced airway contraction in 

naïve trachea. In addition, studies carried out by my colleague in our 

laboratory show good PK/PD and formulation characteristics compatible with 

inhaled drug delivery. Therefore. Next, I further investigated the effects of 

inhaled NPSP-795 in vivo on airway remodelling by determining its effects on 

airway hyperresponsiveness, airway inflammation, mucus secretion and 

collagen deposition.  

 

Question 4. Does therapeutic administration of inhaled calcilytics show 

efficacy in alarmin-driven asthma, which is associated with steroid resistance? 

In the last part of my work, I went to Prof Sun Ying’s laboratory in China, to 

have access to equipment that allowed me to directly measure lung function 

using an invasive technology, the FlexiVent. There, I have developed parallel 

animal models of IgE/Th2 and alarmin-driven asthma, in which I have 

compared the therapeutic effects of the best performing calcilytic, NPSP-795, 

delivered by inhalation, on airway resistance, inflammation and remodelling. 

My results showed that inhaled calcilytic have inhibitory effects on airway 

inflammation, airway hyperresponsiveness and some aspects of remodelling 

in both IgE- and alarmin-driven asthma models. 

 

The mechanism of asthma mainly involves Th2 cells, IgE, B cells, ILC2, NK 

cells, basophils, eosinophils, mast cells and their major cytokines, such as IL-

4, IL-13, IL-5, IL-33, IL-25, TSLP etc (Boonpiyathad et al. 2019). The start of 

asthma is characterized by the recruitment of eosinophils and mast cells 

degranulation in the airway and release of inflammatory mediators to cause 

airway inflammation, activated by IgE after exposure to allergens, viruses, 

pollutants and microbes (Lambrecht and Hammad 2015; Israel and Reddel 

2017). All asthmatic patients have varying degrees of airway inflammation, 

mainly including inflammatory cell infiltration and mediator production, which 

is considered to be the main pathogenetic mechanism and underlying 
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problem in causing various clinical symptoms of asthma (Hargreave et al. 

1986). In my PhD studies, I have shown that inhaled calcilytics do have the 

ability to reduce inflammatory cell infiltration into the BALF and also lung 

tissue, including eosinophil, neutrophil and lymphocyte infiltration in both the 

OVA- and the IL-33-induced models. As mentioned above airway 

inflammation is a key upstream asthma symptom (Reed 1988). Therefore, the 

inhibition of airway inflammation by inhaled calcilytic may have benefits to the 

remaining downstream asthma symptoms, AHR and airway remodelling. 

AHR is an important pathological feature of asthma and almost all asthmatic 

patients have increased airway responsiveness, and most importantly, airway 

responsiveness is life-threatening even in mild patients (Corrigan 2020). AHR 

not only exists in asthmatic patients, it can also be seen in viral upper 

respiratory tract infections, acute and chronic bronchitis, allergic rhinitis, 

gastroesophageal reflux (GRE), bronchiectasis, allergic alveolitis, sarcoidosis, 

cystic fibrosis, lung transplantation, congestive heart failure and other 

diseases (Hegele et al. 1995; Thaminy et al. 2000; Ratier et al. 2011). AHR is 

defined as a premature or too strong contraction response of the airway, 

stimulated by various factors (such as dust mites, pollen, animal fur, cold air, 

toluene, sulfur dioxide, etc.), causing airway lumen stenosis and airway 

resistance significantly increased. There is strong evidence that airway AHR 

in asthma is associated with increased contractile activity of bronchial smooth 

muscle, notwithstanding any passive contributions from altered airway 

geometry (Marsumoto et al. 2007; Léguillette et al. 2009). The precise 

mechanisms have yet to be determined, but have been linked with alterations 

in intracellular Ca2+ (Ca2+
i) handling and/or sensitivity, the contractile 

machinery, and cytoskeleton (Triggle 1983; Mahn et al. 2010; Zhang and 

Gunst 2019). In my studies, inhaled calcilytic also reduces the increased AHR 

provoked by MCh. This result is consistent with the work conducted by Diao et 

al. showing CaSR-negative allosteric modulators inhibit chronic airway 

inflammation, remodelling, and hyperresponsiveness in murine and guinea pig 

asthma models (Diao et al. 2023). Taken together with my ex vivo work 

showing that certain calcilytics reduce tracheal contraction, these 

observations may indicate that inhaled calcilytic can be used as a surrogate of 

bronchodilators. Most importantly, my ex vivo data using wire myography 
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showed that NPS-P795 have a prophylactic effect on ACh-induced airway 

contraction, suggesting that NPS-P795 might have the potential to prevent the 

onset of airway hyperresponsiveness which no existing drugs can do. This is 

especially important because shortness of breath caused by airway narrowing 

resulting from airway hyperresponsiveness can be life-threatening even in 

mild patients (Corrigan 2020). 

 

Increasing mucus production in the airway lumen is one of the possible 

causes of persistent airflow obstruction, and is the main reason for asthma 

death (Dunican et al. 2018a; Dunican et al. 2018b). In my OVA and IL-33 

comparison study, the result reveals that inhaled calcilytic didn’t show any 

effects on mucus secretion, however, in my other study with a comparison of 

inhaled calcilytic and FP, quantitative image analysis showed that inhaled 

NPSP-795 reduced the mean goblet cell number in the airways, while FP did 

not, indicating inhaled calcilytic may be better in controlling airway remodelling 

than that of corticosteroids. Since in the inhaled calcilytic and FP comparison 

study, it has already shown beneficial effects of inhaled calcilytic on goblet cell 

hyperplasia, in the future, it will also be worth testing the effects of inhaled 

calcilytic on gene or protein expression of the two different mucins MUC5AC 

and MUC5B. It is well known that MUC5A and MUC5B are localized to 

different parts of airway, of which MUC5B protein is mainly localized to 

mucous cells in submucosal glands, MUC5AC protein is mainly localized to 

goblet cells in the tracheobronchial surface epithelium and is the most highly 

induced mucin in the airways of antigen-challenged mice (Hovenberg et al. 

1996; Groneberg et al. 2002; Young et al. 2007). Thus, it would be worth to 

understand whether there might be beneficial effects of inhaled calcilytic on 

mucus production. Actually, in a study conducted by a Chinese group the 

authors were able to show by using a HBE16 cell hypoxia model 1). hypoxia 

can induce increased expression levels of CaSR, MUC5AC protein, and 

increased expression level of MUC5AC mRNA; 2). transfection with CaSR 

siRNA can downregulate the above effects induced by hypoxia; 3). 

pretreatment with CasR signaling pathway Gαq/11 protein inhibitor YM-

254890 significantly attenuated the hypoxia-induced MUC5AC hypersecretion 

(as demonstrated by the decreased expression level of MUC5AC protein and 
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expression level of MUC5AC mRNA) and [Ca2+]i (Yang et al. 2014). Another 

study conducted by Lee et al from Korea also demonstrated that the 

increased expression of MUC5AC induced by cigarette smoke extract (CSE)-

in human airway epithelial cells can be inhibited by CaSR antagonist 

NPS2143 (Lee et al. 2017b). These studies further demonstrate that 

calcilytics may have a potential effect on mucus production in asthma. 

Airway remodelling in asthma refers to hypertrophy of the external smooth 

muscle layer, is a result of the repeated episodes and repeated repairs of 

long-lasting airway inflammation, resulting in tissue proliferation and is 

another mechanism of persistent airflow obstruction (Tagaya and Tamaoki 

2007). The mechanism of airway remodelling is related to the smooth muscle 

cells exposure to pro-inflammatory cytokines and prolonged elevation of 

intracellular calcium, laydown of structural proteins, hypertrophy of mucus 

glands, collagen deposition and neovascularisation in the airway’s mucosa, 

any of which may contribute to structural, and consequently irreversible 

obstruction of the airways (Gosens et al. 2008; Mahn et al. 2010). Airway 

remodelling caused by inflammatory damage-repair-re-damage-re-repair of 

airway epithelium may be an important pathophysiological basis for the 

development of asthma into refractory asthma. In my study, I measured the 

collagen deposition around different parts of peribronchial and perivascular 

regions of lungs from asthma animal models induced by OVA and IL-33 and 

have shown that inhaled calcilytic can reduce the collagen deposition in both 

models, which indicated that inhaled calcilytic may be beneficial in reducing 

airway remodelling. However, in my studies, I only measured collagen 

deposition due to the time limit, in the future, we can further measure other 

fibrosis parameters, such as the expression of matrix metalloproteinases 

(MMPs) and of tissue inhibitors of metalloproteinases (TIMPs), and also of 

other parameters regarding angiogenesis to give an overall view of the effects 

of inhaled calcilytic on airway remodelling. Actually, in the same paper 

mentioned above conducted by Lee et al, the authors also showed that 

NPS2143 reduced the expression of MMP-9 in CSE-stimulated H292 cells 

(Lee et al. 2017b), which emphasizes the potential effects of calcilytic on 

airway remodelling and it is worth to further test in future in asthma. 
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Lastly, because the CaSR can affect systemic Ca2+ concentrations and will 

result in hypercalcaemia with the “overspill” of calcilytic into the systemic 

circulation, I also measured the systemic side effects of inhaled calcilytic by 

quantifying serum Ca2+ levels. The results revealed no effect of inhaled 

calcilytic on serum Ca2+ levels, suggesting that local application of inhaled 

calcilytic does not result in significant systemic “overspill”.  

Currently, the most common treatment strategy for asthma patients is the 

chronic use of inhaled corticosteroids to control inflammation and with add-on 

use of bronchodilators to relieve airway contraction. However, these drugs do 

not always have effects in all patients, especially patients with severe 

symptoms, and are associated with side effects with long-term use, which 

leads the researcher to find new treatments for asthma. Omalizumab, a 

humanised monoclonal antibody (mAb) against IgE, was the first biologic 

therapy approved for asthma, and has been used for several years (Buhl 

2005; Gennaro et al. 2007; Catley et al. 2011). Studies have shown its 

efficacy in reducing the rates of asthma exacerbations, improving lung 

function, reducing the doses of ICS required and hospitalisations in severe 

allergic asthmatic patients (Holgate et al. 2004; Humbert et al. 2005; Hanania 

et al. 2011; Alhossan et al. 2017; Mansur et al. 2017). IL-4, IL-5 and IL-13 are 

very important cytokines responsible for B cell maturation, activation, 

eosinophil recruitment, mucus secretion, ultimately leading to airway 

remodelling and permanent airflow limitation over time (Wills-Karp 2004; Kay 

2015; Larose et al. 2015; Barnes 2018; Boonpiyathad et al. 2019; Lambrecht 

et al. 2019; Nair and O’Byrne 2019), thus biologics targeting these cytokines 

(Mepolizumab, Reslizumab, Benralizumab and Dupilumab) have been 

developed and shown efficacy in a subset of patients with severe eosinophilic 

asthma in reducing asthma exacerbations and improvement of quality of life 

scores and lung function improvement (Pavord et al. 2012; Haldar et al. 2014; 

Bleecker et al. 2016; FitzGerald et al. 2016; Chupp et al. 2017; Nair et al. 

2017; Castro et al. 2018; Rabe et al. 2018). Recently, therapies targeting IL-5 

(Mepolizumab, Reslizumab, and Benralizumab), IL-4/IL-13 (Dupilumab) and 

TSLP (Tezepelumab) are approved to treat some subsets of patients with 

severe asthma. However, there is also a lack of biomarkers to guide the 

selection of biologics, for example, some patients with severe asthma have 
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both high blood eosinophil and IgE levels, so it is difficult to know which is the 

optimal choice of therapy with omalizumab and anti-cytokines therapies for 

such patients. There are other biologics targeting epithelial-derived cytokines, 

IL-25 and IL-33, which are under development since their vital role in inducing 

activation of Th2 and ILC2, promoting IL-4, IL-5 and IL-13 Th2-immune 

response in asthma after epithelial damage due to the environmental 

exposures (Lambrecht and Hammad 2012; Christianson et al. 2015). Clinical 

studies have shown that REGN3500 (anti-IL-33 mAb) significantly reduce 

exacerbation rate and improve asthma control (Corren et al. 2017; Gauvreau 

et al. 2020b), which provide treatment opportunities for asthma in the future. 

However, there are some limitations of biologics in asthma therapy, one is, as 

mentioned above, the difficulties in selection of biologics to be used due to the 

lack of biomarkers to distinguish between patients of different subtypes 

depending on the heterogeneity of patients. On the other hand, the 

subcutaneous injection route causes poor patient compliance, so optimization 

of airway delivery of biological agents needs to be addressed in future 

development (Eyerich et al. 2020). Another challenge is the expense of 

biologics, which will limit their use in low- and middle-income settings.  

Compared to the significant side effects of corticosteroids and bronchodilators 

as well as the limitations of the recently approved and the underdevelopment 

of biologics, our results showed that inhaled calcilytics have effects on almost 

all asthma symptoms including airway inflammation, cytokine production and 

collagen deposition, suggesting CaSR may be involve in all these processes. 

Thus, in the future, it may be worth to directly investigate the interaction 

between CaSR and mediators involved in asthma, such as to investigate the 

change of expression of CaSR in different cells after they are exposed to 

asthma triggers as well as to see the effect on asthma symptoms after CaSR 

ablation. In addition, it would be worth to test if inhaled calcilytics could be 

easy to be self-administered with a suitable inhalation formulation compared 

to the biologics and if inhaled calcilytics may function as fast bronchodilators 

in reducing the acute symptoms, as I saw from my ex vivo wire myography 

experiment that calcilytics have an effect on tracheal contraction. Actually, 

Diao et al. (Diao et al. 2023) demonstrated that CaSR NAMs reverse MCh-

induced airway contraction using mouse precision-cut lung slices, with 



PAGE 187 OF 222 

maximal relaxation similar to the standard treatment, salbutamol. In addition, 

they demonstrated CaSR NAMs caused airway relaxation even when 

salbutamol was ineffective under conditions of β2-adrenergic receptor 

desensitization. These findings further support that CaSR NAMs have the 

repurposing potential as alternative or adjunct bronchodilators in asthma, 

especially since their preventive effects are unparalleled by other drugs. 

 

6.2 Conclusions and future work 

Together with the therapeutic potential targeting inflammatory cell infiltration, 

airway hyperresponsiveness, cytokines production and collagen deposition in 

both the OVA and IL-33 models, inhaled calcilytic might represent a novel 

therapeutic for the treatment of asthma, including difficult-to-treat, steroid-

resistant asthma. 

It remains to be determined the exact underlying mechanism and the true 

molecular triggers for asthma, and additional experiments are required to 

understand how CaSR interact with different cells and mediators in asthma. In 

any event, my PhD studies have demonstrated that CaSR is involved in 

asthma pathogenesis and its negative allosteric modulators, calcilytics, have 

the potential to act upstream in the asthma signalling cascade, rather than 

intervening in downstream signalling. Another PhD student from our 

laboratory has demonstrated that the CaSR is expressed in ILC2 cells, 

another cell type implicated in the mechanism of non-allergic and severe 

asthma (Boonpiyathad et al. 2019), and that urban particulate matter directly 

activates the CaSR. So, our study gives new insights into the mechanism by 

which asthma develops, and proposes the CaSR as a novel treatment target. 

Such a target is different from other molecular mechanisms that have long 

been investigated in clinical research area and by the pharmaceutical 

industry. 

In the future, exploring other key asthma-related markers across various 

asthma models, including acute asthma, chronic asthma, and steroid-resistant 

asthma, may provide valuable insights, such as collagen deposition for airway 

remodeling, as well as fibronectin, transforming growth factor-beta (TGF-β), 

and connective tissue growth factor (CTGF) for fibrosis and other markers to 

better understand their potential roles in asthma pathophysiology.  
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