Imperial College
London

Investigating the role of extracellular ATP
in Chronic Respiratory Diseases

Sabina Issop

2024

A thesis submitted for the Degree of Doctor of Philosophy

in the Faculty of Medicine, Imperial College London

Respiratory Pharmacology Group
National Heart and Lung Institute
Faculty of Medicine
Imperial College London
Sir Alexander Fleming Building
Exhibition Road
London
SW7 2AZ



Thesis Abstract

Chronic cough is a common symptom of respiratory diseases driven by activation of airway sensory
nerves that express ion channels and receptors, including purinergic P2X3 channels, which are
activated by ATP. A non-selective P2X3 receptor antagonist, Gefapixant, was one of the first drugs to
show antitussive efficacy in clinical trials in treatment-refractory chronic cough patients. However,
there are no data demonstrating levels of eATP in patients with refractory or unexplained chronic
cough (RUCC) which is hypothesised to be increased in bronchoalveolar lavage fluid (BALF) and plasma

samples.

Current methods used to measure eATP in biological samples are not always reliable or reproducible
given that eATP rapidly degrades in the extracellular space. As such, a reliable and reproducible

method for the collection and assessment of eATP in biological samples was developed.

In vitro and ex vivo experiments were used to show activation of vagal sensory nerves by the
endogenous ATP ligand which could be blocked using P2X3 antagonists. However, in the clinic, P2X3
antagonists are commonly associated with taste disturbance side effects. Alternative strategies could
include CD39, an ecto-nucleotidase enzyme that breaks down ATP and reduces activation of vagal
sensory nerves by depleting levels of ATP. eATP levels were investigated in several airway disease
models where decreases in eATP were measured in BALF samples. CD39 was also tested in an acute
cigarette smoke model but had no impact on several key inflammatory markers, highlighting the need

for alternative animal models with elevated eATP.

In patients with RUCC, the levels of eATP were reduced in BALF samples, but were increased in plasma
samples. This increase supports the hypothesis that eATP is a driver in chronic cough and may have
potential use as a clinical biomarker to select patient populations with elevated eATP who are more

likely to respond to ATP-targeted therapies.
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Chapter 1: Introduction

1.1 ATP

1.1.1 Introduction to ATP

Adenosine 5’-triphosphate (ATP) is a molecule that can be found in all living cells and intracellular ATP
plays a fundamental role in cellular metabolism and energetics (Nirody et al., 2020). Intracellular ATP
can be found in the millimolar range and is often referred to as the “energy currency” of the cell
whereby the breakdown of ATP provides readily releasable energy which is used for a broad range of
cellular functions including cell growth and division, metabolism, and cell signalling (Nirody et al.,

2020).

As well as providing energy for the cell, ATP can be released from cells into the extracellular space
under both physiological and pathophysiological conditions. This extracellular ATP (eATP) is
ubiquitously used for cell-to-cell communication where it functions as an autocrine and paracrine
agent through activation of P2 purinergic cell-surface receptors. eATP is also part of the family of
pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns
(DAMPs) which exerts effects on innate and adaptive immune responses by pro-actively modulating
inflammatory processes (Newton and Dixit, 2012, Tang et al., 2012). For example, cell death can be
associated with the release of large amounts of eATP as a ‘danger’ and ‘find me’ signal. There is a
growing amount of research which implicates eATP in the pathophysiology of a range of chronic
respiratory diseases and therefore the focus of this thesis will be on the role eATP in chronic

respiratory diseases (Burnstock et al., 2012, Jacobson et al., 2023, Pelleg, 2021).

eATP exerts its effects through activation of P2 purinergic cell-surface receptors which contributes to
the induction of immune responses in damaged tissues through recruitment and activation of a range
of inflammatory immune cell types including eosinophils, mast cells, dendritic cells, alveolar
macrophages and phagocytes resulting in a heightened inflammatory response (ldzko et al., 2007,
Ferrari et al., 2020, Gao and Jacobson, 2017, Li et al., 2020, lyer et al., 2009, Trautmann, 2009). Given
the signalling effects of eATP, concentrations of eATP is tightly regulated in the extracellular space
within the micromolar range through rapid degradation of eATP to adenosine 5'-diphosphate (ADP)
and adenosine by ecto-enzymes, primarily ectonucleoside triphosphate diphosphorylase-1 (CD39) and

ecto-5’-nucleotidase (CD73) (Zimmermann et al., 2012).
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P2 purinergic cell-surface receptors can be divided into two families; metabotropic P2Y receptors
which are seven trans-cell membrane domain G-protein coupled receptors (GPCRs) and ionotropic
P2X receptors which are trans-cell membrane cationic channels (Burnstock et al., 2012). P2X receptors
are ATP-gated ion channels permeable to calcium, sodium and potassium ions. There are eight P2Y
receptors and seven homotrimeric P2X receptors (P2X1-7). Multiple heterotrimeric assemblies
comprising of these P2X subunits have been described such as P2X2/P2X2/3 heterotrimers (Saul et al.,

2013).

Given the role of eATP in respiratory diseases, bioinformatic studies on RNA expression have shown
that P2X1, P2X4 and P2X7 are the mostly highly expressed P2X receptors in human lung and airway
tissues. Protein expression data showing higher levels of P2X4 and P2X7 expression also supports this

(Saul et al., 2013). The role of these receptors in respiratory disease is outlined in sections 1.2 and 1.3.

The breakdown of eATP by ecto-enzymes into ADP and adenosine are also involved in purinergic
signalling whereby ADP can activate metabotropic P2Y receptors and adenosine can activate P1

purinergic cell-surface receptors (Figure 1.1).

These receptors are expressed by a variety of cell types in the lungs, the activation of which can be
associated with the development and pathology of a number of chronic respiratory diseases including
asthma, chronic obstructive pulmonary disease (COPD) and idiopathic pulmonary fibrosis (IPF)
(Burnstock, 2018). Purinergic signalling pathways specific to different chronic respiratory diseases are
outlined in section 1.2. These diseases represent a significant global healthcare burden, where new
safe and effective therapies are required. The focus of this thesis will be on eATP and its role in chronic
respiratory diseases, particularly chronic cough which is a common symptom across respiratory

diseases.
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Figure 1. 1 Schematic of purinergic signalling.

eATP can activate P2X and P2Y receptors causing changes in intracellular ion concentrations and/or
levels of cyclic adenosine monophosphate (cAMP). ATP can by metabolised by the ecto-nucleotidases
CD39 and CD73 into ADP, AMP and adenosine. ADP can activate P2Y receptors whilst adenosine

activates P1 receptors to alter intracellular cAMP levels. Figure adapted from (Thompson et al., 2021).

1.1.2 Mechanisms of eATP release

ATP is released from various cell types under physiological and pathophysiological conditions in
response to different stimuli or micro-environmental conditions. For example, increased eATP has
been found in inflammatory conditions such as in the lungs of COPD patients and in mouse models of
smoke-induced acute lung inflammation and emphysema (Baxter et al., 2014, Lazar et al., 2008,
Mortaz et al., 2009, Cicko et al., 2010, Jacobson et al., 2023). A variety of different cell types in the
lungs have been linked to increased ATP release in different chronic respiratory diseases (Ryan et al.,
2016, Bonvini et al., 2020, Rahman et al., 2018, Baxter et al., 2014) leading to the activation of various
purinergic receptors involved in inflammatory and neuronal responses. Cell death can lead to non-
specific release of eATP. However, it can also be released into the extracellular space in a controlled
manner via exocytosis, large membrane pores and specific trans-cell membrane ion channels (Taruno,

2018, Vultaggio-Poma et al., 2020).

Controlled release mechanisms include vesicular exocytosis and channel-mediated release of ATP via
connexin or pannexin hemichannels (Dosch et al., 2018). In inflammatory conditions, the release of
ATP allows activation of inflammatory immune cells such as macrophages, neutrophils and endothelial
cells to tightly regulate autocrine and paracrine responses (Kim et al., 2018, Shishikura et al., 2016,

Wang et al., 2014).
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The biochemical properties of eATP make it an efficient damage signalling molecule as it is rapidly
released via vesicular exocytosis or cellular pores upon cell activation. ATP is also water-soluble and
can freely diffuse in the extracellular environment as it contains negatively charged phosphate
residues (Di Virgilio and Vuerich, 2015). Additionally, there is a high concentration gradient between
eATP in the micromolar range and intracellular ATP in the millimolar range. This creates a strong signal
to noise ratio with very low background noise making the extracellular environment hypersensitive to

even the smallest changes in eATP (Di Virgilio and Vuerich, 2015).

1.1.2.1 Active ATP release via vesicular exocytosis

Specialised cytosolic vesicles within cells can store ATP that is rapidly released through fusion of the
vesicle with the plasma membrane (Martens and McMahon, 2008, Moriyama et al., 2017). ATP
storage within these vesicles are dependent on vesicular nucleotide transporters (VNUT) which are
secondary active transporters ensuring the accumulation of cytosolic ATP into the vesicles in a
chloride-dependent manner. This is driven by an electrochemical proton gradient where vesicles are
positively charged (Sawada et al., 2008, Miyaji et al., 2011). The mechanisms of vesicular exocytosis
have been shown to be dependent on intracellular calcium levels and the SNARE (soluble N-
ethylmaleimide-sensitive-factor attachment receptor) family of proteins which mediates membrane
fusion as seen in macrophages (Imura et al., 2013, Stidhof and Rothman, 2009). The stages of ATP

release through vesicular exocytosis are illustrated in figure 1.2.

V-ATPase

VNUT

SNARE
complex

Figure 1. 2 Schematic of ATP release through vesicular exocytosis

(A) V-ATPase generates a proton gradient as a driving force to active transport ATP inside vesicles
through the vesicular nucleotide transport (VNUT). (B) SNARE zippering occurs spontaneously. (C)

Increased intracellular calcium concentrations causes fusion of the two membranes mediated by
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SNARE proteins leading to the release of ATP into the extracellular space. Figure adapted from (Dosch
etal., 2018).

1.1.2.2 Active ATP release via pore-forming channels

In addition to vesicular exocytosis, inflammatory cells release ATP into the extracellular space via
connexin hemichannels or pannexin channels, primarily connexin-43 and pannexin-1 (Junger, 2011).
Connexin proteins can form both gap junctions and hemichannels, whereas pannexin proteins can
only form hemichannels (Sosinsky et al., 2011). Both channels mediate the release of small molecules
in the extracellular space, including ATP, glutamate, prostaglandins and other molecules including the
influx of ions such as sodium and calcium as illustrated in figure 1.3 (Penuela et al., 2013, Baroja-Mazo
et al., 2013). Gating of both these channels are regulated by changes in transmembrane voltage,
intracellular and extracellular calcium concentrations, mechanical strain and post-translational

modifications (Retamal et al., 2007, Lopez et al., 2016, Wang et al., 2013).

Pannexin-1 channels are widely expressed in the airways and lungs and has been shown to play a role
in ATP release (Penuela et al., 2013). For example, in cough, the activation of airway sensory nerves
following stimulation of TRPV4 receptors has been shown to cause ATP release via pannexin-1

channels, outlined in section 1.3.5.2 (Bonvini et al., 2016).

Connexin Pannexin Hemichannel/Pannexon Gap junction channels

Extracellular space Extracellular space Extracellular space Cytosol 1

R ST
HBERY, NS
N
Cytosol ¢ Cytosol

Cytosol 2

Figure 1. 3 Basic structure of connexin and pannexin-based channels

Both connexins and pannexins have four transmembrane domains. Hemichannels are formed of six
connexin subunits around a central pore whereas pannexons are composed of six pannexin subunits.
Hemichannels can also dock each other to form functional cell-cell channels called gap junction
channels. Under resting conditions, hemichannels and pannexons remain preferentially closed, but
they may be activated by diverse physiological and pathological conditions. Figure adapted from

(Abudara et al., 2018).

21



1.1.3 Degradation of eATP

Extracellular signalling molecules such as eATP and other extracellular nucleotides and nucleosides
are controlled by a network of cell surface receptors known as ecto-nucleotidases. These tightly
regulate local concentrations of these molecules by ectonucleoside triphosphate
diphosphohydrolases (ENTPDases). mRNA expression of several ENTPDases have been reported in
human lungs and bronchial epithelial cells including ENTPDase-1 (CD39), ENTPDase-2 (CD39L1) and
ENTPDase-3 (CD39L3) (Chadwick and Frischauf, 1998, Burch and Picher, 2006). Studies have shown
that mRNA expression of CD39 and CD39L3 increases along the human airway towards the alveoli,

though expression levels of CD39 are much higher compared to CD39L3 (Burch and Picher, 2006).

eATP is normally highly regulated in the extracellular environment on the cell surface by CD39 and
CD73, which rapidly metabolises ATP to AMP and AMP to adenosine respectively (Zimmermann et al.,
2012). However, for patients with chronic lung diseases including asthma, COPD and IPF, eATP is
elevated in their lungs suggesting an increased production or breakdown dysregulation of eATP (ldzko
et al., 2007, Hlapcic¢ et al., 2019, Riteau et al., 2010). This is supported by a study that showed an
attenuation of CD39 expression in the lung tissue of patients with COPD, which could be responsible

for pulmonary ATP accumulation (Aliagas et al., 2018).

1.1.4 Measuring eATP

The most common method for measuring ATP is based on the biochemical luciferase-luciferin reaction
whereby luciferase catalyses the oxidation of luciferin to oxyluciferin in the presence of ATP and
oxygen. This was discovered in 1947 whereby luciferin and luciferase were isolated from firefly tails

and were shown to be responsible for the production of light (McElroy, 1947).

For decades, luminescence-based assays have been the commonly used method to measure bulk ATP
concentrations in extracellular solutions (Schwiebert and Zsembery, 2003). The oxyluciferin produced
by this reaction is a highly unstable compound that emits light in the form of luminescence. The
experimental premise is that levels of eATP in the sample are proportional to the amount of

luminescence measured. The reaction occurs as follows:

ATP + D-Luciferin + O, Lucll\;erzase » Oxyluciferin + AMP + CO, + Pyrophosphate + Light
g +

Commercially available assays utilising this reaction have been used to measure eATP in biological
samples as described in section 1.2, the most common used in the literature being the ATPlite kit assay

by PerkinElmer. Using this assay, increased eATP has been reported in the lungs of asthma, COPD and
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IPF patients (Idzko et al., 2007, Lommatzsch et al., 2010, Riteau et al., 2010). However, across the
literature, levels of eATP measured are variable and range from picomolar to micromolar
concentrations. Furthermore, different techniques, methods and chelating agents are used for the
retrieval and assessment of eATP in these biological samples which differ in sensitivity and reliability
as they are not always reproducible. Accurately measuring eATP is also challenging as it is highly

regulated in the extracellular environment by ecto-nucleotidases (see section 1.1.3).

Modification of these assays have also been used to visualise ATP release from individual cells in real-
time using microscopy (Takahara et al., 2014, Takahashi et al., 2017). However, these methods are not
standardised and are not easily reproducible as the formulation of luciferase-luciferin mixtures used
are not known. Nonetheless this may be a promising approach to identifying ATP release from cells in

sensory nerves and the airways.
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1.2 eATP in chronic respiratory diseases

Increased eATP in the lungs of patients with chronic respiratory diseases leads to the activation of
purinergic receptors widely expressed by different cell types in the lungs (Pelleg et al., 2016).
Activation of these purinergic receptors play a mechanistic role in the pathophysiology of a number

of pulmonary disorders as illustrated in figure 1.4.

COoPD
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P2X4 Mast Cells =

ATP
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ATP
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transition

Figure 1. 4 Purinergic signalling pathways involved in chronic respiratory diseases.

eATP can stimulate different purinergic receptors involved in the pathogenesis of chronic respiratory
diseases such as P2X4 receptors involved in asthma and bronchoconstriction, P2X7 involved in
inflammation and exacerbations observed in COPD, P2X2/3 receptors involved in cough and airway
reflexes and the transition of fibroblasts to myofibroblasts in IPF (Bonvini et al., 2016, Baxter et al.,

2014, Bonvini et al., 2020, Rahman et al., 2018).

This section will focus on eATP in asthma, COPD and IPF which are all characterised by pulmonary
inflammation. There is an unmet clinical need for the development of novel effective therapies for
these chronic respiratory diseases. The involvement of eATP and its purinergic signalling pathways
involved in the pathogenesis of these conditions could be targeted for the development of novel
effective therapies. Chronic cough is a common symptom of these diseases and the role of eATP in

chronic cough will also be highlighted in section 1.2.4 and in section 1.3.

There is growing amounts of research to suggest that the multimeric protein complex referred to as
the nucleotide-binding domain, leucine-rich—containing family, pyrin domain—containing-3 (NLRP3)

inflammasome plays a key role in pulmonary inflammation observed in these chronic respiratory
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diseases (Leszczyniska et al., 2022). Importantly, eATP is a key damage-associated molecular pattern
(DAMP) that has been shown to induce formation of the NLRP3 inflammasome by signalling through
the purinergic P2X7 cell surface receptor (Idzko et al., 2014, Di Virgilio et al., 2017, Ferrari et al., 2006).
Stimulation of the NLRP3 inflammasome leads to the cleavage of pro-caspase 1 into its active form
(Martinon et al., 2002). Caspase-1 is an enzyme that cleaves the pro-forms of two potent pro-
inflammatory cytokines interleukin-1f (IL-1B) and interleukin-18 (IL-18) as illustrated in Figure 1.5.
These cytokines are then released from cells and play a key role in modulating immune responses and
are involved in signalling pathways that promote infiltration of inflammatory cells into the lungs
(Birrell and Eltom, 2011). Further details highlighting the role of eATP, the NLRP3 inflammasome and
other purinergic signalling pathways involved in the pathogenesis of asthma, COPD and IPF can be

found in the subsequent sections.

’QATP:
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Figure 1. 5 P2X7 receptor mediated activation of the NLRP3 inflammasome.

An overview of the signalling cascade associated with P2X7 induced activation of the NLRP
inflammasome in macrophages. High concentrations of eATP in the extracellular space can potently

stimulate P2X7 receptors on macrophages triggering potassium efflux from the cytosol to the
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extracellular space. This can activate the NLRP3 inflammasome directly or indirectly by inducing
reactive oxygen species (ROS) produced from the mitochondria. Once the inflammasome is activated
it leads to the maturation and release of the pro-inflammatory cytokines IL-16 and IL-18 which further

amplifies the inflammatory response. Figure adapted from (Wang et al., 2021).

1.2.1 eATP in asthma

Asthma is a chronic inflammatory disease of the airways which is characterised by airflow obstruction
and symptoms such as cough, shortness of breath, wheezing and tightness of the chest (Lemanske
and Busse, 2003, Bateman et al., 2008). Asthma is a global health problem that affects over 300 million
people worldwide carrying a significant morbidity and mortality burden to society (Wong et al., 2023,
Stern et al., 2020). Although inhaled corticosteroids (ICS) are the gold standard therapy used to control
asthma, a subset of patients have persistent symptoms despite high doses of ICS (Samitas et al., 2017).
This highlights the need for the development of novel treatments, particularly for patients who are

steroid insensitive.

Studies have shown that eATP and the product of its enzymatic breakdown, adenosine, plays a role in
the pathophysiology of asthma through its effects on various cell types in the lungs (Adriaensen and
Timmermans, 2004). Increased levels of eATP were found in the bronchoalveolar lavage fluid (BALF)
of patients with asthma and in mouse models of allergic asthma following allergen challenge (ldzko et

al., 2007).

In these asthmatic mouse models, disease features such as Th2 and Th17 cytokine production and
bronchospasm were reduced in mice treated with the ATP-hydrolysing enzyme apyrase or purinergic
P2 receptor antagonists (Idzko et al., 2007). Additionally, application of exogenous ATP was shown to
enhance Th2-type sensitisation to inhaled antigens in mice highlighting the role of ATP in the
recruitment of Th2-inducing lung myeloid dendritic cells to mediastinal lymph nodes (ldzko et al.,

2007).

Allergic asthma has also been associated with activation of the NLRP3 inflammasome which can be
triggered by eATP and leads to the subsequent release of cytokines such as IL-1f. Studies using NLRP3
gene-deficient (NIrp3-/-) mice in mouse models of allergic asthma were shown to have reduced
infiltration of inflammatory immune cells and levels of IL-1 measured in the BALF compared with
wildtype (WT) mouse models of allergic asthma (Besnard et al., 2011). Furthermore, the levels of

inflammatory interleukins dependent on the NLRP3 inflammasome (IL-1p and IL-18) were found to be
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lower in the BALF of asthma models treated with the steroid Dexamethasone, one of the main ICS
used for the treatment of asthma, compared to non-treated models (Guan et al., 2020). Both ATP and
adenosine have also been shown to have pro-asthmatic roles within airway epithelia through
stimulation of mucin production (Kim et al., 2018, McNamara et al., 2004). Adenosine has also been
shown to upregulate fibronectin expression and may therefore play a role in airway remodelling
(Roman et al., 2006). Increased levels of eATP were also found in BALF samples from a mouse model
of neutrophilic asthma following allergen challenge which correlated with neutrophil counts and the

production of the cytokine interleukin-17 (Zhang et al., 2017).

Eosinophils also play a role in regulating local immune and inflammatory responses in asthma
(Fulkerson and Rothenberg, 2013). ATP through activation of P2Y2 receptors was shown to increase
intracellular calcium levels in human eosinophils (Mohanty et al., 2001). This is associated with the

chemotactic action of platelet-derived ATP on eosinophils (Burgers et al., 1993).

Mast cells are also key players in the inflammatory response and can be activated by ATP and
adenosine to release a wide variety of inflammatory mediators such as histamine (Gao and Jacobson,
2017). In non-allergic asthma, studies have shown that activation of TRPV4 on human airway smooth
muscle leads to the release of ATP which activates P2X4 on human lung mast cells. This induces the
release of cysteinyl leukotrienes, a family of inflammatory lipid mediators involved in
bronchoconstriction (Bonvini et al., 2020). Clinical studies have also shown that asthmatic patients are
hypersensitive to aerosolised ATP which increases breathing difficulty in people with asthma
compared to healthy non-smokers and has potent effects on bronchoconstriction (Basoglu et al.,
2005). Taken together, these data demonstrate a role for ATP in the pathophysiology of asthma which

may be an alternative target in the development of novel therapies.

1.2.2 eATP in COPD

COPD affects approximately 300 million people worldwide and is the third leading cause of death
globally (Ruvuna and Sood, 2020, Barnes et al., 2015). COPD encompasses several heterogenous lung
conditions associated with chronic inflammation affecting the lung parenchyma and peripheral
airways resulting in persistent and progressive airflow limitations. Features of COPD include
emphysema, characterised by enlargement of the alveoli and destruction of alveolar walls (Barnes,
2014). Patients diagnosed with COPD typically present with cough, shortness of breath, mucus
production and exacerbations of these symptoms (Barnes et al., 2015). Cigarette smoking is the most

common causative risk factor for the development of COPD as it results in chronic inflammation of the
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peripheral airways (Barnes, 2014). This is characterised by an increase in inflammatory immune cells
in the lungs such as neutrophils, macrophages and lymphocytes which increase with disease

progression (Hogg, 2004).

Many patients with COPD have poorly controlled symptoms and are at risk of exacerbations and death
(Abbafati et al., 2020). Bronchodilators such as anticholinergics which block muscarinic M3 receptors
and long acting B2-adrenergic receptor agonists are commonly used to treat some of the symptoms
of COPD (Barnes et al., 2015). However, these only reduce exacerbations in COPD patients by
approximately 20% (Barnes, 2013). To date there are currently no therapies which affect the
underlying inflammation, disease progression or improve mortality in patients with COPD highlighting

the need for novel effective therapies.

Cigarette smoke exposure is the most common underlying mechanism for the development of COPD,
with the majority of COPD patients current or former smokers (Hlapci¢ et al., 2019). Cigarette smoke
exposure is commonly used in the development of COPD animal models as it is shown to induce
features of COPD including lung inflammation marked by increases in inflammatory immune cells and
pro-inflammatory cytokines into the lungs, increased protease activity, apoptosis, oxidative stress and

emphysema (Wright et al., 2008, Jones et al., 2017, Vlahos and Bozinovski, 2014).

Importantly, increased levels of eATP have been found in BALF of COPD patients and animal models
of COPD (Mortaz et al., 2009, Cicko et al., 2010, Baxter et al., 2014, Lommatzsch et al., 2010, Eltom et
al., 2014). Elevated eATP has also been measured in the blood of COPD patients which positively
correlates with disease severity (Hlapci¢ et al., 2019). Studies have also shown that gene expression
of ATP-degrading enzymes such as CD39 are downregulated in the lung tissue of COPD patients which
may contribute to increased eATP in diseased lungs (Aliagas et al., 2018, Careta et al., 2019). Clinical
studies have also shown that COPD patients have a hypersensitive response to aerosolised ATP which
induces acute bronchoconstriction (Basoglu et al., 2005). A more recent study comparing patients with
COPD, smokers and healthy non-smokers found that aerosolised ATP provoked a more pronounced
cough, reduced forced expiry volume in 1 second (FEV:1) by >20% and difficulty breathing in people
with COPD and smokers compared to healthy volunteers (Basoglu et al., 2015). In this study 90% of all
participants coughed in response to aerosolised ATP, with 81% reporting of throat irritation and 29%

sputum production (Basoglu et al., 2015).
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Pre-clinical studies found that BALF from mouse models of smoke-induced lung inflammation had
increased eATP (Mortaz et al., 2009, Cicko et al., 2010). Cigarette smoke exposure in human bronchial
epithelial cells was also shown to induce ATP release, which was blocked using a TRPV4, TRPV1 and
pannexin-1 blocker (Baxter et al., 2014). eATP-induced activation of P2Y2 receptors is also important
in mediating the recruitment of macrophages and neutrophils to the site of inflammation where
damaged cells are being phagocytosed (ldzko et al., 2014). Studies have shown an upregulation in P2Y
receptor subtypes in neutrophils, macrophages, and lung tissues from animal models with cigarette-

smoke induced lung inflammation (Cicko et al., 2010, Mortaz et al., 2010).

Ozone is another major pollutant which is associated with airway inflammation and is used to develop
COPD models (Sokolowska et al., 2019). Studies have shown that human lung epithelial cells release
eATP during ozone exposure (Kong et al., 2021). In vivo studies have also shown that ozone exposure
in mice induces airway hyperreactivity and neutrophilic inflammation in the lungs where increased

eATP levels have been reported (Kong et al., 2021).

Respiratory viruses are also a major cause of COPD development and exacerbations.
Polyinosinic:polycytidylic acid (Poly I:C) is a synthetic analogue of dsRNA and a toll-like receptor 3
(TLR3) agonist commonly used to mimic viral infection. TLR3 is a member of the toll-like receptor
family of pattern recognition receptors involved in activating the innate immune system. Pre-clinical
in vitro studies have shown that Poly I:C causes increased eATP release and mucus release from human
bronchial epithelial cells (Shishikura et al., 2016). In vivo studies have also shown that Poly I:C

exacerbates airway inflammation and remodelling in cigarette smoke exposed mice (Mei et al., 2022).

eATP is known to trigger the NLRP3 inflammasome through activation of P2X7 which is associated with
inflammation observed in COPD. P2X7 receptor expression was found to be upregulated in BALF
macrophages and blood neutrophils from patients with COPD (Lommatzsch et al., 2010). Gene
expression analysis of patients with COPD also reported an upregulation of genes related to an
inflammatory profile, particularly IL-1B which was upregulated in small airway epithelial cells and
positively correlated with disease severity (Yi et al., 2018). Several studies have also shown that levels
of IL-1B and IL-18 in the BALF and serum of COPD patients and COPD animal models were significantly
elevated compared to healthy controls (Wang et al., 2018, Churg et al., 2009, Baxter et al., 2014,
Petersen et al., 2007, Lucey et al., 2002). In vitro models of COPD also suggest that the NLRP3

inflammasome is involved in the development of COPD as a pulmonary adenocarcinoma derived cell
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line treated with cigarette-smoke extract showed increasing levels of the NLRP3 protein and IL-1

production in a dose-dependent manner (Nachmias et al., 2019).

Taken together, these data suggest a role for eATP and purinergic signalling in the development of
COPD. Therapies aimed at modulating eATP and its signalling pathways may therefore be an
alternative target for the development of novel effective therapies that address the underlying

mechanisms driving chronic inflammation in the pathophysiology of COPD.

1.2.3 eATP in IPF

IPF is one of the most common Interstitial Lung Diseases (ILD) which accounts for 17 to 37% of ILD
diagnoses (Ley and Collard, 2013). IPF is characterised by progressive scarring of the lungs and
symptoms include a dry, non-productive cough, dyspnoea on exertion and inspiratory crackles on lung
examination (Munchel and Shea, 2021). Mechanisms underlying the pathogenesis of IPF is thought to
be driven by abnormal healing responses following damage to epithelial cells. This damage can be
caused by endogenous insults or by external sources such as exposure to asbestos, cigarette smoke
or viruses (Daccord and Maher, 2016, Kropski et al., 2013). This results in an overgrowth of fibroblasts
that migrate to areas of injury and transition to myofibroblasts. These myofibroblasts secrete
excessive amounts of extracellular matrix proteins which results in a loss of lung architecture, fibrosis,
progressive scarring of the lungs and subsequent respiratory dysfunction (Daccord and Maher, 2016).
Pirfenidone and Nintedanib are current therapies used to slow down disease progression in IPF (Raghu
et al., 2022). However, there is an unmet clinical need for the development of therapies which can

halt or reverse the pathophysiological mechanisms driving IPF.

A number of studies have shown that ATP and P2X7 mediate lung inflammation and fibrosis. Increased
eATP was found in BALF of IPF patients and similar increases were found in a murine bleomycin model
of lung injury where increased BALF neutrophils and markers of fibrosis were observed (Riteau et al.,
2010). The role of P2X7 in the pathogenesis of fibrosis in this model was highlighted in studies using
P2X7 receptor knock-out mice. In these mice, there was a significant reduction in BALF neutrophils
and markers of tissue fibrosis such as lung collagen content, matrix-remodelling proteins
metalloproteinase-9 (MMP-9), and tissue inhibitors of matrix metalloproteinase-1 (TIMP-1) (Riteau et
al., 2010). The NLRP3 inflammasome which can be activated by ATP stimulation of P2X7 receptors
were also shown to be involved in the pathogenesis of IPF. BALF samples from IPF patients were shown
to have elevated levels of IL-1B and IL-18 compared to healthy controls as well as increased caspase-

1 activity (Jager et al., 2021). Furthermore, in patients with acute exacerbations of IPF, IL-1B levels

30



were massively elevated (Jager et al., 2021). These data suggest a role for ATP-induced P2X7 activation
in the pathophysiology of IPF which may be an alternative target in the development of novel
therapies.

1.2.4 eATP in chronic cough

Chronic cough is a common symptom across several respiratory diseases such as asthma, COPD and
IPF and can also be idiopathic in nature. Cough is driven by activation of airway sensory nerves, which
express a variety of ion channels and receptors, including transient receptor potential (TRP) channels
and purinoreceptor (P2X/P2Y) channels, which are activated by ATP. Early studies have implicated a
role for eATP in cough as it has been shown to reduce the threshold for cough induction in in vivo
guinea pig cough models (Kamei et al., 2005, Kamei and Takahashi, 2006). Pre-clinical studies have
also shown that the tussigenic action of ATP is mediated by P2X3 receptors (Pelleg et al., 2019, Bonvini
et al., 2016). Throughout this thesis the term P2X3 antagonist will be used to describe both P2X3
homotrimers and P2X2/3 heterotrimers unless specified as selective for P2X3 or non-selective

referring to P2X2/3.

Importantly, a non-selective P2X2/3 receptor antagonist, Gefapixant, was one of the first drugs to
show antitussive efficacy in clinical trials in treatment-refractory chronic cough patients. These
antagonists are currently the most promising antitussives in development with recent approval of the
P2X2/3 antagonist Gefapixant in Japan, Switzerland, and Europe (McGarvey et al., 2022, Drake et al.,
2023). Furthermore, recent studies have shown increased airway epithelial sensory nerve density in
chronic cough patients (Shapiro et al., 2021). Taken together, these data suggest a role for eATP in
chronic cough. Further details including the prevalence of chronic cough and the mechanisms involved
in the cough reflex, activation of airway sensory nerves and ion channels implicated in cough is

outlined in section 1.3.
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1.3 Chronic cough

Under normal physiological circumstances, cough is a protective reflex which prevents the inhalation
of irritants into the airways and can be triggered to clear the airways of unwanted secretions.
However, when cough persists and becomes excessive or inappropriately activated for more than 8
weeks it is termed chronic cough. Chronic cough can be idiopathic in nature, known as unexplained
chronic cough (UCC), but can also be a common feature in a range of chronic respiratory diseases
which can have detrimental impacts on quality of life (Chamberlain et al., 2015). This includes
conditions such as asthma, COPD and IPF. Chronic cough that persists despite treatments that target

those underlying respiratory conditions is described as refractory chronic cough (RCC).

1.3.1 Prevalence of chronic cough

Cough is one of the most common symptoms presented in primary care clinics globally (Finley et al.,
2018). Chronic cough has a worldwide prevalence of 4% to 5% and is associated with additional
symptoms including pain, dizziness, urinary incontinence and in some cases loss of consciousness
(Everett et al., 2007, Colak et al., 2017, Meltzer et al., 2021). As a result, chronic cough can have a
significant negative impact on quality of life and can impair daily activities and work productivity
(Meltzer et al., 2021, Kuzniar et al., 2007). Approximately 5% of adults in the UK suffer from chronic
cough which is estimated to have an economic burden of approximately £128 million (Mcgarvey et al.,

2019, Irwin et al., 2014).

To date, there are no licensed therapies in the UK for the treatment of chronic cough (Smith and Badri,
2019). This highlights the importance of understanding the pathophysiological mechanisms that drive

chronic cough to help inform the development of safe and effective antitussive therapies.

1.3.2 The cough reflex and airway sensory nerves

The cough reflex is a forced event that clears the larynx, trachea and large bronchi of foreign materials
and airway secretions (Chung and Pavord, 2008). Cough can be described in three physiological phases
beginning with a deep rapid inspiration, followed by a compressive phase involving the build-up of
intrathoracic pressure following closure of the glottis, and finally an expiratory phase where there is a
rapid expulsion of air to clear the lungs and airways (Bianco et al., 1988). This release of air makes a
characteristic cough sound that can occur singly, or in bouts referred to as cough trains where

repetitive coughs occur in succession (Smith, 2010, Nasra and Belvisi, 2009).
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The cough reflex is initiated through activation of airway sensory nerves housed within the vagus
nerve (Bonvini et al., 2015). Pre-clinical studies have shown that cough is predominantly driven by
activation of two types of vagal sensory afferent fibres; C-fibres and Ad-fibres whose cell bodies are
housed within the jugular and nodose ganglia of the vagus nerve (Mazzone and Undem, 2016). The
embryological origins of these ganglia differ causing them to house different nerve fibre populations
as the jugular is neural crest derived whereas the nodose is epibranchial placode derived (Nasra and
Belvisi, 2009). The cell bodies of the vagus nerve then branch into the superior laryngeal nerves (SLN)
and recurrent laryngeal nerves (RLN) which carry airway fibres to the trachea and bronchi (Canning et

al., 2004, Belvisi, 2003).

These airway sensory nerves detect changes in the physical and chemical environment and there are
several endogenous and exogenous stimuli capable of activating these nerves. These nerve fibres
express a variety of ion channels present on nerve terminals found within and under the airway
epithelium, some of which have been implicated in the pathways controlling cough, including
purinoreceptor (P2X/P2Y) channels and cationic selective transient receptor potential (TRP) channels
(Belvisi et al., 2016). Of these, TRPV1 and TRPA1 receptors have been extensively researched and their
activation has been shown to elicit cough in human challenge studies (Lalloo et al., 1995, Carr et al.,
2003, Trevisani et al., 2004, Birrell et al., 2009, Grace et al., 2012, Andre et al., 2009). However, there
are limited studies investigating antagonists of these receptors in clinical trials (Khalid et al., 2014,

Smith and Badri, 2019, Belvisi et al., 2017).

Activation of these airway sensory nerves relay pulmonary sensory information to the central nervous
system (CNS), more specifically to the paratrigeminal nucleus (Pa5) and the nucleus of the solitary
tract (nTS) in the brainstem (Polverino et al., 2012). Cough centres are then involved in triggering
efferent nerves in the vagus, phrenic and spinal motor nerves to coordinate activation of the
diaphragm and muscles involved in cough (Polverino et al., 2012). Activation of these airway sensory
nerves lead to the cough reflex as illustrated in figure 1.6 (Belvisi et al., 2016, Brouns et al., 2012,

Bonvini et al., 2015).
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Cell bodies:
Nodose and
jugular ganglia

Diaphragm

Figure 1. 6 The cough reflex.

Cough is initiated when endogenous or exogenous irritants activate receptors/ions channels present
on sensory afferent nerves in the airways. If activation reaches a certain threshold, an action potential
travels through the vagus nerve which synapses in the brainstem. Signals are then sent to effector

muscles via motor neurons resulting in cough. Figure adapted from (Bonvini et al., 2015).

1.3.3 Activation of airway sensory nerves

A range of different stimuli can activate airway sensory nerves including mechanical irritation,
inflammatory mediators and environmental stimuli as well as changes in pH, temperature and
osmolarity (Belvisi et al., 2011, Canning, 2006, Grace et al., 2012, Koskela et al., 2005, Morice et al.,
1987, Maher et al., 2009, McGarvey et al., 1998, Undem et al., 2004, Wong et al., 1999, Bonvini et al.,
2016). Activation of sensory receptors causes an inward flow of current that depolarises the
membrane and if this is sufficient in magnitude and reaches the threshold potential, it can trigger an
action potential (Brouns et al., 2012). When this occurs at a specific location along the neuronal axon,
adjacent locations along the axon also depolarise which causes nerve impulses to propagate along the

length of the axon (Brouns et al., 2012).

Voltage gated sodium channels (VGSCs) are embedded in the plasma membrane of neurons and are
required for action potentials to occur (Barnett and Larkman, 2007). The resting potential of a
neuronal cell membrane is around -70mV but if an influx of sodium ions from a generator potential
reaches the threshold potential, typically between -50mV and -55mV, VGSCs rapidly open causing an

influx of positively charged sodium ions into the cell. This causes the membrane potential to increase

34



up to +30mV which further triggers neighbouring VGSCs to open causing propagation of a nerve

impulse along the axon to the neuronal terminal in the CNS (Barnett and Larkman, 2007).

Following the opening of VGSCs, potassium channels open to allow potassium ions to leave the cell.
Once the peak of the action potential is reached, VGSCs close whilst potassium channels remain open.
This efflux of potassium causes a decrease in membrane potential allowing for repolarisation of the
membrane. Although the size and magnitude of action potentials remain the same as they propagate
along the neuron, the firing rate of these action potentials can vary. A sustained high frequency of
action potentials is required to activate the afferent pathways of the cough reflex resulting in an urge-

to-cough preceding the cough reflex (Canning and Mori, 2011).

The processing of the cough reflex in the human brain has been studied using functional brain imaging
where regional brain responses can be monitored during exposure to airway irritants and coughing.
These studies have shown that cough neural pathways form a widely distributed complex network
within the brain in brain regions including the thalamus, insula, primary somatosensory and motor
cortices, posterior parietal cortex, orbitofrontal cortex and the cerebellum (Ando et al., 2016). This is
further complicated by different types of cough events as they can be voluntary or involuntarily
executed and can also be supressed when there is an urge-to-cough (Ando et al., 2016). Neuroimaging
studies show that the involuntary cough reflex only requires brainstem circuitry whereas neural
processing of the urge-to-cough, voluntary coughing or inhibition of cough requires higher order

neural networks within the cerebral cortex (Mazzone et al., 2011, Pacheco, 2014).

1.3.4 Sensory nerve subtypes

There is a wide range of stimuli that can activate airway sensory nerves which can broadly be
categorised into mechanosensitive fibres which respond to mechanical forces in the lungs such as
inflation and deflation during respiration, and chemosensitive fibres which respond to exogenous
irritants such as cigarette smoke or inflammatory mediators such as bradykinin (Poliacek, 2020,

Brouns et al., 2012).

The vagal sensory afferent nerves innervating the airways can be subdivided into four types according
to characteristics including conduction velocity, diameter, adaptation index, physiochemical
sensitivity, myelination and embryological origin (Canning, 2006). These 4 subtypes are Aa, AB, Ad and

C-fibres. Single fibre recording studies have described three classes of afferent fibre endings: slowly
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adapting stretch receptors (A8-SARs), rapidly adapting stretch receptors (A8-RARs) and C-fibre
endings (Belvisi, 2003).

1.3.4.1 Rapidly Adapting Receptors (A6-RARs)

These are fast conducting, myelinated A6-fibres that rapidly cease firing following maintained
mechanical stimuli (Sant'Ambrogio and Widdicombe, 2001). These fibres have a conduction velocity
of over 3 milliseconds and are also known as classical RARs, irritant receptors or just Ad-fibres (Adcock
et al., 2014, Adcock et al., 2003). These fibres can be found throughout the respiratory tract, but the
majority are found in the larger airways (Sant'Ambrogio and Widdicombe, 2001, Canning, 2006). The
cell bodies of RARs are thought to be mostly housed in the nodose ganglia (Ricco et al., 1996, Canning,
2006). These fibre types are not thought to be directly activated by chemical stimuli although these
can be indirectly activated following mucus production and bronchoconstriction (Widdicombe, 2003).
Nonetheless, some experiments suggest a subset of RAR fibres respond to capsaicin regardless of
conduction velocity (Adcock et al., 2014). RARs are thought to provide defensive cough reflexes as
they are able to cause a cough response even under anaesthesia (Nasra and Belvisi, 2009, Dicpinigaitis

et al., 2014).

1.3.4.2 Slowly Adapting Receptors (A5-SARs)

SARs are nodose derived myelinated Ad-fibres which adapt more slowly to a maintained stimulus and
are less sensitive than RARs to sustained lung inflation (Schelegle and Green, 2001). SARs have a
conduction velocity of approximately 18 milliseconds and are not thought to be involved in cough
(Canning, 2006). Instead they are thought to play a role with autonomic functions such as tidal
breathing and the Hering-Breur reflex, a stretch reflex that causes the cessation of inspiration and the
start of expiration (Schelegle, 2003). The nerve termini of SARs can be found within the smooth muscle

of the airways (Schelegle and Green, 2001, Bartlett et al., 1976).

1.3.4.3 C-fibres

C-fibres are slower conducting, unmyelinated fibres that make up the majority of afferent nerves that
innervate the airways (Coleridge and Coleridge, 1984, Lee and Pisarri, 2001). These fibres can originate
from both the nodose and jugular ganglia and innervate the epithelium and other structures within
the intrapulmonary and extrapulmonary airway walls. These fibre types are thought to be responsible
for the conscious perception of airway irritation and their activation is blocked by anaesthesia

(Mazzone, 2004).
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A range of chemical stimuli are capable of activating C-fibres which express members of the transient
receptor potential (TRP) family of ion channels. For instance, bronchopulmonary C-fibres express
TRPV1 and TRPA1l which can be activated by environmental tussive agents or endogenous
inflammatory mediators to cause cough (Adcock et al., 2014, Birrell et al., 2009, Canning et al., 2004,
Coleridge and Coleridge, 1984, Dicpinigaitis et al., 2014, Grace et al., 2012, Lalloo et al., 1995).

C-fibres are also able to release neuropeptides such as substance P from peripheral nerves lining the
lungs via an axon reflex (Mazzone et al., 2003). Animal studies suggest these neuropeptides trigger
local reflex responses such as mucus secretion and bronchoconstriction and may also have a
sensitising role in cough (Kohrogi et al., 1988, Moreaux et al., 2000). Interestingly, increased levels of
substance P have been found in BALF samples from patients with IPF and in the plasma and sputum
of chronic cough patients which could suggest there is sustained activation of C-fibres in these patients
(Takeyama et al., 1996, Otsuka et al., 2011). Substance P has also been shown to elicit cough in IPF

patients but not in healthy volunteers (Hope-Gill et al., 2003).

There are two distinct populations of C-fibres; bronchial and pulmonary C-fibres which differ in their
site of termination. Bronchial C-fibres innervate the extrapulmonary airways, are primarily derived
from jugular ganglia and are stimulated by chemicals in the bronchial and systemic circulation
(Coleridge and Coleridge, 1984). These fibres express neuropeptides such as substance P and are
thought to be responsible for mediating the cough response based on their positioning within the
airways (Undem and Kollarik, 2002). On the other hand, pulmonary C-fibres are thought to innervate
the lower airways, do not express neuropeptides and have been shown to inhibit cough in animal
models (Coleridge and Coleridge, 1984, Undem et al., 2003, Undem et al., 2004, Tatar et al., 1994,
Widdicombe and Undem, 2002, Chou et al., 2008). This is thought to be through inhibition of the
cough centres within the CNS rather than a direct inhibition of the cough reflex (Karlsson and Fuller,

1999).

1.3.5 lon channels implicated in cough

1.3.5.1 P2X3 receptors

P2X3 receptors are purinergic receptors that are activated by ATP. Several studies have shown that
receptors containing P2X3 subunits play a crucial role in activation of airway sensory nerves (Bodin
and Burnstock, 2001, Jarvis, 2003, Bonvini et al., 2016). Airway expression of P2X3 is predominantly
found on small to medium diameter C-fibres and Ad-fibres originating from the jugular and nodose

ganglia (Kwong et al., 2008, Undem and Nassenstein, 2009). P2X3 receptors form homotrimeric P2X3
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receptors consisting of 3 P2X3 subunits, or heterotrimeric P2X2/3 receptors consisting of two P2X3
subunits and one P2X2 subunit (Ford, 2012). P2X3 receptors are predominantly activated by ATP and
the ATP analogue ap-Methylene ATP (af-MeATP) which is a more stable ligand selective for P2X1 and
P2X3 subunit containing receptors. Activation of P2X receptors requires three molecules of ATP to
bind to the extracellular portion of the open P2X channel (Jiang et al., 2003). Studies have shown that
P2X3 receptors are rapidly desensitised. Following activation, P2X3 receptors open for milliseconds

and then rapidly deactivate within tens of milliseconds (North and Jarvis, 2013).

Pre-clinical studies have shown that ATP-induced activation of airway sensory nerves could be blocked
by the P2X3 antagonist AF-353 (Bonvini et al., 2016). ATP-induced activation of sensory fibres from
nodose and jugular ganglia was also shown to be blocked by the selective P2X3 antagonist A-317492
(Kwong et al., 2008). Application of a P2X1/P2X3 inhibitor TNP-ATP was also able to block ATP

enhanced coughs to citric acid (Kamei et al., 2005).

Antagonists of the P2X3 receptor which are activated by ATP are currently the most promising

antitussive therapies in development which further implicates ATP and P2X3 in the pathophysiology
of chronic cough, (see section 1.3.7) (Drake et al., 2023).

1.3.5.2 Transient Receptor Potential lon channels

Transient receptor potential (TRP) channels are a family of non-selective cationic channels that show
a preference for calcium. These channels are widely expressed throughout the body and respiratory
system including immune, neuronal and structural cells in the lung. A number of TRP channels have
been implicated in the mechanisms driving chronic cough (Grace et al., 2013). This section will briefly
highlight the role of TRPV4 in cough given its association with the release of eATP (Bonvini et al., 2015,
Bonvini et al., 2016) as well as the roles of TRPA1 and TRPV1.

TRPV4

The TRPV4 ion channel is expressed in a variety of cell types in the lungs including airway smooth
muscle cells, fibroblasts, epithelial cells and inflammatory cells such as macrophages and neutrophils
(Nilius and Szallasi, 2014, Jia et al., 2004, Rayees et al., 2019, Weber et al., 2020). TRPV4 expression
has been found on dorsal root ganglion neurons. However, single cell PCR data suggests that there is
no expression on neurons from pulmonary sensory ganglia which suggests TRPV4 exerts its effects

through indirect mechanisms (Grant et al., 2007, Bonvini et al., 2016).
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TRPV4 can be activated by endogenous ligands such as phorbol ester 4aPDD and synthetic activators
such as GSK1016790a (GSK101), both of which are commonly used pre-clinically (Watanabe et al.,
2002, Thorneloe et al., 2008). TRPV4 is also activated by hypo-osmolarity (Strotmann et al., 2000,
Suzuki et al., 2003, Liedtke et al., 2000). Importantly, the activation of TRPV4 is linked to the release
of ATP via pannexin-1 channels from a number of different cell types in the lungs (Ryan et al., 2016,
Bonvini et al.,, 2020, Rahman et al., 2018, Baxter et al., 2014) leading to the activation of various

purinergic receptors involved in inflammatory and neuronal responses.

TRPV4 has been shown to induce increases in intracellular calcium levels in cells from the nodose
ganglia and causes depolarisation of guinea pig and human vagal nerves (Bonvini et al., 2016).
Additionally, TRPV4 activation was shown to cause firing of Ad-fibres (but not C-fibres) and induced
cough in the conscious guinea pig (Bonvini et al., 2016). However, little to no expression of TRPV4 was
found on neurons from pulmonary sensory ganglia and its effects were attributed to the release of
ATP from satellite cells surrounding airway sensory nerves, and activation of P2X3 receptors on airway
sensory nerve terminals (Bonvini et al., 2016). This is supported by experiments which showed that
TRPV4 induced activation of airway sensory nerves could be blocked using a TRPV4 antagonist
GSK2193874, as well as a P2X3 antagonist AF-353 (Bonvini et al., 2016). This TRPV4-ATP-P2X3 axis is
thought to play a key role in the mechanisms that drive chronic cough which is supported by the
investigation of P2X3 antagonists as potential antitussive therapies in people with refractory chronic

cough, as described in_section 1.3.8 (Dicpinigaitis et al., 2020).

In addition, hypo-osmolar solutions which are known to activate TRPV4 channels were shown to
induce cough and bronchospasm in human subjects and is commonly used as a tussive agent in the
clinic, the effects of which can be inhibited by the P2X3 antagonist Gefapixant (Schoeffel et al., 1981,
Fuller and Collier, 1984, Naumov et al., 2016, Morice et al., 2007a, Morice et al., 2019). The antitussive
efficacy of an oral TRPV4 antagonist GSK2798745 was investigated in a phase 2 clinical trial in 17
patients with chronic cough, however this trial was terminated early due to a lack of efficacy with 24-
hour objective cough counts being the primary endpoint (Ludbrook et al., 2021). However, this
compound was recently found to be rapidly metabolised to a less potent compound in human
pharmacokinetic studies which may explain the lack of antitussive efficacy with this TRPV4 antagonist

(Pero et al., 2021).
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TRPA1

TRPAL is a voltage dependent cation channel that is the only ankyrin member of the TRP channels
(Story et al., 2003). It was initially found in human cultured fibroblasts and is expressed on a range of
airway relevant cells including fibroblasts, epithelial cells, airway smooth muscle cells and
inflammatory cells as well as vagal sensory neurons originating from the nodose and jugular ganglia
(Jaquemar et al., 1999, Nassini et al., 2012, Nassenstein et al., 2008, Wortley et al., 2016, Story et al.,
2003). TRPA1 channels are primarily activated by electrophilic compounds such as allyl isothiocynate
(AITC) found in mustard oil and cannabinol found in cannabis as well as environmental irritants such
as acrolein found in cigarette smoke and diesel particles (Jordt et al., 2004, Andre et al., 2008, Bautista

et al., 2006, Robinson et al., 2018).

TRPAL1 activation has been shown to cause cough in humans and animal models (Birrell et al., 2009).
Interestingly, TRPA1 only seems to activate C-fibres and not Ad-fibres (Grace and Belvisi, 2011).
Agonists of TRPA1 including acrolein and AITC have been shown to cause depolarisation of guinea pig
and human vagal nerve tissues and can cause cough in conscious naive guinea pigs (Raemdonck et al.,
2012, Birrell et al., 2009, Caceres et al., 2009, Andre et al., 2009, Brozmanova et al., 2011). Antagonist
studies found that the TRPA1 antagonist GDC-0334 was able to cause a dose-dependent reduction of
citric acid induced cough in guinea pigs (Balestrini et al., 2021). Diesel particles have also been shown
to activate airway sensory nerves through TRPA1l and interestingly, controlled human exposure
studies found increased objective cough counts over 24 hours following exposure to diesel particles.
A positive association between increased genetic risk scores of cough associated genes including

TRPA1 was also identified (Robinson et al., 2018, Taylor-Clark and Undem, 2011).

Clinical studies investigating TRPA1 antagonists are limited due to a lack of potent small molecule
inhibitors which demonstrate good oral bioavailability and as such it remains inconclusive whether

TRPA1 antagonists may be useful in inhibiting chronic cough (Koivisto et al., 2022).

TRPV1

TRPV1 is well-studied in the scientific literature and is known to mediate hot sensations from the chilli
pepper extract capsaicin and is commonly referred to as the ‘capsaicin receptor’ (Caterina et al., 1997).
TRPV1 can be activated by capsaicin as well as other stimuli such as noxious heat (>42°C) and
inflammatory molecules such as bradykinin. Interestingly, the 2021 Nobel Prize in Physiology or

Medicine jointly awarded to David Julius and Ardem Patapoutian was for their discoveries of receptors
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for temperature and touch which included the discovery of TRPV1 as a sensor of noxious heat and

thermosensation (Latorre and Diaz-Franulic, 2022).

TRPV1 is highly expressed in airway innervating nerve fibres (Wortley et al., 2016, Sato et al., 2014,
Atsumi et al., 2020). A range of TRPV1 agonists have been shown to evoke sensory nerve activation
and/or cough in guinea pigs and humans (Grace et al., 2012, Kollarik and Undem, 2004, Fox et al.,
1995, Choudry et al., 1989, Costello et al., 1985, Hewitt et al., 2016, Yilmaz, 2019). In fact, the use of
capsaicin to provoke cough is widely accepted as a measure of cough reflex sensitivity (Chung, 2011,

Millgvist, 2011).

Pre-clinical studies have shown that TRPV1 expression in airway sensory neurons can be increased
and/or expressed in additional neurons in disease models of IPF, asthma and COPD (Belvisi et al., 2016,
Lieu et al., 2012, Hu et al., 2014, Lv et al., 2016, Guan et al., 2021). TRPV1 expression has also been
shown to be increased in patients with airway diseases such as asthma (McGarvey et al., 2014, Gao et
al., 2022). However, clinical studies using TRPV1 antagonists suggest it does not reduce objective
cough counts in patient with refractory chronic cough (Khalid et al., 2014, Belvisi et al., 2017). To date

there are currently no clinical trials in progress with a TRPV1 antagonist for respiratory conditions.

1.3.5.3 Nicotinic receptor channels

Preclinical studies have found that central administration of nicotine inhibits cough in cats, and more
recently the a7 nicotinic-receptor agonist ATA-101 was found to dose-dependently inhibit cough in
guinea pigs (Poliacek et al., 2015, Canning et al., 2022). Although TRP channels and nicotinic-receptor
agonists have been shown to play a mechanistic role in cough, they have not been shown to
significantly reduce chronic cough in clinical trials (Belvisi et al., 2017, Khalid et al., 2014, Ludbrook et

al., 2021, Smith et al., 2017, Kanemitsu et al., 2020).

These findings suggest that targeting single peripheral receptors or channels may not be sufficient to
reduce chronic cough as there are more complex processes underlying the pathophysiology. Species-
specific differences in cough triggers may also impact the translation of preclinical research into

chronic cough therapies for humans (Drake et al., 2023).
1.3.6 Cough hypersensitivity

Excessive coughing has been attributed to increased activation and hypersensitivity in the neuronal
pathways responsible for the cough reflex (Young and Smith, 2011). This may be due to changes in the
excitability of the neuronal pathways involved in the cough reflex and/or increased exposure of

sensory nerve terminals to chemical irritants such as ATP (Smith and Badri, 2019).The exact
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mechanisms driving the development of cough hypersensitivity have not been fully elucidated.
However, sensitisation of these neural pathways is believed to contribute to excessive cough and

cough hypersensitivity.

Most patients with chronic cough have cough hypersensitivity. This is characterised by increased
neural responsivity to a range on stimuli that affect the airways and lungs. Patients with cough
hypersensitivity typically present with persistent urges to cough with frequent bouts of coughing
usually triggered by innocuous stimuli (Chung et al., 2022). Although cough is a common feature of
many chronic respiratory conditions, many present with unexplained chronic cough as they have no
identifiable cause despite thorough investigation. These observations suggest that chronic cough may
be a distinct clinical condition which results in sensitisation of the neural pathways that evoke cough
(Chung et al., 2013, Morice, 2010, Morice et al., 2014b, Niimi and Chung, 2015). The development of

sensitive tests or biomarkers for diagnosing cough hypersensitivity remains an unmet clinical need.

Clinical inhalation studies support the concept of cough hypersensitivity as patients with chronic
cough exhibit heightened responses to a wide range of tussive stimuli including capsaicin, citric acid
and hypertonic saline (Choudry and Fuller, 1992, Nurmi et al., 2019, Koskela et al., 2008). Studies have
also found sex-related differences in cough hypersensitivity. Women with and without chronic cough
were found to have heightened cough sensitivity to tussive stimuli compared to men which is likely
due to enhanced central responses in the somatosensory cortex (Varechova et al., 2008, Morice et al.,
2014a). This is likely to explain the overrepresentation of women in cough clinics and observational
studies showing a higher prevalence of chronic cough in women relative to men (Meltzer et al., 2021,
Morice et al., 2014a). For example, A survey of 10032 adults found that two thirds of patients with

chronic cough were female (Morice et al., 2014a).

Clinical studies have also shown that chronic cough patients have increased airway epithelial sensory
nerve density in the lower airways relative to healthy volunteers which suggests that sensory
neuroplasticity is a contributing factor to cough hypersensitivity (Shapiro et al., 2021). The location of
these nerve fibres and morphology suggest that they are most likely to be ATP-sensitive vagal C-fibres

(Smith and West, 2021).

1.3.6.1 eATP in cough hypersensitivity

eATP is suggested to play an important role in cough hypersensitivity observed in most chronic cough
cases. eATP is released during cellular injury and inflammation to alert neighbouring cells to damage.

Excess eATP release may contribute to sensitisation of peripheral afferent neurons and subsequent
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increased neural activation and coughing (Ford and Undem, 2013). It has been suggested that ATP is
an important ‘priming autocoid’ in the airways by priming sensory neurons to reduce its activation to
stimuli that drive afferent excitatory signals, and therefore contributing to sensitisation (Ford and
Undem, 2013). eATP activates several ionotropic P2X and metabotropic P2Y purinoceptor subtypes.
This includes homomeric P2X3 and heteromeric P2X2/3 receptors which are expressed by airway

sensory neurons that mediate cough (Mazzone and Undem, 2016).

Early studies have shown that administering ATP significantly enhances the number of citric acid-
induced coughs in a conscious guinea pig cough model. eATP enhanced cough in a concentration-
dependent manner highlighting its role in enhancing cough reflex sensitivity (Kamei et al., 2005, Kamei
and Takahashi, 2006). This data was to be expected given that eATP has been shown to stimulate both
vagal C and Ad-fibres in the lungs, both of which are important in the cough reflex (Widdicombe,
2002). Pre-clinical studies have also shown that the tussive effects of ATP are mediated by the P2X3
receptor. A selective P2X3 receptor antagonist, DT-0111 delivered to guinea pigs as an aerosol was
able to effectively suppress aerosolised ATP-induced cough in free moving guinea pigs (Pelleg et al.,

2019).

Clinical inhalation studies have also shown that patients with COPD and asthma have more
pronounced coughs in response to aerosolised ATP compared to healthy volunteers (Basoglu et al.,
2005, Basoglu et al., 2015). A cohort of people with idiopathic chronic cough also had significantly
increased cough sensitivity to inhaled ATP relative to healthy volunteers (Fowles et al., 2017). These
findings support that in chronic respiratory diseases, ATP has a mechanistic role in cough

hypersensitivity.

1.3.7 Assessment of the cough reflex

1.3.7.1 Pre-clinical models of cough

Guinea pigs are the most relevant model species to investigate the cough reflex as they have very
similar airway anatomy and physiology to man and demonstrate similar sensitivities to tussive stimuli
such as capsaicin and citric acid (Belvisi and Hele, 2003, Canning et al., 2006, Karlsson and Fuller, 1999).
The guinea pig can be used in a number of in vitro and in vivo model systems to pre-clinically
investigate the cough reflex. Those used in this thesis are summarised below, and further details can

be found in chapter 2.
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Calcium imaging of airway ganglia

Jugular and nodose ganglionic neurons from guinea pigs can be harvested and investigated. 12-14
days prior to analysis a retrograde tracer dye DilC18(3),1,1'-dioctadecyl-3,3,3',3'-
tetramethylindocarbocyanine perchlorate (Dil) is administered to the airways which enables
identification of airway specific neurons (Undem et al., 2003, Kwong et al., 2008, Lieu et al., 2012).
These neurons can be loaded with a calcium specific dye and intracellular calcium levels investigated
in the presence of agonists and antagonists (Dubuis et al., 2013, Grace et al., 2012). These cells can
also be used for electrophysiological assessments such as patch clamp and for assessing gene

expression (Dubuis et al., 2013, Nassenstein et al., 2008).

Isolated vagus nerve experiments

The vagus nerve trunk can be isolated from guinea pigs and placed in a grease gap recording chamber.
This enables compounds to be applied to one end of the nerve trunk and membrane depolarisation
to be measured at the other end of the nerve trunk as a measure of nerve activation (Birrell et al.,
2009, Grace and Belvisi, 2011, Bonvini et al., 2016). Several compounds which induce vagus nerve
depolarisation in this preparation have also been shown to induce cough in vivo (Patel et al., 2003,
Maher et al., 2009, Belvisi and Smith, 2017, Bonvini et al., 2016). A major advantage of this preparation

is that it can also be used with donor human vagal tissues which provides key translational data.

Electrophysiological tracheal recordings

Electrophysiological tracheal recording (eTRec) is an ex vivo technique this is used to measure action
potentials firing from airway sensory nerve endings within the recurrent laryngeal nerve (RLN). The
protocol used is similar to a technique previously described (Riccio et al., 1996). Briefly, the trachea is
dissected out whilst the nerves innervating the trachea are left intact. The trachea is then placed in an
organ bath and independently perfused with a buffered solution to which different compounds can
be added and their effects on action potential firing of the RLN can be assessed. This technique enables

the measurement of nerve activity following activation of receptors on the nerve termini.

In vivo single fibre recordings

In vivo electrophysiological recordings can be used to investigate tussive or antitussive compounds on
action potential firing of airway specific afferent fibres (Adcock et al., 2003, Canning et al., 2004).
Specific criteria are used to identify individual fibre types such as patterns of spontaneous activity,

responses to hyperinflation and deflation, responses to capsaicin and citric acid and conduction
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velocity. The effects of compounds can then be investigated on the nerve termini in a whole animal

which is a more physiologically relevant technique.

Conscious guinea pig cough model

Cough responses can be investigated in conscious guinea pigs by placing them in individual perspex
chambers and monitoring the effects of aerosolised compounds on cough counts. Studies have shown
that guinea pig cough responses are similar to those seen in man (Birrell et al., 2009, Belvisi and Smith,

2017).

1.3.7.2 Clinical assessment of cough

Clinical assessment of cough can be broadly categorised into subjective or objective measures of
cough. Subjective measurements are in the form of questionnaires which assess the impact of cough
on quality of life. One example is the ‘cough quality of life questionnaire’ which contains 28 questions
about the physical, psychosocial, functional and emotional effects of cough (Lechtzin et al., 2013).
Another example is the ‘Leicester cough questionnaire’ which contains 19 items divided into three

domains to assess the social, psychological and physical impacts of cough (Birring et al., 2003).

Objective measures of cough include ambulatory cough counts which enables cough counts to be
counted in a patient’s natural environment (Smith, 2010). Patients wear a cough monitor which is a
discrete recording device equipped with a microphone to detect cough over a defined period of time
for up to 24 hours (Smith, 2010, Smith and Woodcock, 2008, Kelsall et al., 2011). Objective cough
frequency has become the gold standard primary endpoint for assessing the efficacy of novel
antitussive agents (Hall et al., 2020, Turner and Birring, 2023). A variety of different cough monitors
have been trialled with the Leicester Cough Monitor (LCM) and the VitaloJAK device being the main

monitors widely used in cough research (Smith and Woodcock, 2008).

The LCM contains a portable digital recording device and a lapel microphone whereby audio data is
analysed using an automated algorithm that selectively detects cough sounds and their timings
(Birring et al., 2008). The LCM has proven useful in providing cough counts in clinical trials of potential
antitussive therapies and non-pharmacological interventions (Ryan et al., 2012, Vertigan et al., 2016,

Birring et al., 2017, Chamberlain Mitchell et al., 2017).

The vitaloJAK monitoring system differs from the LCM as it uses a digital recorder to record sounds

through a chest wall contact microphone in addition to one attached to the lapel (Smith et al., 2021b).
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Cough recordings are not automated but compressed and shortened to remove silences and most
non-cough sounds. This is then processed by human cough counters aided by software providing visual
representation of the audio file (Smith et al., 2021b). The VitaloJAK monitoring system has been used
for a range of antitussive clinical trials including those for novel P2X3 receptor antagonists and this is
the only monitor that currently has Food and Drug Administration (FDA) approval (McGarvey et al.,

2022, Smith et al., 2020a).

Another objective measure of cough includes cough challenge studies which assesses cough reflex
sensitivity in individuals. Similar to pre-clinical cough models, subjects inhale a nebulised tussive agent,
most commonly capsaicin which induces cough in a reproducible and dose-dependent manner and is
safe to use (Dicpinigaitis and Alva, 2005). This is a standardised method published by the European
Respiratory Society (ERS) to enable universal interpretation and comparison between different cough
clinics (Morice et al., 2007a). A key advantage of this technique is that it allows clinicians to identify
differences in cough sensitivity across different airway diseases such as asthma, COPD and chronic
cough. The sensitivity of the cough reflex is commonly measured as the concentration of the tussive
agent that produces 2 coughs (C2) and 5 coughs (C5) (Morice et al., 2007b, Dicpinigaitis, 2006).
However, the disadvantage of using the C2 and C5 parameters is that it weakly correlates to
ambulatory cough counts (Birring et al., 2006, Decalmer et al., 2007, Hilton et al., 2013). Alternative
parameters such as the maximum number of coughs evoked by any capsaicin concentration (Emax)
and the capsaicin concentration evoking at least half of the Emax (ED50), instead of C2 and C5, could
enable better correlation with objective cough counts and distinguishing different disease types from
healthy controls (Hilton et al., 2013). This type of analysis has also been used in animal cough studies

(Smith et al., 2012).

1.3.8 Cough therapies

For patients with RCC or UCC, clinicians commonly recommend therapies that globally supress cough,
the most common of which are opioid receptor agonists (Morice et al., 2007b). Although these opioid
based therapies can provide relief of cough in some situations, they have potential for dependency
and can be associated with side effects including drowsiness and constipation. Furthermore, these
drugs may cause unwanted suppression of protective cough reflexes (Morice et al., 2007b, Fuller et

al., 1988).

Drugs that impact the central nervous system including gabapentin and pregabalin were shown to

have some antitussive efficacy in a small number of randomised clinical trials. However, side effects
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of these neuromodulators include respiratory depression, sedation, and drowsiness which limits their
use for treating chronic cough (Ryan et al., 2012, Vertigan et al., 2016, Morice et al., 2007b). These
drugs are thought to target central sensitisation by blocking central voltage-gated calcium channels
that may be involved in driving cough (Morice et al., 2020, Mazzone and McGarvey, 2021). Although
neuromodulators have occasionally shown antitussive potential, they infrequently improve objective
cough frequency which suggests their efficacy is not driven by direct antitussive activity (Smith and

Badri, 2019).

Studies exploring more targeted therapies have shown more potential in addressing peripheral
mechanisms underlying chronic cough which may reduce cough hypersensitivity rather than broadly
supressing all cough including protective cough. These drugs are summarised in table 1.1. Antagonists
of P2X3 receptors supported by the role of ATP in airway inflammation and cough hypersensitivity

have shown promising results (Smith and Badri, 2019).

Most cough therapies in development are targeted towards ion channels and receptors involved in
peripheral activation of cough such as TRP channels and P2X3 receptors. Antagonists of the P2X3
receptor which are activated by ATP are currently the most promising antitussive therapies in
development and several compounds have been tested in clinical trials. This includes drugs such as
gefapixant, camlipixant, sivopixant, eliapixant and filapixant as summarised in Table 1.1 (Drake et al.,
2023). Gefapixant is a non-selective P2X3 receptor antagonist and the most clinically advanced with
data from two large, phase 3, randomised trials. Data from the phase 3b randomised trial
demonstrated significant improvement in objective cough frequency and quality of life in patients with
RCC or UCC (McGarvey et al., 2022, McGarvey et al., 2023a). Gefapixant is currently approved for RCC
and UCC in Japan, Switzerland and the European Union (EU) with approval being sought in the United
Kingdom and United States (Markham, 2022). However, in a recent FDA advisory committee meeting,
the panel voted against Gefapixant for chronic cough due to concerns over the small reduction in
cough frequency between Gefapixant and placebo (Hornick, 2023). A lack of efficacy observed over
placebo may be due to trial design and patient selection as both UCC and RCC patients were selected
for the study. Furthermore, there may have been a lack in diagnosing patients with underlying
conditions and there were no controls for the background medications patients were already on.
Additionally, there was no long run-in period to complete all 3 phases of clinical trials which is typically

a lot longer for asthma trials.
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Initial trials in RCC and UCC patients found camlipixant did not meet its primary endpoint in a phase
2a study which was terminated early due to the COVID-19 pandemic (Smith et al., 2021a). A
subsequent study enrolling an enriched patient population based on baseline cough frequency found
that camlipixant met its primary endpoint of significant reductions in 24 hour cough frequency and is
currently in phase 3 clinicals with anticipated regulatory approval and launch in 2026 (Smith et al.,
2022). Sivopixant was another P2X3 antagonist being trialled, however it did not show significant
reduction in 24-hour cough frequency in a phase 2b study (McGarvey et al., 2023b). Eliapixant and
filapixant were also under clinical development, however their programs have been discontinued

despite showing efficacy in clinical trials (Friedrich et al., 2023, Morice et al., 2021, Drake et al., 2023).

Although P2X2/3 and P2X3 antagonists are generally safe, taste-related adverse events particularly
with P2X2/3 antagonists such as Gefapixant are observed and is likely due to the presence of P2X
receptors expressed on the gustatory nerves innervating the taste buds (Smith et al., 2020b, Morice
et al., 2021). Although more selective P2X3 antagonists generally exhibited lower incidences of taste-
related adverse events, recent trials of eliapixant and filapixant suggest selectivity of P2X3
homotrimeric receptors over other P2X2/3 heterotrimeric receptors may not completely be attributed
to taste-related side effects and other factors such as pharmacokinetic properties and allosteric

binding sites may contribute to these adverse events (Friedrich et al., 2023, High et al., 2023).

Many studies investigating P2X3 antagonists have consistently observed a large placebo effect, though
reasons for these observations are not well understood (McGarvey et al., 2022, Smith et al., 2020b).
Differences in the clinical efficacy between P2X3 antagonists are also unclear but could potentially be
due to placebo effects, individual factors such as selection for baseline cough frequency and/or the
pharmacokinetic properties of individual drug compounds such as their receptor selectivity and
bindings sites. Additional data from phase 3 studies are required to better compare the efficacy and

safety profiles of these P2X3 antagonists.

Support for the role of ATP in chronic cough is that Merck, Bayer, Shinogi and Bellus all had P2X2/3 or
P2X3 compounds that demonstrated efficacy through improved objective cough frequency and/or
subjective patient experiences related to their cough. In addition to this the phase 2 data with
Gefapixant showed a significant reduction in cough over placebo in chronic cough patients, although
this efficacy was reduced in phase 3 studies where the patient population was broadened (Drake et

al., 2023).
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Drug (manufacturer)

Mechanism of

action

Development phase

Gefapixant (Merck)

P2X3 receptor

antagonist

Phase 3 and 3b completed,

Approved in Japan, Switzerland and the EU

Eliapixant (Bayer)

P2X3 receptor

antagonist

Phase 2 completed, Development discontinued

Filapixant (Bayer)

P2X3 receptor

antagonist

Phase 2 completed, Development discontinued

Camlipixant (Bellus)

P2X3 receptor

antagonist

Phase 2 completed, Phase 3 in progress

Sivopixant (Shionogi)

P2x3 receptor

antagonist

Phase 2 completed

Table 1. 1 Drugs investigated for the treatment of chronic cough.

Table Adapted from (Drake et al., 2023).
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1.4 Thesis plan

Hypothesis: eATP is a key driver of chronic respiratory diseases including chronic cough through the
activation of airway sensory nerves. Increasing the breakdown of eATP using the ecto-nucleotidase
enzyme CD39 may reduce activation of airway sensory nerves and lung levels of eATP which may be a
therapeutic option for treating patients with chronic cough and other ATP-driven chronic respiratory

diseases.

In order to address this hypothesis, the aims of this thesis are:

e Optimise the methodology for the retrieval and assessment of eATP in biological samples using
luminescent-based assays (Chapter 3).

e |nvestigate whether ATP can activate airway sensory nerves in guinea pig and human tissues and
investigate its pharmacology using P2X3 antagonists (Chapter 4).

e Determine whether ATP-induced activation of sensory nerves can be reduced by increasing its
breakdown using the ecto-nucleotidase enzyme CD39 (Chapter 5).

e Investigate the role of eATP in animal models of airway inflammation such as COPD and
determine whether eATP is increased in these disease models. These can then be used to test
whether increases in eATP and other airway disease markers can be inhibited by CD39 ligands
once the pharmacodynamic and pharmacokinetic properties of CD39 have been characterised in
vivo. A reduction in airway disease markers would suggest CD39 has therapeutic potential
(Chapter 6).

e Investigate whether eATP is elevated in refractory and unexplained chronic cough patient

samples (Chapter 7).

These aims will be achieved using the following techniques:

e Comparison of different luminescent-based assays for the detection of eATP in biological samples.

e Using in vitro and ex vivo pre-clinical nerve recording systems to investigate the pharmacology of
ATP on airway sensory nerves.

e Using in vitro and in vivo pre-clinical nerve recording systems to investigate the pharmacology of
CD39 on airway sensory nerves.

e Using naive guinea pigs in an ATP-induced cough model to investigate the anti-tussive capabilities

of CD39.
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Using naive mice to investigate the dose response, duration of action and best route of
administration of CD39 in vivo.

Using cigarette smoke-, ozone- and Poly IC- exposed animal models of COPD and airway
inflammation to investigate levels of eATP.

Using an acute cigarette smoke-exposed mouse model to investigate the in vivo impact of CD39
on eATP levels and other ATP-driven disease markers.

Using luminescent-based assays to measure eATP in refractory and unexplained chronic cough

patient samples.
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Chapter 2: General Methods

This chapter outlines the general methodology used throughout this thesis. Specific protocols with

further details including statistical analysis can be found within each results chapter.

2.1 Animal samples

All animal work was performed in accordance with the UK Home Office guidelines for animal welfare
based on the Animals (Scientific Procedures) Act of 1986 and the ARRIVE guidelines, under project
licence number PP5469104.

2.1.1 Animal husbandry

Male Dunkin Hartley guinea pigs (250-400g) were purchased from Marshall, UK, male Brown Norway
rats (225-250g) were purchased from Charles River Laboratories, UK, and male and female C57/BL6)J
mice (20-25g) were purchased from Envigo, UK. Animals were housed in groups within temperature
controlled (21°C) individually ventilated cages with access to food and water. All animals were

acclimatised to their environment for at least one week prior to experimentation.

2.1.2 Animal sample collection and processing

To evaluate levels of extracellular ATP (eATP) and measure other endpoints specified in the relevant
results chapters, plasma, bronchoalveolar lavage fluid (BALF) and lung samples were collected from

animals.

Animals were euthanised with an intraperitoneal overdose of sodium pentobarbitone (200mg/kg,
1ml/kg) which was administered by a trained individual. This was done at specified timepoints detailed
in the relevant result chapters. Animals were exsanguinated via cardiac puncture and their tracheas
were cannulated to enable collection of plasma and BALF, respectively followed by collection of lung

samples.

BALF and plasma samples were taken with specified concentrations of ethylenediamine tetraacetic
acid (EDTA) solution, to ensure all samples contained approximately 6mM EDTA. This is the
concentration of EDTA found to prevent blood coagulation and allows reproducible detection of ATP
levels in biological fluids by preventing rapid breakdown of ATP as described in chapter 3 of this thesis

(see section 3.3.4 and 3.3.5).

2.1.2.1 Animal Plasma
Blood was collected via cardiac puncture using syringes pre-filled with EDTA and immediately placed

on ice. For mice, blood was collected into 1ml syringes containing 10ul of 0.12M EDTA using a 23g
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needle. For guinea pigs and rats, blood was collected into 5ml syringes containing 60ul of 0.5M EDTA
using a 21g needle. All blood samples were centrifuged (1200g, 10min, 4°C) to separate cells from the

plasma supernatant. The plasma was aliquoted and stored at -80°C until further analysis.

2.1.2.2 Animal Bronchoalveolar lavage fluid (BALF)
BALF was collected by injecting 0.9% w/v sodium chloride (saline) into the lungs of animals through a

tracheal cannula. For mice 0.3ml saline was injected and left to equilibrate in the lungs for 30 seconds
before being aspirated. This was repeated twice and the BALF was combined into a single tube
containing 8ul of 0.5M EDTA. For guinea pigs and rats, 3ml saline was injected and left to equilibrate
in the lungs for 30 seconds before being aspirated. This was repeated once and the BALF was
combined into a single tube containing 60 pl of 0.5M EDTA. All BALF samples were centrifuged (800g,
10min, 4°C) to separate cells from the supernatant. The supernatant BALF was aliquoted and stored

at -80°C until further analysis.

2.1.2.3 Mouse Lungs
Lung samples were taken from mouse models of airway disease to investigate changes in gene

expression of specific ecto-nucleotidases following acute exposure to cigarette smoke, Polyl:C and
ozone in C57/BL6J mice. Lung lobes were dissected, cut into smaller pieces, placed into cryovial tubes,
and then flash frozen in liquid nitrogen. Frozen samples were then stored at -80°C for future

assessment of gene expression.
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2.2 Human samples

Donor human tissue that was not suitable for transplantation was obtained from the International
Institute for the Advancement of Medicine (IIAM, New Jersey, USA). Ethical approval for the use of

human tissue was obtained from the Royal Brompton and Harefield Trust.

Levels of eATP in human plasma and BALF samples from chronic cough patients and healthy volunteers
were also investigated. This data was collected alongside data from animal models of respiratory

disease to give insight into the translatability of measuring endpoints such as eATP.

Human plasma and BALF samples were obtained from our clinical collaborators, professor Jacky Smith
and her team at the University Hospital of South Manchester, UK. This study was approved by the
London-Dulwich Research Ethics Committee (REC reference: 21/PR/1233).

2.2.1 Human sample collection and processing

Having shown that adding EDTA to the collection protocol of biological fluids allows reproducible

detection of ATP levels (see chapter 3, section 3.3.4 and 3.3.5), this methodology was fed back to our

clinical collaborators. They were able to use this information to inform clinical sample collection
allowing us to investigate levels of eATP in chronic cough patients and determine susceptible patient
groups who may respond to ATP-targeted treatments. BALF and plasma samples were taken with

specified concentrations of EDTA solution, to ensure all samples contained approximately 6mM EDTA.

2.2.1.1 Human Plasma

Plasma samples were drawn from the median cubital or cephalic vein in the arms of subjects and
collected into K2E K2EDTA blood collection tubes (Avantor, USA) and immediately placed on ice. Blood
samples were then centrifuged (1200g, 10min, 4°C) to separate cells from the plasma supernatant and

the plasma was aliquoted and stored at -80°C until further analysis.

2.2.1.2 Human Bronchoalveolar lavage fluid (BALF)
Fibreoptic bronchoscopy was performed under conscious sedation and BALF was collected according

to the ATS guidelines (Meyer et al., 2012) at a specialist cough clinic at the University Hospital of South
Manchester, UK as previously described (West et al., 2012). BALF was combined into K2E K2EDTA
blood collection tubes (Avantor, USA). All BALF samples were centrifuged (800g, 10min, 4°C) to
separate cells from the supernatant. The supernatant BALF was aliquoted and stored at -80°C until

further analysis.
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2.3 ATP measurements

There is a growing body of research which suggests that increased levels of extracellular adenosine
triphosphate (eATP) in the lungs contributes to the pathogenesis and symptoms of chronic lung
diseases. However, measuring eATP is challenging as it is rapidly broken down by enzymes in the
extracellular space. Although several publications have measured eATP in biological samples (ldzko et
al.,, 2007, Riteau et al., 2010, Hlapci¢ et al.,, 2019), different methods and protocols are used
highlighting the need to develop a more standardised technique for the retrieval and accurate

assessment of eATP in biological samples which is both reliable and reproducible.

To determine the most accurate method to use for assessing levels of eATP in biological samples,
several methods including plate-based assays and a handheld device was tested. These methods
utilise luciferase which catalyses the reaction of luciferin in the presence of ATP to produce
oxyluciferin and light in the form of luminescence, where the amount of light emitted is proportional

to the amount of ATP present in the sample. The reaction occurs as follows:

ATP + D-Luciferin + O, Lucll\l;lerzase » Oxyluciferin + AMP + CO, + Pyrophosphate + Light
g +

For the plate-based assays, plates were read using the SpectraMax iD5 multi-mode microplate reader.
Plate settings were customised using the SoftMax Pro software package (Molecular Devices, USA) to
include the exact dimensions of the 96-well black % area optiplates which minimised cross-talk
between wells. Luminescence was read with a 1 second per well integration time at room

temperature.

2.3.1 ATPlite assay

The ATPlite Luminescence ATP Detection Assay System (PerkinElmer, USA) was used to measure levels
of eATP in samples to compare the sensitivity of this kit to the ATP detection assay. This kit was based
on the same luciferase-luciferin reaction. The assay was performed according to the manufacturer’s

protocol with the following modifications:

e The accompanying mammalian cell lysis solution was not used as eATP was measured in
supernatant samples not containing cells (saline was used to collect BALF samples)

e ATP standards were prepared in nuclease-free water (Promega, USA)

e The assay was performed using 96-well black % area optiplates (PerkinElmer, USA)

e Plates were put to shake for 5 minutes in an orbital shaker at 700 rpm in the dark at room

temperature and dark adapted for a further 5 minutes in the plate reader
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2.3.2 ATP detection assay

The ATP Detection Assay kit- Luminescence assay (Cayman chemical, USA) was also used to measure
levels of eATP in BALF and plasma samples. The assay was performed as per the manufacturer’s

protocol, with the following modifications:

e The accompanying ATP detection sample buffer was not used as eATP was measured in
supernatant not containing cells (saline was used to collect BALF samples)

e ATP standards were prepared in nuclease-free water (Promega, US)

e The assay was performed in 96-well black % area optiplates (PerkinElmer, USA)

e Plates were put to shake for 5 minutes in an orbital shaker at 700 rpm in the dark at room

temperature and dark adapted for a further 15 minutes in the plate reader

2.3.3 Hygiena Ultrasnap Device

ATP measurements taken using the plate-based assay were also compared to those taken using a
Hygiena ensure touch luminometer (Hygiena, USA) which is a handheld device originally intended for
food-safety monitoring. This device has the advantage of immediate sample measurements which
may be useful in the clinic to get immediate read-out of eATP levels present in biological samples. By
contrast, plate-based assays require the purchase of and training to use plate readers, and time to
dark adapt and read plates. For plate-based assays samples are best stored and then measured on the
same plate; whilst this confers greater accuracy (reduced variability when comparing between
samples) it requires sample storage at ultra-cold temperatures compared to the immediate results

obtained with a handheld device.

Measurements were taken by using the hygiena Ultrasnap swab where the swab was removed from
its casing and the cotton bud tip was placed in 25ul of sample within a 2ml Eppendorf tube. The swab
was rotated round 5 times and then placed back into its casing. The top of the swab was then snapped
where the liquid reagent is located. The top of the swab was then squeezed so all the reagents fell to
the bottom of the swab towards the cotton bud tip. The casing containing the swab was then shaken
for a few seconds to ensure the liquid cotton bud tip was submerged in solution and this was placed
in the luminometer which provides relative light unit measurements from the samples within 10
seconds. An ATP standard curve (100pM — 100uM) was performed prior to sample measurements and
ATP concentrations of samples were then interpolated from the standard curve linearly by plotting

ATP concentration against relative light units (RLU).
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Figure 2. 1 Schematic of hygiena ultrasnap device eATP measurements.

57



2.4 Electrophysiological recordings

To investigate whether eATP and its upstream mediators activates airway sensory nerves in naive
guinea pigs, three complementary electrophysiological techniques were used. The methodology for
electrophysiological tracheal recordings of the recurrent laryngeal nerve is outlined in chapter 4 (see
section 4.2.3). The methodology for in vivo single fibre recordings is outlined in chapter 5 (see section

5.2.3).

2.4.1 In vitro isolated vagus nerve preparation

This system allows relatively high throughput pharmacological investigation into a range of stimuli
that causes depolarisation of the vagus nerve which houses the sensory nerves that innervate the
airways. This preparation has the advantage of providing translational data as both animal and human
vagus can be investigated. Furthermore, this in vitro model enables the study of drugs irrespective of
in vivo pharmacokinetic interference or influences from bronchoconstriction, mucus secretion or
airway inflammation. However, the depolarisation measured is a summation of changes in membrane
potential in all nerve axons within the vagus nerve trunk, not just airway sensory nerves. Additionally,
receptor expression and behaviour on the vagal nerve trunk may differ to that on peripheral airway

sensory nerve termini in vivo.

2.4.1.1 Tissue Dissection: Animals
Male Dunkin Hartley guinea pigs were euthanised as described in section 2.1.2. An incision was made

from the abdomen towards the neck, and skin, muscle, connective tissue and the ribcage was carefully
removed to expose the trachea and vagal nerves. The vagal nerve trunks were dissected out caudal to
the nodose ganglia and placed into modified Krebs-Henseleit (KH) solution containing (in mM: NaCl
118; KCl 5.9; MgS0, 1.2; CaCl; 2.5; NaH;PO4 1.2; NaHCO; 25.5 and glucose 5.6; pH 7.4) and bubbled
with 95% O, / 5% CO,. The nerve was cleared of any connective tissue, de-sheathed and cut into 10-
15mm segments prior to experimentation. Care was taken to avoid stretching or damaging the nerve

and they remained in oxygenated modified KH solution throughout the experiment.

2.4.1.2 Tissue Dissection: Human
Human tissue that was not suitable for transplant was purchased from [IAM. En bloc lungs, trachea

and vagus nerves attached were harvested from a deceased 65-year old female donor, who was
diagnosed with COPD. Tissues were received on ice within 36 hours of aortic cross clamping and
immediately placed within bubbled KH solution as described previously. A dissecting microscope was
used to free the nerve from surrounding connective tissue as the perineural and epineural sheath is
much harder to remove in human tissue. As with guinea pig tissue, the vagus nerves were cut into 10-

15mm segments and remained in oxygenated modified KH solution throughout the experiment.
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2.4.1.3 Apparatus set-up
The dissected nerve segments were placed in a grease-gap recording chamber consisting of a custom-

made perspex block as described in (Birrell et al., 2002) and shown in Figure 2.2. Briefly, individual
nerve segments were threaded through a longitudinal channel within the perspex block, and the ends
of the nerves were electrically and chemically isolated by injecting petroleum jelly in the middle of the
channel. One side of the nerve was in contact with a recording electrode and was constantly perfused
with 37°C oxygenated KH solution at a rate of 2ml/min. The other end of the nerve was in contact with
a reference electrode and remained in 37°C oxygenated KH solution throughout the experiment. The
electrodes used were Ag/AgCl pellet half-cell electrodes (ESP-F20N, Warner Instruments, USA) and a
glass capillary tube was placed into the electrode. The glass tube was carefully filled with KH solution
to avoid air bubbles and rested on each end of the nerve. The electrodes were connected to a DAMS50
differential amplifier unit (WPI, UK) which amplified the direct current signal (x10 gain, low pass filter
0.1Hz, high pass filter 3kHz). This signal way relayed onto a computer using the Lab-Trax 4/16 data
acquisition system (WPI, UK) at a sampling rate of 10KhZ and recorded and analysed using LabScribe

4 software (iWorx Systems, USA).

‘Grease-gap recording chamber’

Nerve depolarisation

Vagus nerve constant perfusion
section of KH/drugs
\ Vaseline —
Reference
) electrode
Recording
electrode

Figure 2. 2 Schematic of isolated vagus nerve preparation

2.4.1.4 Antagonist experiments
The inhibition of agonist responses by antagonists were investigated. The concentration of agonist

used was based on the submaximal concentration responses which were previously determined. In
each experiment, the agonist was perfused onto the nerve for 2 minutes followed by a washout
period. This was repeated 2-3 times to achieve 2 reproducible responses. Once this was obtained, an
antagonist was perfused onto the tissue for 10 minutes, immediately followed by a combination of
agonist and antagonist for 2 minutes. Any responses were then washed to baseline by KH alone, and
then a final stimulation with agonist was performed to test the viability of the nerve and reversibility
of the antagonist. Specific protocols and concentrations of drugs used for antagonist experiments can

be found in the relevant results chapters (See section 4.2.2).
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2.4.2 Isolated neuron recordings

Isolated neuron recordings have the advantage of measuring responses from airway specific neurons
whereas in vitro isolated vagus nerve recordings are not airway specific as the vagus nerve also
contains axons that innervate visceral organs such as the heart. Isolated neuron recordings enable
functional investigation into the effects of compounds on the cell bodies of airway terminating
neurons by measuring changes in intracellular free calcium ([Ca%];). Calcium signhals were measured in
airway neurons dissociated from the nodose ganglia and jugular ganglia, which house the cell bodies
of nerve fibres of the vagus nerve. Increases in intracellular calcium levels are indicative of neuronal
activation which enables investigation of potential antitussive compounds against tussive stimuli. The

methodology used in this section is as described in an established protocol (Dubuis et al., 2013).

2.4.2.1 Labelling of airway-terminating nodose ganglia and jugular ganglia
To ensure neurons experimented on were innervating the airways, male Dunkin Hartley guinea pigs

were dosed with a retrograde tracer dye, 1,1’-dioctadecyl-3,3,3’,3’-tetramethyl-indocarbocyanine
perchlorate (Dil). The dye is a lipophilic fluorophore which infiltrates the membranes of sensory nerve
endings and is moved towards the cell body via retrograde transport (Hofmann and Bleckmann, 1999).
On the day of use, the Dil which is previously dissolved in 100% ethanol is diluted in 0.9% saline to give
a final concentration of 2.2% V/V. Animals were dosed intranasally (i.n.) whilst remaining conscious
and received 1ml/kg of 0.25mg/ml Dil, 12-14 days prior to experimentation. This ensured enough time
was given for the dye to migrate from sensory nerve endings within the airways, along sensory nerve

axons to the cell body in the vagal ganglia.

2.4.2.2 Ganglia dissection and dissociation
Male Dunkin Hartley guinea pigs were euthanised as described in section 2.1.2. The skin, connective

tissues and muscles from the animal’s head were removed to expose the skull. The top of the skull
and brain were removed. The ear bone was then cut out to reveal the nodose and jugular ganglia
found against the occipital bone. Both ganglia were carefully extracted from surrounding connective
tissue and placed in ice cold sterile Hanks Balanced Salt Solution (HBSS: containing 5.33M KCl,
0.441mM KH;PO4, 138mM NaCl, 0.3mM Na;HPO4, 5.6mM glucose, 5mM HEPEs at pH 7.4). The ganglia
were further cleared of connective tissues under the microscope and were enzymatically digested in
a 2-step process as described previously (Grace et al., 2012, Dubuis et al., 2013). Briefly, the ganglia
were incubated with activated papain (20units/ml, Sigma UK) in Papain Activation Solution (PAS: HBSS
supplemented with 400mg/L L-Cysteine, 1ml/L EDTA 0.5M stock solution and 1.5ml/L CaCl, 1M stock
solution). The ganglia were then incubated in HBSS solution containing Type IV collagenase

(Worthington, USA, 2mg/ml) and Dispase Il (Roche, UK, 2.4mg/ml), at 37°C for 40 minutes. Following
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enzymatic digestion, the ganglia were washed, centrifuged and the supernatant removed. Cells were
resuspended in sterile HBSS and dissociated by trituration with a heat-smoothed glass pasteur pipette
coated with F12 media. To separate the large neuronal cells bodies and eliminate unwanted debris,
the cell suspension was centrifuged through L15 medium containing 20% percoll v/v. The supernatant
was then removed, and the remaining cell pellet was resuspended in L15 medium. The cells were
centrifuged again and resuspended in complete F12 medium (containing 1% FBS, 1% penicillin and
100,000u/ml streptomycin). The dissociated cells were then plated onto Poly-D-Lysine (100ug/ml) and
laminin (75pg/ml) coated fluorodishes (0.17 mm thick optical quality glass bottom) and left to adhere
for 2 hours, after which plates were flooded with 2ml of complete F12 medium and incubated at 37°C

(5% CO2/ 95% 0,) for ~16 hours prior to experimentation.

2.4.2.3 Fluorescence imaging dyes
Fura2 (Invitrogen) is a Ca**-binding dye used to measure changes in [Ca?*]; within the vagal ganglia

following drug treatments. The esterified form of Fura2, Fura2-AM was used as it contains an
acetoxymethyl ester (AM) group which is hydrophobic, enabling the dye to permeate through cell
membranes. This dye was selected as it does not overlap with the excitation and emission wavelengths

of the Dil dye used to identify airway-specific neurons (section 2.4.2.1) Figure 2.3.

Dye Localisation Peak excitation A Peak emission A
Dil Cell membrane 550nm 570nm
Fura-2 Ca% free Cytoplasm 380nm 512nm
Fura-2 Ca*bound Cytoplasm 340nm 510nm

Table 2. 1 Imaging dyes maximum excitation and emission wavelengths.

ey

-

Figure 2. 3 Dil staining of airway specific nodose neurons.

(1) Image of nodose neurons recorded using bright-field microscopy. (2) Dil fluorescence with the light
intensity expressed by a black (no light) to red (highest light) colour code. Airway specific neurons are
indicated by Dil staining (white arrowheads). (3) Combined image of bright-field and fluorescence

images.
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Fura2-AM was dissolved in DMSO and combined with an equal volume of PowerLoad (Thermo Fisher
Scientific, UK) which helps the dye permeate into cells. This mixture was diluted in Extracellular
Solution (ECS containing in mM: KCl, 5.4; NaCl, 136; MgCl,, 1; CaCl,, 1.8; NaH;PO4, 0.33; glucose, 10;
HEPES 10 at pH 7.4) to give a final concentration of 12uM Fura2-AM in the loading solution.

Initially, cells were washed three times with ECS to remove any traces of complete F12 media. Cells
were then loaded with Fura2-AM/PowerLoad/ECS solution for 40 minutes in the dark at room
temperature. This solution was then aspirated, and cells were washed twice with ECS and left in the
dark for a further 30 minutes. This de-esterification step was necessary to allow intracellular esterases
in the cytosol to cleave the AM group from the Fura2 molecule, trapping the dye within the cell

membrane and allowing for full Ca?* sensitive fluorescence responses (Takahashi et al., 1999).

2.4.2.4 Calcium imaging
An inverted epifluorescence microscope (Zeiss) was used to image the cells. The microscope contained

a mercury arc lamp with a 500nm beam splitter, a set of excitation filters at 335/7nm (near UV) and
387/11nm (deep blue), and an emission filter at 529/24nm (green). Fluorodishes were mounted on
the microscope stage within a 37°C heated chamber in a solution-changing perfusion system.
Perfusion tubes were placed either end of the fluorodish to allow for the addition and removal of
solutions to the cells. For all recordings, neurons were initially exposed to a hyper-potassium solution
referred to as Kso (containing 50mM KCl, 91.4mM NaCl, 1ImM MgCl,, 2.5mM CaCl,, 0.3M NaH;,PQ,,
10mM glucose ImM HEPES at pH 7.4). Kso triggers a rapid increase of calcium into neurons through
voltage gated calcium channels opened by cell depolarisation. After 15 seconds of exposure, the Kso
was washed off with ECS until the calcium signal returned to baseline. Kso responses were used to
normalise responses of neurons from different dishes and Kso was applied at the beginning and end of

the recording to ensure cell viability. An example trace is shown in figure 2.4.

62



Neurons isolated

Ganglia from ganglia
dissected Isolated
Jugular sg;g
______ Ganglion —
i Nodose
\  Ganglion

Example trace d
2.0
— Neuron 1
I3 1.5+ — Neuron 2
=2
<
S  1.04
ag)
(=]
<
?  0.54
A «s0 Qooware  Akso
00 I 1 1 1
0 1000 2000 3000 4000
seconds

Figure 2. 4 Brief summary of airway terminating-neuron isolation process and calcium imaging
example trace.

2.4.2.5 Data analysis

Cells were individually analysed using Fiji analysis software (version 1.53t). Regions of interest were
drawn around each cell and the ratio of fluorescence (F340/F380) was calculated over time. Responses
were calculated as total Area Under the Curve (A.U.C) which reflects changes in [Ca?*]ifrom baseline

over time. This was normalised to a percentage of the calcium response (A.U.C) induced by Kso.
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Chapter 3: Developing Methods to Measure Extracellular ATP
in Biological Samples

3.1 Rationale

There is a growing amount of research which suggests that increased levels of extracellular adenosine
triphosphate (eATP) in the airways contributes to the pathogenesis and symptoms of chronic lung
diseases. For instance, pre-clinical studies have shown that several cell types in the lungs release ATP
into the extracellular space (Bonvini et al., 2020, Rahman et al., 2018, Baxter et al., 2014) leading to
the activation of purinergic receptors which can subsequently cause activation of inflammatory and

neuronal responses involved in chronic lung diseases (Burnstock, 2018).

Clinical data have also highlighted the role of ATP in driving chronic cough as antagonists of purinergic
P2X3 receptors present on sensory afferent nerves have shown antitussive efficacy in refractory
chronic cough patients in clinical trials (Abdulgawi et al., 2015, McGarvey et al., 2022, Bonvini et al.,
2016). However, it remains unclear whether eATP is elevated in the airways of this patient group as

this has not yet been measured.

Although increased eATP has been reported in the lungs of asthma (ldzko et al., 2007), Chronic
Obstructive Pulmonary Disease (COPD) (Lommatzsch et al., 2010) and Idiopathic Pulmonary Fibrosis
(IPF) (Riteau et al., 2010) patients, levels of eATP measured are variable and range from picomolar to
micromolar concentrations. These measurements are based on enzymatic luciferin/luciferase assays
that give an indirect read out of ATP levels. Across the literature, different techniques, methods and
chelating agents are used for the retrieval and assessment of eATP in biological samples which differ
in sensitivity and reliability as they are not always reproducible. Accurately measuring eATP is also
challenging as it is highly regulated in the extracellular environment by numerous ATPase enzymes,
including the CD39 family of ecto-nucleotidases. These enzymes rapidly break down ATP to adenosine
diphosphate (ADP) and other breakdown products including adenosine monophosphate (AMP) and
adenosine. This often means levels of eATP measured in biological samples such as plasma and
bronchoalveolar lavage fluid (BALF) are below the limit of detection and/or not reflective of localised
release of eATP levels. Mass spectrometry is an alternative method that could be investigated for the

measurement of eATP as well as breakdown products in biological samples.

Given the suggested importance of ATP as a driver of chronic respiratory diseases, accurately
measuring eATP in the airways is key to understanding its role in driving the pathophysiology of these

conditions. Therefore, the aim of this chapter is to develop a more standardised technique for the
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retrieval and accurate assessment of eATP in biological samples which is both reliable and
reproducible. The use of the chelating agent ethylenediaminetetraacetic acid (EDTA) which binds to
metal ions will be added to biological samples to determine whether EDTA reduces the enzymatic
activity of ATPases and thereby reducing eATP breakdown. This is necessary to evaluate whether eATP
is elevated in refractory chronic cough patients and in pre-clinical models of airway disease. This could
contribute to the use of eATP to determine target engagement of compounds which impact eATP.
These eATP measurements could also be used in the clinic as clinical biomarkers to help identify
patients with elevated levels of eATP enabling a precision medicine approach to be taken for ATP-

targeted treatments.
3.1.1 Chapter hypothesis

Luminescent-based assays can be optimised to measure eATP in mouse, rat and guinea pig plasma
and BALF samples with the addition of ethylenediaminetetraacetic acid (EDTA) preventing rapid
breakdown of eATP.

3.1.2 Aims

e Determine the sensitivity of commercially available ATP detection assays.
e Determine whether chelating agents can stabilise rapid breakdown of ATP.

e Show that eATP can be reliably measured in the mouse, rat, and guinea pig.

e Confirm luminescence detected is due to eATP using the ecto-nucleotidase enzyme CD39.3.2

Methods

BALF and plasma samples were taken from male Brown Norway rats, male Dunkin Hartley guinea pigs
and male C57/BL6J mice and processed as previously described in section 2.1.2. Samples were taken

from these species and strains as they are commonly used in in vivo models of airway disease.

The ATP assays described below all utilise the biochemical reaction where luciferase catalyses the
reaction of luciferin in the presence of ATP to produce oxyluciferin and light in the form of

luminescence. The reaction occurs as follows:

ATP + D-Luciferin + O, Lucll\;erzase » Oxyluciferin + AMP + CO, + Pyrophosphate + Light
g +

The amount of light emitted is directly proportional to the amount of ATP present in the sample.
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For all the assays described below, an ATP standard curve consisting of 100pM, 10nM, 100nM, 1uM,
10uM and 100uM of ATP was prepared in sterile water and used to compare the sensitivity of the

assays.
3.2.1 ATPlite assay

The ATPlite Luminescence ATP Detection Assay System (PerkinElmer, USA) referred to as the ATPlite

kit was performed as per the manufacturer’s protocol with modifications detailed in section 2.2.1.

Briefly, bronchoalveolar lavage fluid and plasma samples were thawed on ice. The ATP standard was
then prepared by serially diluting the ATP standard stock in sterile water ranging between 100pM —
100uM. 10ul of standard was added to the relevant wells of a black % area 96-well optiplate and 10ul
of sterile water was added to remaining wells. This was followed by 100ul of media (saline with EDTA)
to the standard wells and 100ul of sample to sample wells. Finally, to initiate the reaction, 50l of the
kit’s substrate solution was added to all the wells. The plate was then dark adapted for 10 minutes at

room temperature prior to being read in the SpectraMax iD5 multi-mode microplate reader.

3.2.2 ATP detection assay

The ATP Detection Assay kit- Luminescence assay (Cayman chemical, USA) referred to as the ATP
detection assay was performed as per the manufacturer’s protocol with modifications detailed in

section 2.3.2.

Briefly, bronchoalveolar lavage fluid and plasma samples were thawed on ice. Next, ATP standard
solutions were prepared by serially diluting the ATP standard stock in sterile water ranging between
100pM — 100uM. 10ul of standard was added to the relevant wells of a black % area 96-well optiplate
and 10ul of sterile water was added to remaining wells. This was followed by 10ul of media (saline
with EDTA) to the standard wells and 10l of sample-to-sample wells. Finally, the reaction mix was
prepared using the reagents provided in the kit and 100ul of reaction mix was added to all wells. The
plate was then dark adapted for 20 minutes at room temperature prior to being read in the

SpectraMax iD5 multi-mode microplate reader.

3.2.3 Hygiena Device

The Hygiena ensure touch luminometer (Hygiena, USA) referred to as the Hygiena device was used as

described in section 2.3.3.
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Briefly, 25ul of sample was placed in a 2ml Eppendorf tube and measurements were taken by using
the Hygiena Ultrasnap swab. The swab was placed into the sample and rotated round 5 times and
then placed back into its casing. The top of the swab was then snapped to release the liquid reagent
to the bottom of the swab. The casing was then shaken for a few seconds before being placed into the

luminometer which provided relative light unit (RLU) measurements from the samples.
3.2.4 Mass spectrometry Analysis

Biological samples collected were sent to collaborators in the Dynamic Omics team at AstraZeneca for
mass spectrometry analysis. This was a novel Microfluidic Capillary Electrophoresis—Mass
Spectrometry method used which allows measurements of ATP together with its metabolites, ADP,
AMP and adenosine. Samples were assessed using a bare-glass ZipChip on a 908-device coupled to a

Thermo Scientific ID-X as described in (Di Poto et al., 2024).
3.2.5 Data analysis

The ATP concentrations were interpolated from the ATP standard curve (100pM — 100uM) which was
run in duplicate by linearly plotting log (concentration) in the x axis and average RLU in the y axis. All

data are presented as mean + S.E.M.
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3.3 Results

3.3.1. Evaluating cross-talk of wells between different plate types using the ATPlite assay

The ATPlite assay is commonly used to measure levels of ATP in samples. However, during testing,
well-to-well cross-talk of the luminescent signal was identified as an issue. Therefore, the first step
was to examine a range of plate formats to determine which had the least amount of cross-talk
between wells (Figure 3.1). Black and white plate types with varying well sizes were tested by
measuring levels of luminescence in the wells containing the maximum ATP standard, 100uM ATP

(max), wells directly adjacent to the max (next to max) and empty wells (blank).

When comparing RLU values in the blank wells, black plates had the lowest RLU compared to white
plates which had an elevated baseline. The RLU values for the wells containing the 100uM ATP
maximal response (max) was highest in the black and white isoplates. However, the important variable
here was assessing the impact of different plate types on the RLU values in the wells directly adjacent
to the maximal response (next to max). The % area black optiplates offered the least well-to-well cross-
talk, with minimal signal in empty wells adjacent to the maximum ATP concentration (100uM ATP).

These plates were therefore selected for future experiments.
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Figure 3. 1 Evaluating the effects of different plate types on cross talk of luminescent signal between
wells.

(A) Images of different black [B] and white [W] plate types with standard or % area well sizes. (B)
Different plate types were tested using an ATP standard curve. The ‘blank value’ represents the
average signal from the blank addition to the standard curve containing no ATP. The ‘max’ value
represents the average signal from the 100uM ATP sample and the ‘next to max’ value represents the

average signal from the empty wells directly adjacent to the 100uM ATP sample well.

3.3.2. Sensitivity of plate-based luminescent assays

To determine which plate-based luminescence assay was more sensitive in measuring levels of ATP,
comparisons were made by evaluating an ATP concentration response curve (100pM-100uM) using
the ATP detection and ATPlite assay. The effect of time following addition of the reaction mix was also

assessed to determine the impact of time on relative light unit (RLU) readings.

In both assays a concentration-dependent increase in luminescence was observed, however the ATP
detection assay was more sensitive, with a lower limit of detection (LLOD) of 0.1nM ATP compared to
10nM for the ATPlite assay (Figure 3.2A). The luminescent signal in both assays appeared relatively

stable for 20 minutes (Figure 3.2B) which meant that slight variations in read times between plates
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did not affect comparability of the data. Given the increased sensitivity of the ATP detection assay,

this plate-based assay was used for future experiments.
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Figure 3. 2 ATP standard curve comparison between plate-based ATP luminescence assays.

(A) Comparisons of ATP concentration response (100pM-100uM) between the ATP detection and
ATPlite assay. (B) The effect of time on the luminescent signal from the highest ATP value on the
standard curve (100uM ATP). Data presented as Relative Light Units (RLU) N=3.

3.3.3 Comparing the sensitivity of the ATP detection assay to the Hygiena Ultrasnap device

The handheld Hygiena ensure touch luminometer (Hygiena device) is an alternative device also used
to measure ATP which is more amenable to measurements in the clinic as it does not require the use
of laboratory equipment. The sensitivity of this device was also investigated given its potential use as

a point-of-care device for fast measurements of eATP.

The ATP standard curve produced with this device was compared to the ATP detection assay standard
curve. The LLOD for the Hygiena device was 10nM, 100-fold less sensitive than the ATP detection
assay. Additionally, luminescence values with the Hygiena device reached maximum values after 1uM
ATP, indicating a much-reduced range of ATP concentrations compared to the ATP detection assay
(Figure 3.3). Although the Hygiena device was not as sensitive as the ATP detection assay, further
investigation and comparisons using clinical samples are required to determine whether the Hygiena

device can be useful with regards to point-of-care use in the clinic.
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Figure 3. 3 ATP standard curve comparison between the ATP detection assay and Hygiena device.

Comparisons of ATP concentration response (100pM-100uM) between the ATP detection assay and

the Hygiena device. Data presented as Relative Light Units (RLU) N=3.

3.3.4 Effects of EDTA on BALF eATP measurements

The next aim was to investigate whether EDTA can prevent rapid breakdown of eATP in biological
samples using the ATP detection assay as eATP is rapidly broken down in the extracellular environment
by ATPases (Zimmermann et al., 2012). EDTA is a chelating agent which binds metal ions such as
calcium which is required for the activity of various enzymes including ATPases. Therefore, the
addition of EDTA could potentially reduce the enzymatic activity of ATPases and reduce eATP
breakdown. 6mM EDTA was tested as this is the concentration commonly used as an anticoagulant in

human blood collection (Banfi et al., 2007).

Initial experiments examined the effects of freeze-thawing on ATP levels as biological samples are
frozen soon after collection and stored at -80°C or transported on dry ice until they are thawed for
analysis. These samples often go through various freeze/thaw cycles, particularly when experiments
are repeated, or different analytes are being assessed. The effect of freeze-thawing on ATP levels was
investigated by producing a spiked ATP concentration response curve (100pM-100uM) in saline or
saline + 6mM EDTA. Solutions of saline and saline + 6mM EDTA were spiked with ATP at least 24 hours
prior to running the assay and then stored at -80°C for at least 24 hours. A fresh ATP concentration
response (CR) was prepared just prior to performing the assay. Using the ATP detection assay, lower
luminescence was detected in frozen saline, which suggests some ATP degradation does occur once

samples are freeze-thawed and this is not completely prevented by 6mM EDTA (Figure 3.4A).
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BALF was collected from naive brown Norway rats using different lavage solutions in the presence or
absence of 6mM EDTA. Initially animals were lavaged with saline alone or saline containing 6mM of
EDTA. As it is not safe to collect human BALF samples with saline containing EDTA, another group of
animals was lavaged with saline alone and then immediately after collection BALF, samples were
spiked with 6mM EDTA. This group was included as this is a potential way clinical BALF samples may
be collected. BALF samples were then split to prepare a series which were spiked with various ATP

concentrations (0.1nM-100uM) before freezing for 24 hours prior to assessment of ATP.

BALF treatment groups consisted of saline-only lavage, saline containing EDTA lavage, and a saline
lavage followed by a 6mM EDTA spike once collected. As can be seen in Figure 3.4B, a baseline level
of luminescence was recorded, equivalent to approximately 100nM of basal ATP. The ATP detection
assay showed that BALF samples containing EDTA had higher levels of luminescence for samples with
ATP concentrations below 1uM, suggesting reduced levels of ATP breakdown compared to the saline
only lavage group. Including EDTA in the lavage solution did not appear to reduce the level of ATP
recorded in BALF samples, compared to the addition of EDTA to lavaged saline solution. Based on this
data, future BALF samples were immediately spiked with EDTA post-lavage to give a final

concentration of 6mM EDTA.
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Figure 3. 4 Comparing effects of spiked ATP concentration response (CR) in different BALF treatment
groups using the ATP detection assay.

(A) Comparisons between a spiked ATP concentration response (100pM-100uM) prepared 24 hours
before the assay (frozen) in saline and saline + EDTA or freshly prepared in saline on the day of the

experiment (fresh) N=3. (B) Comparisons between a spiked ATP concentration response (100pM-
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100uM) prepared in BALF collected from naive Brown Norway rats N=3 using saline-only lavage, a

saline lavage followed by a EDTA spike once collected or saline containing EDTA lavage, N=3.

3.3.5 Effects of different anticoagulants on plasma eATP measurements

Compared to collection of BALF, blood collection is more routine and less invasive for patients, and
plasma can be prepared for relatively easy clinical assessment of various biomarkers in disease. It is
unknown whether eATP measurements in the plasma correlate with those in BAL, or whether a
systemic measure would correlate with chronic cough or other respiratory disease. However, given
the relative ease of access to/availability of samples it was important to establish the best collection

method to assess eATP in plasma.

During blood collection anticoagulants are required to prevent blood clotting and ensures that
concentrations of substances to be measured is changed as little as possible prior to analysis (Guder
et al.,, 2002). EDTA and heparin are commonly used anticoagulants in blood collection, and final
concentrations of 6mM (EDTA) and 501U/ml (heparin) are sufficient to prevent coagulation (Nigam,
2016). By contrast to EDTA which chelates calcium required for coagulation enzymes, heparin
activates antithrombin Ill, which then inactivates thrombin, factor Xa and other coagulating enzymes

(Gray et al., 2012). The effects of heparin were therefore compared to that of EDTA.

A spiked ATP concentration response was prepared in saline containing a final concentration of 6mM
EDTA and saline containing a final concentration of 50IU/ml heparin. These were prepared at least 24
hours prior to running the assay and then stored at -80°C. A fresh ATP concentration response (CR)
was prepared just prior to performing the assay. Blood samples were collected from naive Brown
Norway rats into either EDTA (6mM final) or heparin (50IU/ml final) coated syringes and then
centrifuged to obtain plasma. Plasma samples were then split to prepare a series which were spiked
with various ATP concentrations (100pM-100uM) before freezing for 24 hours prior to assessment of

ATP.

Using the ATP detection assay, a generally lower luminescent signal was detected in frozen saline +
EDTA samples which suggests ATP degradation does occur once samples are freeze-thawed and this
is not prevented by EDTA. However, heparin in the absence of ATP appeared to cause a high basal
level of luminescence which suggests any signal below approximately 102 RLU is caused by heparin as

opposed to eATP (Figure 3.5A).
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In plasma samples collected in EDTA compared to heparin, a higher baseline level of luminescence
was recorded, equivalent to approximately 1uM of ATP, suggesting there is reduced eATP breakdown
in the presence of EDTA (Figure 3.5B). Based on this data 6mM EDTA was used going forward for the

collection of plasma samples.
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Figure 3. 5 Comparing the effects of spiked ATP concentration response (CR) in different plasma
treatment groups using the ATP detection assay.

(A) Comparisons between a spiked ATP concentration response (100pM-100uM) prepared 24 hours
before the assay (frozen) in saline + EDTA or saline + heparin, compared to freshly prepared in saline
on the day of the experiment (fresh) N=3. (B) Comparisons between a spiked ATP concentration
response (100pM-100uM) prepared in plasma collected from naive Brown Norway rats using EDTA or

heparin as the anticoagulant, N=3.

3.3.6 Use of CD39 to confirm luminescent signals

To confirm the luminescence signal observed with the ATP detection assay was reflective of eATP
levels, an ecto-nucleotidase enzyme (CD39-His) was added to samples containing either endogenous
eATP or a known amount of exogenously spiked ATP. This was tested across BALF and plasma samples
from naive rats, guinea pigs and mice as all three species are commonly used for models of airway
disease. Across all species the enzyme was able to breakdown ATP and reduce its detection. The
mutant version of the enzyme (CD39-Mut) had no effect (Figure 3.6). This confirms that the

luminescent signal observed in biological samples is a measure of eATP levels found in the samples.
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Figure 3. 6 Comparing effects of CD39 on biological samples between different species.

Saline was used as a control (A) and BALF and plasma samples were taken from naive rats (B), mice
(C) and guinea pigs (D). Samples were spiked with either water or 10uM ATP and incubated with vehicle
(PBS), CD39-His (300nM) or the mutant version of CD39 (CD39-Mut) (300nM). Data was collected using
the ATP detection assay (N=3 per species). Data shown as mean + SEM. * indicates significance at

p<0.05, one way ANOVA comparing treatment groups within basal and ATP-spiked samples.
3.3.7 Use of Mass spectrometry to measure ATP and metabolites

Previous data obtained were based on enzymatic luciferase-luciferin reactions where luminescence
was used as in indirect read out of ATP levels. However, mass spectrometry has the advantage of
direct ATP measurements as well as ATP metabolites such as ADP, AMP and adenosine. Samples were
also sent for mass spectrometry analysis as the measurement of ATP and its metabolites is a novel
technique being tested by AstraZeneca collaborators in the Dynamic Omics team. This team specialises
in proteomics and metabolomics, using state-of-the-art mass spectrometry to identify and quantify
proteins, metabolites and lipids in biological samples in order to identify changes that occur during

disease or after treatment.
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Preliminary data from BALF and plasma samples collected with EDTA showed that adenosine, AMP
and ADP could all be detected. This confirms the potential use of mass spectrometry for measuring
ATP metabolites in biological fluids collected with EDTA (Figure 3.7). Further investigation using mass
spectrometry is required to determine whether it can be used to measure ATP and metabolites in

clinical samples.
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Figure 3. 7 Mass spectrometry analysis of ATP and metabolites from Naive rat samples.

(A) ATP and metabolites analysis of BALF collected from naive rat samples using saline lavage followed
by an EDTA spike or saline with EDTA lavage. (B) ATP and metabolites analysis of plasma samples

collected with heparin or EDTA anticoagulant. N=1, data presented as raw intensity values (INT).
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3.4 Discussion

ATP is known to be a key driver of chronic cough as antagonists of the purinergic P2X3 receptors
present on afferent sensory nerves have shown unprecedented efficacy in this patient group (Bonvini
et al., 2016, McGarvey et al., 2022). However, it is yet to be demonstrated whether these patients
show increased levels of ATP in the airways, and therefore, measuring extracellular levels of ATP
surrounding the cells within the airways and lungs is key to understanding its role in driving the

pathophysiology of these chronic lung diseases.

The aim of this chapter was to develop accurate methods for the recovery and reliable measurement
of eATP in biological samples, with the ultimate future aim of demonstrating increased eATP levels in
patient samples. Although there are a range of commercially available kits which can measure ATP,
they differ in sensitivity and reliability, highlighting the need for a more standardised technique for

eATP measurements.

In order to measure eATP levels in the airways and lungs, bronchoalveolar lavage fluid (BALF) samples
were chosen. BALF samples are collected by introducing saline through the trachea into the airways
and lungs to lavage the lining fluid from the airway lumen. The fluid recovered contains a range of
airway lumen constituents, including eATP, at the apical surface of the cells which come into contact
with the lavage solution. These samples are then spun down to remove any cells present and the
supernatant is used to assess levels of eATP. The key advantage of using BALF is that it can be taken
from animal models and from patients in the clinic to allow comparisons between species. Another
option might have been to take ATP measurements from lung biopsies. However, these were not
performed as these measurements would also include intracellular levels of ATP from lysed cells,
whereas a measure of eATP was required to address the hypothesis that it is eATP driving the
pathways involved in chronic lung diseases. As ATP is the energy currency of the cell which drives a
range of metabolic processes, intracellular ATP levels are relatively high and in the millimolar range
(Trautmann, 2009). In comparison, levels of eATP are much lower in the nanomolar range, and this is
highly regulated in the extracellular environment by ATPases which rapidly breakdown ATP
(Zimmermann et al., 2012). Alongside measuring levels of eATP in the lungs, eATP measurements were
performed in plasma samples, as this is a useful indication of systemic levels of eATP circulating around
the body to determine whether this is also elevated in lung disease. Again, this had the advantage of

translatability between animal and clinical samples.

The first aim of this chapter was to determine the optimal assay, plate type, timing, and anticoagulant
to use for sample collection to minimise ATP degradation. It was first important to determine which

plate type was suitable to use with the plate-based assays, as cross-talk between wells was observed,
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which would lead to inaccurate measures of eATP levels in samples adjacent to wells containing higher
levels of eATP. Black % area plates had the least amount of cross-talk which meant that an entire 96-
well plate could be used to measure samples without the need to leave empty wells to prevent bleed-

over of the luminescent signal (Figure 3.1B).

The sensitivities of the assays were also investigated by determining the lower limit of detection
(LLOD) and upper limit of detection (ULOD) of ATP. This was important as the levels of eATP found in
BALF samples were likely to be low and in the nanomolar range. The commercially available plate-
based assay method of ATP detection using the ATP detection assay was more sensitive with a LLOD
of 0.1nM compared to the comparator kit, ATPlite assay which had a LLOD of 10nM (Figure 3.2A). The
ATP detection assay also had the advantage of requiring only 10ul of sample compared to the ATPlite
assay which required 100ul of sample. This is useful as the volume of biological samples recovered

from animal models, particularly mouse models are relatively low.

The sensitivity of the hand-held Hygiena device was also investigated. Although this device has the
advantage of immediate sample measurements, which could be key in the clinic, it had a LLOD of
10nM, 100-fold less sensitive than the ATP detection assay and reached maximum luminescent values

(ULOD) after 1uM ATP, indicating a much-reduced detection range of ATP concentrations (Figure 3.3).

The different characteristics of each method are summarised in table 3.1. With regards to ease-of-
use, the plate-based assays also require a trained individual to perform the assay as solutions have to
be prepared and the use of laboratory equipment such as pipettes and a plate reader are required. In
comparison, the Hygiena device is relatively easy to use as it does not require the use of laboratory
equipment, solutions used to perform the assay are already provided within the ultrasnap swab and
fast RLU read outs are obtained from placing the swab into the luminometer device. Although the
Hygiena device is not as sensitive as the ATP detection assay, it does not require the use of laboratory
equipment, and therefore further investigation and comparisons using clinical samples are required

to determine whether the Hygiena device can be useful with regards to point-of-care use in the clinic.

Method Format LLOD uLob Ease of use | Standardised
ATP detection assay | plate-based 0.1nM 100uM | No Yes
Hygiena device Hand-held device 10nM 1uM Yes No
ATPlite assay Plate-based 10nM 100uM | No Yes

Table 3. 1 Comparison of characteristics for the different luciferin/luciferase methods used to
measure ATP.

78



Another major challenge with measuring eATP in biological samples is how rapidly it is broken down
by extracellular ATPases and ADPases (Kaczmarek et al., 1996, Picher et al., 2003). The effects of EDTA,
which is a well-known anticoagulant that has been in use since the early 1950’s was investigated. EDTA
works as a chelating agent that binds metal ions such as calcium which is necessary for a wide range
of enzymatic reactions, such as those in the blood coagulation cascade (Banfi et al., 2007). It was found
that 6mM EDTA which is the concentration used to prevent blood coagulation and ATP breakdown in
human blood samples (Wood et al., 2009) could reduce rapid breakdown of eATP in both BALF and
plasma samples. This is presumably by preventing enzymatic reactions that cause rapid breakdown of

eATP.

Based on these findings BALF and plasma samples were taken using 6mM EDTA from naive rats, guinea
pigs and mice as all three species are commonly used for models of airway disease. CD39-His, an ecto-
nucleotidase enzyme able to breakdown ATP was added to samples containing either endogenous
eATP or a known amount of exogenously spiked ATP in order to confirm that the luminescence signal
observed with the ATP detection assay was reflective of eATP levels. Across all species the enzyme
was able to breakdown ATP and reduce its detection confirming that the luminescent signal observed

correlates with eATP levels found in the samples (Figure 3.6).

Given that luciferase-luciferin assays can only be used to indirectly measure levels of ATP, the use of
mass spectrometry to measure ATP and its metabolites in biological samples was investigated in
collaboration with the Dynamic Omics team at AstraZeneca. Preliminary data found that ATP
metabolites could be detected in naive rat BALF and plasma samples collected with EDTA (Figure 3.7).
However, very little ATP was detected which suggests that the majority of ATP may have been broken
down prior to assessment. Therefore, this technique may only be useful to assess levels of ATP

metabolites in pre-clinical disease models and clinical samples.

Overall, the data suggests that recovering BALF and blood in EDTA aids the recovery of eATP in
biological samples. Furthermore, the ATP detection assay allows reproducible detection of eATP levels
in the nanomolar range. Therefore, the hypothesis that luminescent-based assays can be optimised
to measure eATP in biological samples with the addition of EDTA preventing rapid breakdown of eATP

can be accepted.

This technique will be used to evaluate eATP release in pre-clinical disease models which could provide
additional evidence for eATP associated mechanisms driving chronic lung diseases. Clinically, this
could allow for investigation into levels of eATP in patients with chronic respiratory diseases. These
patient sample measurements could be used to identify patients with high levels of eATP and could

therefore allow a precision medicine approach to be taken. This could be utilised in patients with
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chronic cough, where patient populations thought to be more likely to respond to P2X3 antagonists

and other ATP-targeted therapies can be identified.

In addition to assessing levels of eATP in driving chronic lung diseases such as chronic cough, the next
chapter aims to provide complimentary evidence for the role of endogenous ATP in activating airway
sensory nerves that lead to the cough reflex. Pharmacological intervention studies will also be used to
investigate the role of endogenous ATP and the efficacy of clinically relevant compounds in a number

of model systems.
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Chapter 4: Investigating Extracellular ATP in Airway Sensory
Nerves

4.1 Rationale

ATP is known to be a key driver of chronic cough which is defined as excessive and/or inappropriately
activated cough occurring for more than 8 weeks. Chronic cough can occur as a symptom of
respiratory disease or can have undetermined aetiology referred to as unexplained chronic cough
(UCC). Cough that persists despite treatments targeting those with underlying respiratory disease is
described as refractory chronic cough (RCC).The role of ATP in UCC and RCC is supported by the
antitussive effects of drugs that block purinergic P2X3 receptors which are activated by ATP. For
example, Gefapixant, a non-selective P2X2/3 antagonist, has shown some efficacy in large scale clinical
trials and is currently under evaluation for FDA and Medicines and Healthcare products Regulatory
Agency (MHRA) approval (Smith et al., 2020b, McGarvey et al., 2022). A more selective P2X3
antagonist, BLU-5937 (Bellus Health) has also shown antitussive efficacy in RCC patients (Birring et al.,
2022). These clinical data suggest ATP plays a key role in activation of purinergic receptors and

subsequent neuronal responses such as the cough reflex.

Cough is driven by the activation of P2X3 purinergic receptors present on airway-innervating sensory
nerves, which are housed within the vagus nerve (Brouns et al., 2012). The cell bodies of these nerves
can be found in the jugular and nodose ganglia of the vagus nerve (Mazzone and Undem, 2016). Pre-
clinical studies have demonstrated that airway afferent nerves can be activated by indirect release of
ATP through activation of the TRPV4 receptor using the TRPV4 agonist GSK1016790A (GSK101), and

directly through the metabolically stable analogue of ATP, afMe-ATP (Bonvini et al., 2016).

Given that the clinical data suggests endogenous ATP is driving cough, more research is needed to
demonstrate the ability of ATP (rather than analogues) to activate airway sensory nerves. The aim of
this chapter is to investigate whether ATP can elicit effects in airway sensory nerves, similar to its more
stable analogue afMe-ATP. If so, then the pharmacology of ATP and the mechanisms driving airway

sensory nerve activation will be further investigated.

In order to test this, the clinical P2X2/3 antagonist Gefapixant, as well as the pre-clinical tool AF-353
(an analogue of Gefapixant) will be investigated to determine their effect on ATP-induced activation
of airway sensory nerves. These results could allow a better understanding of the pharmacological

effects of endogenous ATP and its role in the activation of airway sensory nerves.
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4.1.1 Chapter hypothesis

Airway sensory nerves from guinea pig and human tissue are activated by the endogenous ligand ATP,

and this activation can be blocked using P2X3 receptor antagonists.
4.1.2 Aims

e Determine whether the endogenous ligand ATP is able to elicit an effect on guinea pig and human
airway sensory nerves.
e Investigate the pharmacology of ATP on guinea pig and human airway sensory nerves using P2X3

antagonists in in vitro and ex vivo pre-clinical nerve recording models.
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4.2 Methods

4.2.1 Calcium imaging of airway sensory nerves

Male Dunkin Hartley guinea pigs were dosed with 1 ml/kg of 0.25 mg/ml of the retrograde tracer dye
Dil 14 days prior to experimentation to ensure staining of airway specific neurons by retrograde
transport (Dubuis et al.,, 2013). The nodose and jugular ganglia were then dissected out and
enzymatically digested as previously described in section 2.4.2. Neurons were placed into poly-D-
lysine (100pg/ml) and laminin (75ug/ml) coated fluorodishes (0.17 mm thick optical quality glass
bottom) and left to adhere for at least 12 hours in an incubator (37°C, 5% C0,/95% 0,) in complete

F12 medium.

Prior to experimentation, cells were loaded with a calcium dye (Fura2-AM) for 40 minutes at room
temperature in the dark. This was followed by a de-esterification step for 30 minutes at room
temperature in the dark. After several washes with Extracellular solution (ECS), the fluorodishes were
mounted onto a widefield inverted microscope and neurons were excited sequentially with 340nm
and 380nm light wavelengths and the emission signals recorded at 520nm as described in section
2.4.2.4. Changes in intracellular Ca%* ([Ca®'];) responses were investigated as previously described

(Dubuis et al., 2013, Grace et al., 2012).

4.2.1.1 Agonist Concentration Response Curves

To investigate the effects of ATP on changes in [Ca**];signal in the nodose and jugular ganglia, the
following experimental protocol was followed. For all recordings, neurons were initially exposed to a
hyper-potassium solution (50mM potassium chloride; Kso) for 30 seconds to trigger an increase in
intracellular calcium levels which was used as a control response to assess neuron viability and against
which all other responses were normalised. Once intracellular calcium levels had returned to baseline,
drugs were perfused through a solution-changing perfusion system and changes in [Ca%']; were
recorded. Cells were washed a minimum of 6 times following addition of each drug until baseline was
reached. Kso was also applied at the end of the recording to ensure cell viability. Initially a
concentration response to ATP was performed by addition of either vehicle (dH,0), 0.1uM, 1uM,
10uM, 100uM or 1000uM ATP for 3 minutes. Only one ATP concentration was tested per dish as
repeated exposures would increase the risk of photobleaching whereby increased light exposure could

cause fading of the fluorescent signal.

4.2.1.2 Data Analysis

Cells with a diameter of over 20uM were used for analysis as these were more likely to be sensory

neurons (Hunter et al., 2000). Changes in [Ca?*]iinduced by the agonists were calculated as the total
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area under the curve, (A.U.C) of the fluorescence ratio over time from resting level. Responses were
then normalised as a percentage of the initial Kso response and expressed as mean + SEM, with

statistical significance set at P < 0.05.
4.2.2 In vitro isolated vagus nerve recordings

Guinea pig vagal nerve trunks were dissected free from surrounding tissue, de-sheathed and
maintained in modified Krebs-Henseleit (KH) buffer and bubbled with 95% 02 / 5% CO2. The isolated
vagus nerve trunk was placed into a grease gap recording chamber, and depolarisation was recorded
as previously described in section 2.4.1. Sub-maximal concentrations of agonists were previously
determined from agonist concentration response curves previously carried out in this system (Bonvini
et al., 2016). Key experiments were also repeated using human vagus nerve derived from a deceased

65-year-old female donor, who was diagnosed with COPD.

4.2.2.1 Agonist concentration response curves

To determine if ATP caused vagus nerve depolarisation, non-cumulative concentrations of either
vehicle (dH,0), 10uM, 30uM, 100uM, 300uM or 1000uM ATP were applied to the vagus nerve. A sub-

maximal ATP concentration was used for antagonist studies.

4.3.2.2 Antagonist concentration response curves

A concentration response (0.01uM - 10uM) of non-selective P2X3 (clinically relevant Gefapixant and
preclinical tool AF-353) or vehicle (0.1% DMSO) were measured against the sub-maximal
concentrations of ATP (100uM) or the TRPV4 agonist, GSK1016790A (GSK101, 300nM) induced
depolarisation. These concentrations were based on previous experiments performed in this system

and by other groups (Bonvini et al., 2016, Garceau and Chauret, 2019).

Briefly, two reproducible agonist responses were established, followed by incubation with a single
concentration of antagonist for 10 minutes and then re-stimulation of the nerve with agonist in the
presence of antagonist to determine inhibition of the response. Nerves were then washed with Krebs

until baseline was reached, followed by a final agonist response to ensure the nerve was still viable.

4.3.2.3 Data Analysis

Nerve depolarisation was assessed by measuring the peak amplitude of the response in millivolts
(mV). The approximate ICso and PICsp values were calculated for each antagonist. All data are

presented as mean * S.E.M, with statistical significance set at P < 0.05.
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4.2.3 Electrophysiological tracheal recording of the Recurrent Laryngeal Nerve

In addition to measuring nerve activity of receptors expressed along the vagus axon,
electrophysiological tracheal recording (eTRec) is an ex vivo technique that can be used to measure
nerve activity evoked from peripheral airway sensory nerve terminals. This is a more physiologically
relevant setting as the trachea is constantly perfused with KH solution, to which drugs can be added
to act on peripheral nerve terminals in situ within the tracheal lumen. Compound action potentials
are then measured within the recurrent laryngeal nerve (RLN) which is a branch of the vagus nerve

that innervates the upper airways (Figure 4.1).

4.2.3.1 Electrophysiological tracheal recording of the RLN set-up

Male Dunkin-Hartley guinea pigs (350 — 400g) were euthanised as described in section 2.1.2. The
larynx, trachea, oesophagus, heart, lungs and innervating nerves from the vagal ganglia down to the
superior mediastinum were dissected out en bloc. Care was taken to ensure all the nerve connections
remained intact whilst any remaining connective tissue was removed. Heart, oesophagus, lung lobes,
arteries and veins were carefully removed while preserving the innervation. All nerves connected to
these organs were cut. The recurrent laryngeal nerve was exposed where it branches to the vagus
nerve and the nerve bundles were carefully separated and held in place with micro-pins on a silicone
block. A similar technique was used as previously described (Ricco et al., 1996). The trachea, primary
bronchi and vagus nerves were part of the preparation. The left superior laryngeal nerve (SLN) and
inferior branches of the laryngeal nerve and the left and right recurrent laryngeal nerve were also left
intact. These tissues were placed inside a custom-made perspex bath and immersed in oxygenated KH

solution at a pH of 7.4.

The airways were perfused with KH solution or drugs via cannulation of the larynx and bronchi at a
rate of 2ml per minute and collected in a waste trap. Drugs were prepared in 37°C Krebs-Henseleit
(KH) solution (containing, in mM: NaCl 118; KCI 5.9; MgS04 1.2; CaCl, 2.5; NaH,P0O4 1.2; NaHCO; 25.5
and glucose 5.6; pH 7.4) and bubbled with 95% O, / 5% CO,.The tissues within the bath were separately
perfused with KH solution at a rate of 10ml per minute. All solutions used were maintained at 37°C

using an automated heating controller (TC-344C Warner Instruments, UK).

The left RLN was cut close to where it branches from the vagus nerve and the nerve bundles were
carefully separated and held in place with micro-pins on a silicone block. A recording suction electrode
made from a heat-pulled (narishige PC-10 puller) and fire polished (Narishige MF-900 Microforge) (tip
200-300 pum Int. @) borosilicate glass capillary (1.5 mm Ext. @, 1.17 mm Int. @; no inner filament; Clark
glass capillary, Warner Instruments) that was pre-filled with KH solution was applied to each bundle

sequentially until identification of the tracheal sensory bundle (increased firing in response to Kso
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perfused in the tracheal lumen). The lumen was washed off with KH until its firing returned to normal
after each application. Once the recording electrode was connected to the sensory bundle, the
preparation was left to rest for 20 minutes. The reference electrode was placed in a side chamber
filled with KH and connected to the bath by an agar bridge. Recording electrodes had a silver/silver-
chloride filament and was inserted in a precision-made holder (QSW-M20P, Warner Instruments)
connected to a recording headstage (NL100AK Neurolog headstage, Digitimer; FL, USA) and a
neurology extracellular action potential recording system. The electrode was positioned using a thin
three-Axis Coarse/Fine Micromanipulator (Narishige M-3333, Japan). The reference electrode was a

silver/silver-chloride pellet electrode (WPI) connected to the recording headstage.

The difference in potential (LV) between the electrodes was recorded by connecting them to a pre-
amplified headstage (NL104A — AC Preamplifier, Digitimer; FL, USA). Signals received were amplified
(x10,000; NL106 — AC/DC Amplifier, Digitimer) and filtered (NL125 — Band-Pass Filter, Digitimer set to
500Hz High Pass and 2000Hz low pass). Any mains electrical 50 Hz interference was removed using a
noise eliminator (Humbug, Digitimer; FL, USA). The output was converted to a digital signal at 50kHz

and analysed with Spike 2 software (Cambridge Electronic Design Limited; Cambridge, England).
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Figure 4. 1 A schematic to demonstrate the set-up of the electrophysiological tracheal recording
system as it records recurrent laryngeal nerve (RLN) activity.

4.2.3.2 Interpretation of RLN recordings

Key differences between the isolated vagus nerve system and eTRec recordings of RLN (a distal branch
of the vagus nerve in the upper airways) are that drugs used to activate the RLN are perfused through

the trachea where they act on peripheral airway sensory nerve terminals within the trachea.
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Additionally, in the isolated vagus nerve system, a localised depolarisation is measured (which may or
may not represent action potential firing), whereas in eTrec the suction electrode records action
potentials which have propagated along the nerve from the peripheral terminals in the trachea. The
eTrec recorded signal therefore represents compound action potential firing initiated from the

peripheral terminals of tracheal afferents.

4.2.3.3 Concentration response protocol

Initially to generate a positive control response, capsaicin (0.3uM) was perfused through the trachea
for 2 minutes to confirm viability of the nerve. Following a wash-off period and once nerve firing had
reached background activity, vehicle (0.1% dH,0) and various concentrations of ATP (1uM-1mM), or
vehicle (0.1% DMSO) and various concentrations of GSK101 (0.1-100nM) were applied in sequence,
each for 10 min followed by a wash to baseline in order to determine their effect on nerve activity. A

final application of capsaicin (0.3uM) was performed to confirm nerve viability.

4.2.3.4 Antagonist response protocol

A positive control response to capsaicin (0.3uM) was determined by perfusing capsaicin through the
trachea for 2 minutes to confirm viability of the nerve. Following a wash-off period and once nerve
firing had reached background activity, ATP (100uM) or GSK101 (300nM) was perfused through the
trachea for 10 minutes followed by a wash-off period. This response was repeated and following wash
off the trachea was perfused with the antagonist AF-353 for 10 minutes. ATP or GSK101 with AF-353
was then perfused through the trachea to assess inhibition of the antagonist and following 30 minutes
of wash-off of all compounds, a final stimulation with ATP or GSK101 was applied to confirm nerve

viability.

4.2.3.5 Data analysis

The effect of drugs were determined by subtracting the nerve mass activity of the RLN recorded prior
to the addition of drugs from the nerve mass activity of the RLN whilst the trachea was perfused with
a drug for the same amount of time (i.e. A NMA =.[*'(Abs(uV)).sec.- [©"°/(Abs(uV)).sec.). All data

are presented as mean + S.E.M, with statistical significance set at P < 0.05.
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4.3 Results

4.3.1. Effects of ATP on [Ca?*]; in guinea pig jugular and nodose airway-specific ganglia

neurons and single cell expression data

The functional effects of ATP were investigated by measuring changes in [Ca®*];in jugular and nodose
airway-specific ganglia neurons. These tissues were used as they contain the cell bodies of airway
terminating vagal fibres which may mediate the cough reflex. A vehicle response (0.1% dH,0) and a
concentration range of ATP (0.1 - 1000uM) were tested in dishes containing jugular or nodose ganglia
airway-specific neurons. ATP-induced a concentration-dependent increase in [Ca%*]; which is indicative
of activation of the neurons in both airway specific jugular and nodose ganglia neurons (Figure 4.2).
However, afMe-ATP-induced a concentration-dependent increase in [Ca%];in airway specific nodose
neurons but not in jugular neurons which is similar to the responses shown with the TRPV4 agonist,

GSK101 (Bonvini et al., 2016).

Nodose and jugular neurons from a single naive guinea pig were also sent for next generational RNA
sequencing which showed that 2/11 and 4/11 jugular neurons expressed P2X2 and P2X3 respectively.
All 10 nodose neurons sequenced expressed P2X2 and P2X3 (Figure 4.2D). Despite differences in
receptor expression, both airway specific jugular and nodose ganglia neurons responded similarly to

ATP in a concentration-dependent manner.
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Figure 4. 2 Effect of ATP and aBMe-ATP concentration response on intracellular calcium levels in
guinea pig jugular and nodose airway neurons and purinergic receptor expression.

(A) Example trace and image of intracellular calcium responses in two isolated airway-specific nodose

neurons. Traces show the ratio of the light intensity emitted by calcium-bound/unbound Fura2 by
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sequentially exposing neurons to A = 340nm and A = 380nm and respectively measuring the light
emitted at A = 520nm. Neurons were exposed to Kso followed by ATP (100uM) and a final Kso response
to ensure cell viability. Summary data of [Ca?']; increases induced by vehicle (0.1% dH;0) or (B) ATP
(0.1 —1000uM) N=3-8 or (C) aBMe-ATP (1-300uM) N=3-4 in jugular and nodose neurons measured as
area under curve (A.U.C) and normalised as a percentage of the response to Kso (%Kso). Data shown as
mean + SEM. * indicates statistical significance at p<0.05 using Kruskal Wallis test and Dunns post-test
comparing responses to vehicle. (D) Single cell purinergic receptor expression data from 11 jugular and
10 nodose neurons from a naive male Dunkin-Hartley guinea pig N=1. Data presented a % neurons

expressing a receptor.
4.3.2. Effects of ATP concentration response on guinea pig vagus nerve

Having shown that ATP activates airway terminating vagal neurons, the effects of ATP on whole vagus
nerve segments was assessed using the in vitro isolated vagus nerve recording technique performed
using vagus nerves from naive guinea pigs. This technique was used to determine the effect of ATP on
all the nerve fibres contained within the vagus nerve (not just airway-terminating nerves) but is

amenable to higher throughput pharmacological investigation.

A vehicle response (0.1% dH,0) and an ATP concentration response (10uM — 1mM) was performed
and showed that ATP caused depolarisation of vagal sensory afferent nerve fibres in a concentration-
dependent manner (Figure 4.3). A similar concentration-dependent increase in depolarisation was

seen with afMe-ATP and the TRPV4 agonist GSK101 (Bonvini et al., 2016).

0.15-

0.10+

0.05+

Depolarisation (mV)

0.00-
Vehicle  10uM 30uM 100uM  300pM 1mM

Figure 4. 3 Effect of ATP concentration response on guinea pig vagal nerve depolarisation.

Effect of vehicle (0.1% dH,0) and an ATP concentration response (10uM — 1mM) on depolarisation of
guinea pig vagus nerve, N=4, data shown as mean + SEM. * indicates statistical significance at p<0.05

using Kruskal Wallis test and Dunns post-test comparing responses to vehicle.
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4.3.3 Effects of ATP on guinea pig recurrent laryngeal nerve

In addition to measuring activation of receptors expressed on airway-specific neurons and the
neuronal axon of the vagus nerve, the ex vivo electrophysiological tracheal recording (eTRec) system
can be used to measure effects of ATP on nerve terminals. eTRec measures the activation of a branch
of the vagus, the recurrent laryngeal nerve (RLN) which innervate the upper airways. This trachea-
attached nerve recording technique has the advantage of being able to measure nerve activity
following activation of receptors on the peripheral nerve termini within the tracheal lumen as drugs

are perfused through the trachea.

Having shown that ATP can directly cause activation of isolated airway-specific neurons, and isolated
vagus nerves, this technique was used to examine whether the endogenous ligand ATP administered
to the peripheral nerve terminals in the trachea could elicit activation of airway sensory nerves of the
recurrent laryngeal nerve (RLN). ATP did cause a concentration-dependent increase in neuronal mass
activity in this system, demonstrating that the endogenous ligand ATP can elicit airway sensory nerve
firing when administered to the nerve terminals in the trachea (Figure 4.4A-B). The effects of afMe-
ATP were also assessed as a comparator and caused activation of RLN airway nerves as expected

(Figure 4.4C).

Previous publications from the group have also shown that the TRPV4 agonist GSK101 causes
depolarisation of the vagus nerve in a concentration-dependent manner via the release of ATP and
subsequent activation of P2X3, known as the TRPV4-ATP-P2X3 axis (Bonvini et al., 2016). Using the
eTRec system, the effects of the TRPV4 agonist GSK101 were also examined. The activation of TRPV4
by GSK101 caused activation of RLN airway nerves, similar to the direct application of ATP (Figure

4.4D).
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Figure 4. 4 Effect of ATP, aBMe-ATP and GSK1016790A on guinea pig RLN activity.

(A) Example traces of ATP concentration response (10uM — 1mM ATP), and summary graphs showing
the effect of (B) vehicle (0.1% dH,0) or ATP (1uM — 1mM ATP), (C) vehicle (0.1% dH>0) or aBMe-ATP
(100uM), (D) vehicle (0.1% DMSO) or GSK101 (300nM) on trachea-attached guinea pig recurrent
laryngeal nerve. Data presented as delta nerve mass activity where background activity is recorded
prior to the addition of drug for the same amount of time and subtracted from drug responses. N=3,
data shown as mean + SEM. * indicates statistical significance at p<0.05 using Kruskal Wallis test and

Dunns post-test comparing responses to vehicle.
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4.3.4 Effects of P2X3 antagonists on direct and indirect ATP-induced guinea pig vagus nerve

depolarisation

Having shown that ATP causes depolarisation and firing of airway sensory nerves using 3 different
techniques, the effects of a pre-clinical and a clinical P2X3 antagonist against direct ATP-induced vagus
nerve depolarisation were examined to confirm that the depolarisation observed was via the sensory
nerve receptors for ATP. Additionally, the effect of the P2X3 antagonists on TRPV4 agonist-induced
depolarisation were examined, to compare the effects of the pre-clinical and clinical antagonist on the

endogenously released ATP following activation of TRPV4.

The effect of vehicle (0.1% DMSO) or increasing concentrations (0.01-10uM) of the non-selective P2X3
antagonists Gefapixant and AF-353 (analogue of Gefapixant) on depolarisation induced by a sub-
maximal concentration of 100uM ATP or 300nM GSK101 were examined. Concentration-dependent
inhibition of both TRPV4 and ATP-induced vagus nerve depolarisation were observed with both P2X3

antagonists (Figure 4.5).

93



>
(vs)

100+ 100+
A T & 80 T
< . < T
) )
c 60- c 60-
2 o
: 2 W
= 40 - 8
£ £
® 20 X 20
D T ’_-|L‘ T T T G T T T T T
Veh 0.01 01 1 10 Veh 0.01 01 1 10
AF-353 (uM) Gefapixant (uM)
IC5p= 0.1-1uM, PIC5p = 7-6 IC5p= 10-100nM, PIC5y =8-7
C D
100+ 100+
- - - « T
E 80 =L E 80-
-
[z 1 @ .
4 60- Y 60
E: 5
5 40 5 40+
£ £
= 20 2 204
0 lﬂl—:[ T T 1 T C '_—lr_[ T T T T
Veh 0.01 0.1 1 10 Veh 0.01 041 1 10
AF-353 (pM) Gefapixant (pM)
ICsp= 10-100nM, PIC 5= 8-7 ICsp= 0.1-1uM, PICsy= 7-6

Figure 4. 5 Effect of P2X3 antagonists on direct and indirect ATP-induced vagus nerve
depolarisation in the guinea pig.

ATP (100uM) and GSK101 (300nM) were used on the following P2X3 antagonist concentration
responses (0.01uM -10uM); AF-353 and Gefapixant. (A-B) P2X3 antagonists against 100uM ATP-
induced depolarisation and (C-D) P2X3 antagonists against 300nM GSK101-induced depolarisation.
N=4-6, data shown as mean * SEM. * indicates statistical significance at p<0.05 using Kruskal Wallis

test and Dunns post-test comparing responses to vehicle.

The table below compares the different plCso values observed in the literature for human and rat P2X3
and P2X2/3 expressed in cells lines (Table 4.1). PICso is equivalent to the -log(IC50) where the larger
the PICso value, the more potent the compound. From the effect of various concentrations of P2X3

antagonist on ATP- and GSK101-induced depolarisation, a crude estimate of IC50 was obtained (as
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illustrated in Figure 4.5 above). The approximate potencies of AF-353 and Gefapixant in guinea pig
isolated vagus nerve were broadly similar to the potencies reported against heterologously expressed
human and rat P2X3 in cell lines. According to the literature, Gefapixant does not look to be as potent
as BLU-5937 which is more selective for P2X3 which may explain why it is more effective in the clinic

and has a lower incidence of taste disturbance effects (Birring et al., 2022).

Compound plCso P2X3 pICso P2X2/3
Human Rat Human
AF-353 8.1 8.1 7.4

(Carter et al., 2009)

Gefapixant 6.8 6.7

(Richards et al., 2019)

BLU-5937 7.6 7.0 <4.6°

(Garceau and Chauret, 2019)

Table 4. 1 Table of pIC50 of P2X3 antagonists on P2X3 and P2X2/3 receptors from the literature.

4.3.5 Effects of P2X3 antagonists on direct and indirect ATP-induced firing of the recurrent

laryngeal nerve

Using the eTRec system it was shown that direct ATP and indirect ATP (through the activation of
TRPV4) causes firing of the RLN when stimuli are applied to the peripheral nerve terminals in situ in
the trachea. In isolated whole vagus nerves ATP and GSK101-induced depolarisation could be blocked
by AF-353, therefore the effect of AF-353 against ATP and GSK101-induced activation of airway nerves

was examined in the eTrec system.

A sub-maximal concentration of 100uM ATP and 300nM GSK101 were used for these experiments.
10uM AF-353 blocked ATP and GSK101-induced firing of the RLN which suggests that blocking P2X3
receptors on airway nerve peripheral terminals inhibits both directly applied ATP and also indirect

indigenously released ATP (Figure 4.6).
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Figure 4. 6 Effect of P2X3 antagonist AF-353 against direct and indirect ATP-induced activation of
the recurrent laryngeal nerve.

ATP (100uM) or GSK101 (300nM) were perfused into the tracheal lumen for 10 minutes twice to elicit
control nerve responses. Vehicle (0.1% DMSO) or AF-353 (10uM) were then administered alone for 10
minutes prior to another stimulation with either ATP or GSK101 in the presence of vehicle/AF-353 for
10 minutes. All drugs were washed off for 30 minutes prior to a finial stimulation with ATP or GSK101
to confirm viability. (A) Example trace of ATP responses prior to, in the presence of, and following wash-
out of AF-353. Bar graphs presented as A nerve mass activity showing effect of (B) vehicle or (C) AF-
353 on ATP responses, and (D) vehicle or (E) AF-353 on GSK101 responses. Background activity is
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recorded prior to the addition of drug for the same amount of time and subtracted from drug
responses. N=3 per group, data shown as mean * SEM. * indicates statistical significance at p<0.05

using paired t test comparing responses before and after addition of antagonist.

4.3.6 Effects of P2X3 antagonists on direct and indirect ATP-induced human vagus nerve

depolarisation

An additional advantage of the in vitro isolated vagus nerve recording system is that it can be used to
obtain translational data using human donor tissues. Having shown the effects of ATP on airway
sensory nerves in the guinea pig, it was important to see if these effects could be translated to and

reproduced in human donor tissues.

The effects of P2X3 antagonists on ATP and TRPV4 induced depolarisation of human vagus nerve were
investigated using human vagus from a deceased 65-year-old female COPD patient. AF-353 and
Gefapixant caused a concentration-dependent inhibition of ATP-induced vagus nerve depolarisation

(Figure 4.7A-C) and could also inhibit TRPV4-induced vagus nerve depolarisation (Figure 4.7C).
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Figure 4. 7 Effect of P2X3 antagonists on- direct and indirect ATP-induced depolarisation of human
vagus nerve.

P2X3 antagonist concentration responses (0.1uM -10uM); (A) AF-353 and (B) Gefapixant were tested
against ATP (100uM) induced vagus nerve depolarisation. These P2X3 antagonists (10uM) were also
tested against GSK101 (300nM) induced depolarisation (C). Due to limited availability of human

tissues, N=1.

Table 4.1 in section 4.3.4 compares the plCs values in the literature for P2X3 and P2X2/3 receptors
against human and rat P2X3 and P2X2/3 expressed in cell lines. The potency of the same ligands on

ATP-induced human vagus nerve depolarisation (Figure 4.7) appeared to be broadly similar. However,
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Due to limited availability of human tissues this was only from N=1 and more N numbers ( N = 3-5)

are required for statistical analysis to confirm these findings.
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4.4 Discussion

The aims within this chapter were to demonstrate the activation of airway sensory nerves by

endogenous ATP in preclinical models.

Previous studies have investigated the metabolically stable analogue of ATP, afMeATP on airway
sensory nerves (Bonvini et al., 2016). ABMeATP is more selective for P2X1 and P2X3 purinergic
receptors. However, less is known about the pharmacological effects of the endogenous ATP ligand in
airway afferents. The data gathered in this chapter utilised different techniques including calcium
imaging of airway specific ganglia neurons, isolated vagus nerve recording, and electrophysiological
tracheal-attached recordings (eTRec) of the recurrent laryngeal nerve (RLN) to investigate the
pharmacological effects of endogenous ATP on airway sensory nerves. Guinea pig tissues were used

as they have a cough reflex similar to that of humans.

Calcium imaging of airway sensory nerves is a useful technique that can measure the influx of calcium
into airway-specific neurons as an indication of nerve activation. This enables investigation of the
effect of compounds on receptors present on airway terminating vagal neurons. Using this system, it
was found that ATP caused concentration-dependent increases in intracellular calcium levels in both

airway specific nodose and jugular neurons (Figure 4.2).

Next, the effects of ATP on sections of the whole vagus nerve trunk were investigated. In vitro isolated
vagus nerve recording were used to investigate the effects of ATP following activation of receptors
expressed on the neuronal axon of the vagus nerve. An advantage of this technique is that it is
relatively high-throughput and can also be used on human donor tissues. Similar to findings using

calcium imaging, ATP caused concentration-dependent depolarisation of the vagus nerve (Figure 4.3).

Having measured activation of receptors expressed on airway-specific neurons and the neuronal axon
of the vagus nerve, the ex vivo electrophysiological tracheal recording (eTRec) system was used to
measure the effects of ATP on nerve terminals. eTRec measures a branch of the vagus, the recurrent
laryngeal nerve (RLN) which innervates the upper airways. This technique uses a more physiologically
relevant way of causing nerve activation as it measures nerve activity following activation of receptors
on the nerve termini within the tracheal lumen as drugs are perfused through the trachea. ATP
perfused through the trachea caused increasing firing of compound action potentials (CAP) of airway

sensory nerve endings within the RLN of guinea pigs (Figure 4.4).
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In order to understand the pharmacology of ATP in airway sensory nerves, the effects of blocking ATP-
activated P2X3 receptors was examined. P2X3 receptors are ion channels which consist of 3 subunits;
these may be identical P2X3 subunits (homotrimeric) or may contain a single P2X2 subunit, known as

P2X2/3 heterotrimeric channels.

Gefapixant is a non-selective P2X2/3 antagonist which was one of the first drugs to show antitussive
efficacy in phase 2 clinical trials in refractory chronic cough patients. Data from the most recent
Gefapixant phase 3 clinical trial found that Gefapixant dosed at 45mg twice per day showed significant
reduction in 24 hour cough frequency compared to placebo at week 12 (18.5% reduction) and at week
24 (14.6% reduction) (McGarvey et al., 2022, Smith et al., 2020b). Given the efficacy of Gefapixant in
large scale clinical trials, it is currently in the process of FDA and MHRA approval. However, the most
common adverse effect of Gefapixant was taste disturbances which is thought to be related to its
impact on P2X2 and P2X2/3 heterotrimeric receptors which are thought to be involved in taste signal
transduction. The development of more a selective P2X3 antagonist which blocks P2X3 homotrimeric
channels rather than the heteromeric P2X2/3 channels could potentially overcome taste disturbance

side effects whilst maintaining antitussive efficacy.

Bellus Health have developed a selective and non-competitive homotrimeric P2X3 antagonist, BLU-
5937 (Camlipixant). Pre-clinical studies had shown that this compound had antitussive efficacy in a
guinea pig cough model, but —in point of difference from Gefapixant — did not alter taste perception
in a rat behavioural taste model (Garceau and Chauret, 2019). This compound was taken forward to
clinical trials and in their most recent phase 2b trial (SOOTHE trial) BLU-5937 caused significant
reductions in 24-hour cough frequency compared to placebo at week 4 when dosed twice daily in
refractory chronic cough patients; 21.1% reduction at 12.5mg , 34.4% reduction at 50mg and 34.2%
reduction at 200mg (Smith et al., 2022). This efficacy was observed in patients with a higher cough
rate. Importantly, a lower and milder incidence of taste disturbance adverse events was recorded
compared to those seen with Gefapixant. Camlipixant is now in phase 3 clinical trials evaluating the
efficacy, safety, and tolerability of the compound in refractory chronic cough patients with results
expected in 2024/2025. These phase 2 clinical trial data suggest that Camlipixant may be more
effective at reducing cough frequency compared to Gefapixant with fewer adverse taste effects,
though phase 3 clinical trial data is required to make these comparisons. The promising potential of
these P2X3 receptor antagonists for the treatment of refractory chronic cough has led to the
development of other novel selective P2X3 antagonists as outlined in section 1.3.8. (Friedrich et al.,

2023, Niimi et al., 2022).
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The pre-clinical data presented here is therefore in line with what is observed in the clinic as
Gefapixant and its pre-clinical analogue AF-353 were capable of blocking ATP-induced vagus nerve
depolarisation in guinea pig tissues (Figure 4.5). In addition to demonstrating that P2X3 receptor
antagonism can block ATP in segments of isolated vagus nerve, it was also shown that AF-353 can

inhibit ATP-induced firing of the airway nerve terminals in the RLN of the guinea pig (Figure 4.6).

Having shown that P2X3 antagonists can block airway sensory nerve activation through the
endogenous ATP ligand, it was also important to examine whether it could also block indirect
endogenously released ATP driven through the activation of TRPV4. Previous publications have shown
that the TRPV4 agonist GSK1016790A (GSK101) causes depolarisation of guinea pig vagus nerve in a
concentration-dependent manner which is thought to be through the release of ATP and subsequent
activation of P2X3, known as the TRPV4-ATP-P2X3 axis (Bonvini et al., 2016). The data presented in
this chapter demonstrates that P2X3 antagonists were able to block TRPV4- induced activation in both

isolated guinea pig vagus nerve tissues and in tracheal-attached guinea pig RLN.

This pre-clinical data therefore supports the clinical findings of reduced cough frequency in refractory
chronic cough patients in response to Gefapixant and BLU-5937. Importantly, translational studies
using human donor tissues demonstrated that ATP-induced depolarisation (both directly applied ATP
and ATP released via TRPV4 activation) of human vagus nerve was inhibited by Gefapixant and AF-353

(Figure 4.7), supporting a role for ATP in cough.

When comparing the rank potency of these compounds in the literature (Table 4.1), AF-353 is reported
to be the most potent in both human P2X3 and rat P2X3 expressing cells, however the relative
differences in potencies are not large. In isolated vagus nerves from both humans and guinea pig, the
2 antagonists examined appeared to be broadly similar in terms of their potency, however only rough
ICso values can be obtained with the data from this system. Any slight differences in potencies are
likely due to differences in receptor expression in the vagus nerve which is a more physiologically
relevant setting for investigating these antagonists on airway sensory nerves. The main finding
therefore is that both P2X3 antagonists tested inhibited the depolarisation caused by both directly

applying ATP and inducing ATP release provoked by a TRPV4 agonist.

In summary, these data support the hypothesis that the endogenous ATP ligand can cause activation
of airway sensory nerves, which can be blocked using P2X3 antagonists. The pharmacology of P2X3
antagonists in pre-clinical primary tissues lines up with the effectiveness of P2X3 antagonists in chronic

cough patients in clinical trials. Thus far, clinical trials have shown that blocking the action of ATP on
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sensory nerves is an effective way to reduce cough, however an alternative strategy for therapy could
be to reduce the amount of ATP in the extracellular space. The next aim will be to investigate the
effects of breaking down this ATP using CD39, an ecto-nucleotidase enzyme that rapidly metabolises
ATP to AMP. This next chapter will gather data to explore the potential use of CD39 as a therapy for
airway disease conditions, where lung eATP is elevated, through investigating the effects of CD39 on

airway sensory nerves.
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Chapter 5: Investigating the Effects of Ecto-nucleotidases on
ATP-Induced Activation of Airway Sensory Nerves

5.1 Rationale

In the previous chapter ATP was shown to cause activation of airway sensory nerves in pre-clinical
primary tissues through activation of P2X3 purinergic receptors. This was directly through the addition
of ATP or through indirect release of ATP via activation of the TRPV4 receptor. This activation could
be blocked using P2X3 receptor antagonists which is in line with the efficacy of P2X3 antagonists in
refractory chronic cough patients in clinical trials (Smith et al., 2020b, McGarvey et al., 2022).
However, blocking these purinergic receptors have only demonstrated partial reduction in cough
compared to placebo and are associated with taste-disturbance side effects (McGarvey et al., 2022).
Therefore, a better therapeutic approach may be to target extracellular ATP (eATP) upstream of P2X3
purinergic signalling by reducing the amount of eATP present in the extracellular space through

increased breakdown of ATP.

Under normal conditions, ATP is highly regulated and broken down in the extracellular space by ecto-
nucleotidases including CD39 and CD73 (Figure 5.1), which rapidly metabolises ATP to AMP and AMP
to adenosine respectively (Zimmermann et al., 2012). However, increased eATP in the lungs
contributes to the pathogenesis and symptoms of chronic lung diseases which could be through
increased release of ATP via activation of receptors such as TRPV4 and/or dysregulation in the
breakdown of eATP. This is supported by a study which showed an attenuation of CD39 expression in
the lung tissue of patients with COPD, which could be responsible for pulmonary ATP accumulation
(Aliagas et al., 2018). Therefore, increasing breakdown of eATP using enzymes such as CD39 could be

a potential therapy strategy for airway disease conditions where lung eATP is elevated.

In order to test this, two versions of the CD39 enzyme, CD39-His (WT CD39) and CD39-analogue (an
engineered version of CD39-His) will be investigated to determine their effects on ATP-induced
activation of airway sensory nerves. An inactivate mutant version of CD39 (CD39-Mut) will also be
tested as a negative control. These results could indicate whether increasing ATP breakdown could be

a potential additional strategy for the treatment of chronic cough.
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Figure 5. 1 Schematic demonstrating ATP breakdown in the extracellular space by ecto-nucleotidase
enzymes. CD39 metabolises ATP to AMP which is then further metabolised by CD73 to adenosine.

5.1.1 Chapter hypothesis

The activation of airway sensory nerves by ATP can be reduced by breaking down ATP present in the

extracellular space using the ecto-nucleotidase enzyme CD39.

5.1.2 Aims

e Determine the effects of ATP breakdown on direct ATP and indirect TRPV4 induced
depolarisation of isolated guinea pig vagus nerves.

e Determine the effects of ATP breakdown on TRPV4 induced firing of single afferent Ab- fibres.

e Determine the effects of ATP breakdown on TRPV4 induced cough in a conscious guinea pig

cough model and its impact on eATP in biological samples.
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5.2 Methods

CD39 tools were provided by collaborators in the Biologics engineering team at AstraZeneca, Sweden.
CD39-His was comprised of WT CD39 followed by a 6x Histidine tag. CD39-analogue was an engineered
version of CD39-His and CD39-Mut was the lower activity variant of CD39-His which contained four
mutations targeted to the enzymatic active site and were shown by the Biologics engineering team at
AstraZeneca to be approximately 65-fold lower in enzymatic ATP hydrolysis activity compared to WT

CD39-His.
5.2.1 Cell Titer Glo assay

The enzymatic activity of two CD39 enzymes; CD39-His and CD39-analogue were investigated using
the commercially available Cell Titer Glo assay (Promega, USA) as per the manufacturer’s protocol.
Briefly, changes in relative light units (RLU) in plates spiked with 100uM ATP were assessed with

increasing concentrations of CD39 variants (0.001nM — 10nM).
5.2.2 In vitro isolated vagus nerve recordings

Male guinea pig vagal nerve trunks were dissected and placed in a grease-gap recording chamber as
previously described in section 2.4.1. Sub-maximal concentrations of agonists were previously

determined from agonist concentration response curves previously carried out in this system.

5.2.2.1 Enzyme concentration response curves

A concentration response between 1-300nM of CD39-His and 0.1-300nM CD39-analogue were
measured against the previously determined submaximal concentrations of ATP (100uM) and TRPV4
agonist GSK1016790A (GSK101, 300nM) induced depolarisation based on previous literature (Bonvini

et al.,, 2016). A mutant version of CD39 (CD39-Mut) was also tested as a negative control.

A classical pharmacological approach was taken where two reproducible agonist responses were
established, followed by incubation with a single concentration of enzyme for 10 minutes and then
restimulation of the nerve with agonist in the presence of the enzyme to determine inhibition of the
response. Nerves were then washed with Krebs until baseline was reached, followed by a final agonist

response to ensure the nerve was still viable.

5.2.2.2 Data Analysis

Nerve depolarisation was assessed by measuring the peak amplitude of the response in millivolts
(mV). The approximate ICso and PICso values were determined for each agonist response. All data are

presented as mean * S.E.M, with statistical significance set at P < 0.05.
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5.2.3 In vivo single fibre recordings

This technique enables the investigation of compounds on the firing rate of individual airway sensory
nerve fibres in anaesthetised guinea pigs. This involves cutting the left and right vagus nerves at the
central end to prevent the generation of centrally-mediated reflexes and the left vagus nerve is then
teased down to individual fibres which impulses are measured from. This technique has the advantage
of measuring compounds on the nerve termini with an end point of nerve firing and therefore is more

physiologically relevant than in vitro isolated vagus nerve recordings.

5.2.3.1 Surgery
Male Dunkin Hartley guinea pigs (400 — 750g) were anaesthetised through intraperitoneal

administration of urethane (1.5g/kg) with additional anaesthetic administered as required. The right
jugular artery was cannulated for the administration of drugs. The neuromuscular blocker vecuronium
bromide was used to paralyse the animal with an initial dose of 0.1mg/kg intravenously followed by
0.05mg/kg every 20 minutes thereafter. Levels of anaesthesia were constantly monitored throughout

the procedure. Guinea pigs were then prepared as detailed in (Adcock et al., 2003).

Briefly, the trachea was cannulated and blood gas and pH were maintained at physiological levels
using a ventilator (Ugo Basile; Gemonio, Italy) set at a rate of 50 — 60 breaths per minute with a tidal
volume of 10ml/kg. The ventilator was connected to an Aerogen nebuliser (DSI; Minnesota, US) to
enable aerosolization of compounds into the airways. The right carotid artery was cannulated to
measure systemic arterial blood pressure and heart rate which were monitored using a transducer
(Gould P2X3L, MEMSCAP SP 844; Crolles, France). Temperature was monitored with a rectal
thermometer and maintained at 37°C using a heated blanket and control unit (Harvard Apparatus;
Massachusetts, US). Tracheal pressure was also recorded using an air pressure transducer

(SenSymb647, MEMSCAP SP 844; Crolles, France) attached to the side arm of the tracheal cannula.

Both cervical vagal nerves were cut at the central end and dissected free from the carotid artery,
sympathetic and aortic nerves. The left vagus nerve was further cleared of surrounding tissues and
fascia. The skin and muscles surrounding the cervical incision were tied to a metal ring, the centre of
which was filled with mineral oil to create a non-conductive well. Actional potentials were recorded
using Bipolar Teflon coated platinum electrodes which were exposed at the tips. Using a binocular
microscope, thin filaments were teased from the vagus nerve and placed on a recording electrode
until a single active unit of no more than 2 or 3 fibres were obtained. A reference electrode was placed
on the nerve fascia. These electrodes were connected to a preamplifier headstage (NL100k Digitimer.
The signal was then amplified (NL104 Digitimer), filtered (NL125 Digitimer), and passed through a

‘Humbug’ to remove 50-60hz mains electrical noise (Digitimer). All signals (including arterial blood
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pressure, tracheal pressure and heart rate) were recorded using Spike 2 data acquisition software. The
input signal was also monitored in real-time using a digital storage oscilloscope (DPO 2012, 75
Tektronix; OR, USA) which was fed through an audio amplifier to a loudspeaker. Guinea pigs were

euthanised through an overdose of pentobarbitone at the end of the experiment.

5.2.3.2 Nerve fibre identification

Single vagus nerve fibres were identified as originating from the family of slowly adapting stretch
receptors (SARs), rapidly adapting stretch receptors (RARs) or chemosensitive C-fibres using a set of
criteria previously outlined in (Adcock et al., 2003). These criteria would include patterns of
spontaneous activity of the fibre, responses to hyperinflation or deflation, conduction velocity and
responses to capsaicin and citric acid. Fibres that lacked spontaneous activity, a response to
hyperinflation and deflation but did respond to capsaicin, were assumed to be a C-fibres. Conversely,
fibres with a set pattern of spontaneous activity and responded to hyperinflation, deflation and to
citric acid aerosol were categorised as AS-fibres (RARs). Following the experiment, conduction velocity
was measured as a final means of verification, as non-myelinated C-fibres are slower than myelinated

Ab-fibres as outlined in (Adcock et al., 2003).

5.2.3.3 Experimental protocol

The following experimental protocol was carried out to investigate the effects of CD39-analogue and
the mutant control CD39-Mut on GSK1016790a (GSK101) induced firing of Ad-fibres. Once identified
as an AS-fibre, control responses were obtained to aerosolised GSK1016790a (100 ng mL?, 1 min).
After a 30-minute interval, either the control peptide (CD39-Mut, 30nM in 200uL) or CD39-analogue
(30nM in 200uL) was administered via aerosol. An aerosol of GSK101 (100 ng mL™%, 1 min) was then
repeated after administration of either the control peptide or CD39-analogue. Changes in fibre
activity, intratracheal pressure and blood pressure were continuously recorded throughout. Data
were expressed as mean + SEM of total action potential impulse firing before and after addition of

each drug.
5.2.4 Aerosol-induced conscious guinea pig cough model

This technique allows the investigation of tussive and antitussive stimuli in conscious, naive guinea
pigs which unlike mice or rats, have a similar cough response to that of humans (Maher et al., 2009).
The TRPV4 agonist GSK101 is a known tussive stimuli that causes cough in guinea pigs (Bonvini et al.,

2016).

Conscious unrestrained male Dunkin Hartley guinea pigs were placed in individual transparent perspex

plethysmography chambers (DSI; Minessota, US). A total of 8 chambers were run concurrently and

107



each individually connected to an Aerogen nebuliser (DSl). 8 guinea pigs were exposed to a tussive
stimuli at once. Coughs were recorded through the use of CCTV bird box cameras and microphones
(Spy Camera CCTV; Bristol, UK). Flow data were also recorded and analysed using DSI software. Cough
was retrospectively quantified by observing changes in pressure, sound and posture of the animal by

two trained observers.

5.2.4.1 Experimental protocol

Animals were anaesthetised with 4% isoflurane and intratracheally dosed with CD39-His 0.3mg/kg-
10mg/kg, vehicle (0.1% DMSO in 0.9% saline) or a mutant control (CD39-Mut 1mg/kg) 30 minutes
prior to challenge with the TRPV4 agonist, GSK101. Guinea pigs were placed in individual perspex
plethysmography chambers where they were exposed to aerosolised GSK101 30ug/mL for 5 minutes,
and cough counted for ten minutes. Cough counts were performed by analysing airflow patterns along
with manual observation by trained observers as previously described (Birrell et al., 2009, Maher et
al., 2009, Bonvini et al., 2016). BALF and plasma samples were collected in 6mM EDTA and ATP levels

were assessed using the Cayman ATP detection assay (see section 2.3.2)

5.2.4.2 Data analysis

All data are presented as mean + S.E.M, with statistical significance set at P < 0.05.
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5.3 Results

5.3.1. Concentration response of CD39 variants on 100uM ATP using a plate-based

luminescent assay

To determine the enzymatic activity of the two CD39 variants being investigated; CD39-His and CD39-
analogue, a concentration response curve of both enzymes (0.001-10nM) were assessed against
100uM spiked ATP using the Cell Titer Glo ATP assay. Both enzymes caused a concentration-
dependent decrease in luminescence with increasing concentrations of enzyme and the CD39-

analogue was more potent compared to CD39-His (Figure 5.2).
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Figure 5. 2 Concentration response of CD39 enzymes on 100uM ATP.

A concentration response (0.001nM — 10nM) of CD39-His and CD39-analogue were added to 100uM
spiked ATP and relative light units (RLU) measured using the Cell Titer Glo ATP assay.

5.3.2. Effects of CD39-His concentration response on ATP and GSK101 induced

depolarisation of guinea pig vagus nerve

Having previously shown that ATP causes depolarisation of airway sensory nerves using in vitro
isolated nerve recordings, the effects of CD39-His were assessed on direct-ATP-induced nerve
depolarisation to determine the impact of ATP breakdown. Additionally, the effect of CD39-His on
TRPV4 agonist induced depolarisation was examined as activation of TRPV4 has been shown to cause
ATP release and subsequent activation of airway sensory afferent nerves (Bonvini et al., 2016). The

effect of a mutant variant of CD39-His referred to as CD39-Mut was also tested as a negative control.
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The effect of vehicle (0.1% DMSO), CD39-Mut (300nM) and CD39-His (1-300nM) were examined on
depolarisation induced by sub-maximal concentrations of 100uM ATP or 300nM GSK101.
Concentration-dependent inhibition of both TRPV4 and ATP-induced vagus nerve depolarisation were

observed with CD39-His (Figure 5.3).
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Figure 5. 3 Concentration response of CD39-His on ATP and GSK101 induced depolarisation of guinea
pig vagus nerve.

Concentration-dependent dose response of CD39-His (1nM -300nM) on (A) 100uM ATP-induced
depolarisation of guinea pig vagus nerve, N=4 and (B) 300nM GSK101 induced depolarisation of guinea
pig vagus nerve N=3-4. Data shown as mean * SEM. * indicates statistical significance at p<0.05 using

Kruskal Wallis test and Dunns post-test comparing responses to vehicle.

5.3.3. Effects of CD39-analogue concentration response on ATP and GSK101-induced

depolarisation of guinea pig vagus nerve

The effects of another CD39 variant; CD39-analogue which appeared to be more potent using a plate-
based assay (see section 5.3.1) was also assessed on direct-ATP and indirect TRPV4 induced nerve

depolarisation to determine the impact of ATP breakdown.

The effect of vehicle (0.1% DMSO), CD39-Mut (300nM) and CD39-analogue (0.1-300nM) were
examined on depolarisation induced by sub-maximal concentrations of 100uM ATP or 300nM GSK101.
Concentration-dependent inhibition of both TRPV4 and ATP-induced vagus nerve depolarisation were

observed with increasing concentrations of CD39-analogue (Figure 5.4).
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Figure 5. 4 Concentration response of CD39-analogue on ATP and GSK101 induced depolarisation of
guinea pig vagus nerve.

Concentration-dependent response of CD39-analogue (0.1nM -300nM) on (A) 100uM ATP-induced
depolarisation of guinea pig vagus nerve, N=3-4 and (B) 300nM GSK101 induced depolarisation of
guinea pig vagus nerve N=3-4. Data shown as mean + SEM. * indicates statistical significance at p<0.05

using Kruskal Wallis test and Dunns post-test comparing responses to vehicle.

5.3.4. Effects of CD39-analogue on single fibre firing in guinea pig Ad- fibres

Having observed the effects of CD39 tools using isolated vagus nerve recordings, the next step was to
see whether these effects extend and translate in an in vivo model. Whole animal single afferent fibre
recording is a more airway relevant model that measures action potential firing in specific subtypes of
nerves. Previous publications using this technique have shown that aerosol administration of GSK101
causes a marked prolonged stimulation of AS- fibres (Bonvini et al., 2016). Therefore, the effect of the
more potent CD39-analogue and the mutant version CD39-Mut on TRPV4 induced Ab- fibre firing was

investigated.

The Ab- fibre was identified from other fibre subtypes by confirming its response to citric acid and
other criteria outlined in section 5.2.3. The mutant version of CD39 had no effect on GSK101 induced

Ab- fibre firing, however a marked reduction was observed with the CD39-analogue compound (Figure

5.5).
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Figure 5. 5 Effect of CD39 tools on TRPV4 induced Aé-fibre firing in guinea pigs.

Following identification of AS-fibres based on their response to 0.3M citric acid aerosol for 1 minute,
two control responses were obtained to aerosolised GSK101 (100 ng mL-1, 1 min). After a 10-minute
interval, either (A) CD39-Mut (30nM) or (B) CD39-analogue (30nM) was administered via aerosol for
30 minutes. An aerosol of GSK101 (100 ng mL-1, 1 min) and either CD39-Mut (30nM) or CD39-analogue
(30nM) was then repeated N=3. Data shown as mean *+ SEM of total action potential impulse firing
before and after addition of each compound. *indicates statistical significance (p < 0.05), paired t test

comparing responses before and after aerosol administration of enzyme.

5.3.5. Effects of CD39-His on GSK101 induced cough in guinea pigs

The effects of CD39 tools at reducing ATP-induced depolarisation has been demonstrated in isolated
vagus nerve recordings and single-fibre firing of Ad-fibres. However, the effects of CD39 tools on the
cough response in a whole animal in vivo is yet to be determined. Therefore, the next step was to
assess the effects of CD39 tools on the cough reflex in a conscious whole animal system. Previous
publications have shown that 30pg/mL aerosolised GSK101 induces cough in a guinea pig conscious
cough model. Importantly, cough could be reduced using a P2X3 receptor antagonist further
implicating the role of ATP in cough (Bonvini et al., 2016). Using this system, initially the effects of
intratracheally dosed CD39-mut (1mg/kg) and CD39-His (0.3 — 3 mg/kg) were investigated. At 3mg/kg
there appeared to be a trend towards decreased cough, although this was not statistically significant
(p=0.0699) (Figure 5.6). Future work will assess the impact of CD39-analogue in this model which was

shown to be more potent in vitro.
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Figure 5. 6 Investigating the effect of CD39-His on GSK101 induced cough in guinea pigs.

Number of coughs were measured over 10 minutes following challenge with aerosolised GSK1016790a
(30ug/ml) N=8 per treatment group. Data shown are mean + SEM. At 3mg/kg CD39-His p = 0.0699,

Kruskal-Wallis with Dunn’s multiple comparison test.

5.3.6. Effects of CD39-His on BALF eATP levels in a conscious guinea pig cough model

Levels of eATP in BALF samples from the guinea pig cough study were assessed using the ATP detection
assay. These measurements were used to determine whether there was target engagement of CD39-
His in the lungs and whether reduction in cough observed at the highest dose of CD39-His could be

attributed to reduced levels of eATP in the lungs.

CD39-His significantly reduced levels of eATP in BALF at all concentrations tested, with a small effect
of the mutant control. This could be explained as the mutant control was only 100x less potent than

CD39-His and so will elicit lesser rather than no inhibitory activity.
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Figure 5. 7 Investigating the effect of CD39-His on eATP in BALF from GSK101 induced cough in
guinea pigs.

eATP measured using the ATP detection assay in BALF samples from guinea pigs dosed with CD39-His
and challenged with aerosolised GSK1016790a (30ug/ml) N=8 per treatment group. Data shown are
mean *+ SEM. *indicates statistical significance (p=0.0052, 0.0091, 0.0052, respectively), analysed with

Kruskal-Wallis test followed by Dunn’s multiple comparison test.

5.3.7. Effects of CD39-His on plasma eATP levels in a conscious guinea pig cough model

Animals from this study were dosed intratracheally to ensure CD39-His was present in the lungs.
However, the effect of CD39-His on systemic levels of eATP were also assessed in plasma samples to
determine whether CD39-His reached the systemic circulation and was still active as this may be
indicative of potential systemic effects. CD39-His significantly inhibited systemic ATP in the plasma at
doses above 1mg/kg, with no effect of the mutant control (Figure 5.8). These data suggest that
systemic eATP can be broken down in vivo by CD39-His, and positively suggests that eATP can be

accurately detected in biological samples from animals treated with ATP intervention therapies.
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Figure 5. 8 Investigating the effect of CD39-His on eATP in plasma from GSK101 induced cough in

guinea pigs.

eATP measured using the ATP detection assay in plasma samples from guinea pigs dosed with CD39-
His and challenged with aerosolised GSK1016790a (30ug/ml) N=8 per treatment group. Data shown

are mean *+ SEM. *indicates statistical significance (p=0.0084 and 0.0143, respectively), analysed with

Kruskal-Wallis test followed by Dunn’s multiple comparison test.
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5.4 Discussion

The aim of this chapter was to assess the effects of ATP breakdown on ATP-induced activation of
airway sensory nerves. In order to test this, two CD39 enzymes; CD39-His and its analogue; CD39-
analogue were investigated to determine their effects on ATP-induced activation of airway sensory
nerves. A mutant version of these enzymes; CD39-Mut was also tested as a negative control. Initially,
these enzymes were investigated using in vitro isolated vagus nerve recordings to investigate their
effects on ATP-induced depolarisation. The advantage of this technique is that it is relatively high-
throughput and using this technique both CD39-His and CD39-analogue caused concentration-
dependent decreases in direct ATP-induced vagus nerve depolarisation and in direct TRPV4 induced

ATP release in the guinea pig supporting the chapter hypothesis (Figure 5.3 and Figure 5.4).

The effects of these enzymes were then tested in whole animal single afferent fibre recordings which
is a more physiologically relevant technique that has the advantage of measuring the effects of drugs
on the nerve termini with an end point of action potential firing in specific subtypes of nerves.
Nonetheless, the procedures entailed within this technique are relatively complex and can only be
performed by highly skilled and trained personnel and is therefore not as high throughput as other
techniques such as isolated vagus nerve recordings. Based on this, the more potent CD39 tool; CD39-
analogue was tested in this system against the TRPV4 agonist GK101 induced firing of A&- fibres. This
was selected instead of direct ATP-induced activation as the submaximal concentration of ATP had
not yet been determined in this model. However, previous studies had already shown that aerosol
administration of GSK101 (100 ng mL-1, 1 min) causes a marked prolonged stimulation of A&- fibres
through the release of ATP which could be blocked using P2X3 receptor antagonists (Bonvini et al.,
2016) and was therefore selected for testing the effects of CD39-analogue in this model. Although this
technique is typically used to investigate pharmacological intervention using small molecules to block
receptors, aerosolisation of the CD39-analogue enzyme was shown to reduce GSK101 induced
stimulation of Ab- fibres with no effect observed with the mutant control which supports the chapter

hypothesis (Figure 5.5).

The final method used to assess the role of ATP breakdown on complete cough reflex events was
through investigating the effects of CD39-His on GSK101 induced cough in a guinea pig conscious
cough model. The key advantage of this technique is that the effects of drugs on cough can be assessed
in conscious whole animals which provides translational data as the tussive responses induced in
guinea pigs are similar to those observed in the clinic (Birrell et al., 2009). Using this model, a trend
towards decreased cough was observed at the highest dose 3mg/kg which despite not being

statistically significant (p = 0.0699), is still promising given the reduction in cough observed relative to
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control groups (Figure 5.6). Similar to the previous techniques used in this chapter, these models are
typically used to assess pharmacological intervention using small molecules to block receptors by
challenging animals with receptor specific agonists. However, in this experiment, the effect of an
enzyme on inhibition of cough was assessed and may therefore require increased n numbers to
increase the statistical power of the data. Future work will investigate the antitussive effects of the
CD39-anaolgue in this model which is shown to be more potent in vitro. Target engagement of CD39-
His was evident in this model as CD39-His significantly reduced eATP in BALF at all concentrations
tested (Figure 5.7) and significantly reduced systemic eATP in the plasma at doses above 1mg/kg

(Figure 5.8).

Although P2X3 antagonists are currently the most promising antitussive therapies in development,
blocking these purinergic receptors have only demonstrated partial reduction in cough in the clinic
compared to placebo and are associated with taste-disturbance side effects (McGarvey et al., 2022).
Preliminary data from this chapter suggests that increasing breakdown of eATP using CD39 enzymes
reduces activation of airway sensory nerves and has potential to reduce cough in an aerosol-induced
conscious guinea pig cough model. Changes in eATP can also be accurately detected in biological
samples to determine target engagement of these ATP intervention therapies. Therefore, targeting
eATP upstream of P2X3 purinergic signalling by reducing eATP levels through increased breakdown,
may be a promising alternative treatment strategy where eATP could also be acting on other
purinoreceptors to evoke cough. Although more research is required, breakdown of eATP using CD39
enzymes could potentially be used in combination or as an alternative strategy to P2X3 receptor
antagonists which may be more efficacious with fewer adverse effects. Therefore, the use of CD39
tools for the breakdown of ATP could be a potential therapy strategy for chronic cough and other

airway disease conditions where lung eATP in elevated.

Nonetheless, it is important to note that CD39 can lead to increased levels of extracellular adenosine
as CD39 metabolises ATP to AMP which are further broken down into adenosine by CD73. This
increase in adenosine through activation of P1 receptors can have many downstream effects such as
inducing neurogenic mediated bronchospasm and modulating the release of inflammatory mediators
by mast cells (Ramsdell, 2003, Spicuzza et al., 2006). Increased levels of adenosine in the systemic
circulation are also associated with increased bleeding risk as adenosine is a strong vasodilator
involved in the signalling cascade that inhibits platelet activation which may prevent blood clotting
following tissue damage (Johnston-Cox et al., 2011). Therefore, more work is required to determine
whether there are any therapeutic benefits of using CD39 which outweigh any risks in vivo. The next
chapter will investigate the use of these CD39 tools in well-established inflammatory disease models

in order to assess its impact on eATP and other disease markers.
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Chapter 6: Investigating Extracellular ATP in Animal Models
of Respiratory Disease

6.1 Rationale

There is a growing amount of research to suggest that increased extracellular adenosine triphosphate
(eATP) in the airways contributes to the pathogenesis and symptoms of chronic respiratory diseases.
Having developed a reproducible and reliable methodology for the retrieval and assessment of eATP
in biological samples, this was investigated in animal models of respiratory disease. Increased eATP in
the lungs of these animal models is hypothesised to be a driver in the pathophysiological mechanisms

driving disease.

Cigarette smoke (CS) exposure is commonly used in the development of inflammatory airway disease
models such as Chronic Obstructive Pulmonary Disease (COPD) as it is thought to be the primary
causative factor in the pathogenesis of COPD with the majority of patients either current or former
smokers (Hlapci¢ et al., 2019). CS exposure results in a dysregulated inflammatory response in the
airways characterised by an increase in inflammatory cells and the release of pro-inflammatory
mediators (Vandivier and Ghosh, 2017). Importantly, increased levels of eATP have been reported in
models of CS-induced inflammation and in the lungs of COPD patients where they correlate with
disease severity (Mortaz et al., 2009, Cicko et al., 2010, Baxter et al., 2014, Lommatzsch et al., 2010,
Eltom et al., 2014). This increase in ATP is thought to be involved in the recruitment and activation of
inflammatory cells such as neutrophils through activation of P2Y receptors (Cicko et al., 2010, Mortaz
et al., 2010). Additionally, several studies have shown that increased eATP can drive inflammation in
these models through P2X7-induced activation of the NLRP3 inflammasome, a multi-meric protein
complex that leads to the release of two potent pro-inflammatory cytokines interleukin-1 (IL-1B) and
interleukin-18 (IL-18). These cytokines serve as signalling molecules that play a key role in the
pathogenesis of CS-induced inflammation in the lungs and have been shown to be upregulated in
COPD patients and CS exposed mouse models (Ekberg-Jansson et al., 2001, Petersen et al., 2007, Lucey
et al., 2002, Kang et al., 2007, Churg et al., 2009, Baxter et al., 2014).

Given that ATP has been previously shown to be upregulated in CS exposed mouse models and also
plays a role in activation of the NLRP3 inflammasome and subsequent release of pro-inflammatory
cytokines, eATP levels are hypothesised to be elevated in this model which can be tested using CD39
tools. In the previous chapter, in vitro studies demonstrated the use of CD39 tools which cause
degradation of ATP to reduce activation of airway sensory nerves. An aerosol-induced conscious

guinea pig cough model was also used to demonstrate the in vivo effects of CD39-His in a whole animal
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and its potential to reduce evoked cough and eATP levels in biological samples. However, these
experiments and tissues were taken from naive animals. Therefore, the next steps would be to
investigate eATP levels and the potential impact of ATP degradation in an acute CS-exposure animal
model of respiratory disease. However, prior to this, it is first necessary to characterise the
pharmacodynamic and pharmacokinetic properties of CD39-His in vivo in the naive mouse. Preliminary
experiments will involve several dose-ranging and timecourse studies to determine the appropriate
dose, route of administration and dosing frequency of CD39-His. Once this has been established, the

effects of CD39-His can be investigated in a CS mouse model.

Ozone is another major pollutant which is associated with airway inflammation and is used to develop
respiratory disease models (Sokolowska et al., 2019). Studies have shown that human lung epithelial
cells release eATP during ozone exposure (Kong et al., 2021). Mouse in vivo studies have also shown
that ozone exposure induces airway hyperreactivity and neutrophilic inflammation in the lungs where
increased eATP levels have been reported (Kong et al., 2021). It is hypothesised that ozone induces
increased lung eATP which drives airway inflammation which will be further investigated in an acute

ozone exposure model.

Respiratory viruses are also a major cause of COPD development and exacerbations.
Polyinosinic:polycytidylic acid (Poly I:C) is a synthetic analogue of dsRNA and a toll-like receptor 3
(TLR3) agonist commonly used to mimic viral infection. TLR3 is a member of the toll-like receptor
family of pattern recognition receptors involved in activating the innate immune system. Pre-clinical
studies have shown that Poly I:C causes increased eATP release and mucus release from human
bronchial epithelial cells (Shishikura et al., 2016). Poly I:C has also been shown to exacerbate airway
inflammation and remodelling in CS exposed mice (Mei et al., 2022). Therefore, eATP levels with also

be investigated in a Poly I:C model.

These results could confirm whether eATP is upregulated across a range of different respiratory
disease models. Animal models which recapitulate increased eATP observed in human airway disease
are required to determine the impact of CD39 in reducing eATP as a potential strategy for the
treatment of chronic respiratory diseases where increased pulmonary eATP is involved in driving

disease pathogenesis.
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6.1.1 Chapter hypothesis

eATP is elevated in pre-clinical models of chronic respiratory disease and is involved in driving disease
pathogenesis. In vivo delivery of CD39-His can reduce lung levels of eATP and other airway disease

markers in these models.
6.1.2 Aims

e Determine the dose-response of CD39-His in vivo.

e Determine the duration of action of CD39-His in vivo.

e Investigate different routes of administration of CD39-His.

e |nvestigate the effects of CD39-His in an acute 3 day cigarette smoke mouse model.

e Investigate eATP levels in acute 3 day and chronic 2 and 4 month cigarette smoke mouse
models.

e Investigate eATP levels in an acute ozone exposure model.

e |nvestigate eATP levels in a Poly I:C challenge model.
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6.2 Methods

The dose-ranging, timecourse and cigarette smoke (CS) in vivo studies described in this section were
run by collaborators in the ‘Bioscience In Vivo' team at AstraZeneca, Sweden. Samples were shipped

to Imperial College London for analysis.
6.2.1 In vivo dose-ranging and timecourse experiments

Female C57/BL6J mice (20g + 10%) were purchased from Charles River Laboratories, Germany.
Animals were housed in groups within temperature controlled (21°C) individually ventilated cages
with access to food and water. All animals were acclimatised to their environment for at least one

week prior to experimentation.

6.2.1.1 Experimental protocol for intratracheal dose-ranging study

Mice were anaesthetised with isoflurane mixture (air/oxygen and 3.5% isoflurane), placed in a supine
position at a 30-40° angle and instilled with vehicle (PBS) or CD39-His. CD39-His doses used were
0.003,0.01, 0.03, 0.1, 0.3, 1.0, 3.0 mg/kg. Topical instillation of the enzyme was performed by using a
modified curved metal cannula with a bolus-bulb attached to the end. The syringe was prefilled with
0.15ml air and the dose volume was put in the opening of the syringe with a pipette prior to placing it
on the cannula. Following dosing, mice were placed in cages in a supine position until consciousness
was regained. The instillation volume used was = 2 ml/kg, 40 uL/mouse. 30 minutes after intratracheal
(i.t.) dosing, mice were euthanised by a single intraperitoneal injection of 0.2ml pentobarbital (100
mg/mL). BALF and plasma samples were collected in 6mM EDTA and ATP levels assessed using the

Cayman ATP detection assay (see section 2.1.2 and section 2.3.2).

6.2.1.2 Experimental protocol for timecourse study

Mice were anaesthetised and intratracheally dosed with vehicle, 0.03mg/kg or 0.1mg/kg CD39-His as
previously described (see section 6.2.1.1). The effect of CD39-His over 48 hours was assessed by
euthanising animals across a range of 7 timepoints at 0.5, 2, 4, 8, 16, 24 and 48 hours by a single
intraperitoneal injection of 0.2ml pentobarbital (100 mg/mL). BALF and plasma samples were
collected in 6mM EDTA and ATP levels assessed using the Cayman ATP detection assay (see section

2.1.2 and section 2.3.2).

6.2.1.3 Experimental protocol for intranasal dose-ranging study

Mice were anaesthetised with isoflurane mixture (air/oxygen and 3.5% isoflurane). Mice were then
given 40ul of CD39-His or vehicle (PBS) in the left nostril. CD39-His doses used were 0.03, 0.1, 0.3, 1.0
mg/kg. Following instillation, mice were placed back in the cages in a supine position until they

regained consciousness. 24 hours post-dose, mice were euthanised by a single intraperitoneal
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injection of 0.2ml pentobarbital (100 mg/mL). BALF and plasma samples were collected in 6mM EDTA

and ATP levels assessed using the Cayman ATP detection assay (see section 2.1.2 and section 2.2.2).

6.2.1.4 Data analysis

All data are presented as mean = S.E.M and analysed using Kruskal-Wallis with Dunn’s multiple

comparison test.
6.2.2 Mouse cigarette smoke models

6.2.2.1 CD39-His in a mouse 3-day cigarette smoke model

Mice were randomly assigned treatment groups and weighed prior to dosing. Mice were dosed i.n.
with vehicle or CD39-His (0.03 - 1mg/kg) 24 hours prior to the first smoke exposure and daily
throughout the study. The positive control compound Kineret (Anakinra), an IL-1 receptor antagonist,
was delivered via an implanted osmotic pump (Azlet 1007D, reservoir 100ul, Rate 0.5ul/h) and diluted
in saline to a final concentration of 44.8 mg/ml. The mini-pumps were prepared according to the

manufacturer’s instructions (Alzet osmotic pumps, CA, USA).

Mice were exposed to cigarette smoke twice daily in a SIU24 smoke machine (PromechLab AB, Vintrie,
Sweden; 3R4F cigarettes from The Tobacco and Health Research Institute, University of Kentucky) for
3 days. Each challenge procedure duration was approximately 50 minutes with 4 hours between the
end of the first exposure and start of the second exposure. The smoke machine was set at a constant
flow of approximately 1.7L.min" and a smoke stream of 10 seconds followed by an air stream of 20

seconds. A total of 10 puffs and 10 cigarettes were used per exposure session.

During CS exposure animals were housed in wire mesh cages. The individual groups were positioned
in a randomised way in the exposure chamber for every smoke exposure session, with a maximum of
8 mice per compartment. Mice from air groups were exposed to room air only, using the same
strategy. 18 hours after the last CS exposure, mice were euthanised by a single intraperitoneal

injection of 0.2ml pentobarbital (100 mg/mL).

BALF and plasma samples were collected in 6mM EDTA and ATP levels assessed using the Cayman ATP

detection assay (see section 2.1.2 and section 2.3.2). BALF cells were isolated and resuspended in

RPMI media. Total white blood cell numbers were determined using an automated cell counter
Sysmex XP-300 (Sysmex Ltd, UK). BALF cells were then mounted onto slides and spun at 800g for 5
minutes at room temperature in a cytospin centrifuge (Shandon, Runcom, UK). Slides were stained
with a Hematek modified Wright stain (Siemens Heathineers, Germany) using a Hematek 2000
automated slide strainer (Ames Co., Elkhart, USA). Cytospins were used for neutrophil counts by

counting 200 cells per slide under 40-times magnification on a light microscope by a blinded operator
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based on morphological criteria. BALF supernatant were used for the analysis of inflammatory
mediators. The concentrations of IL-1B (mouse IL-1B ELISA kit, Invitrogen) and of IL-18 (mouse IL-18

ELISA kit, Invitrogen) in BALF were measured by ELISA as per the manufacturers’ instructions.

6.2.2.2 Mouse 3-day CS timecourse

Mice were exposed to CS over 3-days as described in section 6.2.2.1. Mice were culled with a single
intraperitoneal injection of 0.2ml pentobarbital (100 mg/mL) at the following time points after the last
exposure; 0, 0.5, 1, 2, 6 and 24 hours. BALF samples were collected in 6mM EDTA and ATP levels

assessed using the Cayman ATP detection assay (see section 2.1.2 and section 2.32).

6.2.2.3 Chronic mouse CS experiments

Mice were chronically exposed to CS smoke as described in section 6.2.2.1 over the course of 2 and 4
months. BALF and plasma samples were collected in 6mM EDTA and ATP levels assessed using the

Cayman ATP detection assay (see section 2.1.2 and section 2.3.2).

6.2.3 Acute Ozone exposure model

Female C57BL/6J mice were randomly assigned and exposed once for 3 hours, to either room air or
ozone at 3ppm in clear perspex chambers. Mice were monitored continuously throughout the
exposure. An Ozonetech ACT-3000P ozone generator was used with two positive pressure systems
(flow rate 8-24 L/min). The first pumped air through the ozone generator (8 — 12 L/min) and the
second pumped air into a mixing chamber (0 — 12 L/min), in which it was mixed with ozone coming
out of the ozone generator. This was to allow better control of the ozone levels entering the animal
chambers, which were maintained at 3ppm. Ozone levels were assessed every 2 minutes, by having
two aeroqual Series 500 - Portable Ozone Monitors in the chamber. Following the last ozone exposure,
mice were euthanised at different time points between 0 — 24 hours by a single intraperitoneal

injection of 0.2ml pentobarbital (100 mg/mL).

BALF and plasma samples were collected in 6mM EDTA and ATP levels assessed using the Cayman ATP

detection assay (see section 2.1.2 and section 2.3.2). BALF cells were isolated and total white blood

cells and neutrophil counts were determined as described in section 6.2.2.1.
6.2.3 Poly I:C model

Female C57BI/6 mice were weighed and challenged intranasally (i.n) with poly I:C (tlr-pic; InvivoGen)
at 3 ug/mouse or sham challenged i.n. with saline. Post challenge, mice were euthanised at different
time points between 2 — 172 hours by a single intraperitoneal injection of 0.2ml pentobarbital (100

mg/mL). BALF and plasma samples were collected in 6mM EDTA and ATP levels assessed using the
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Cayman ATP detection assay (see section 2.1.2 and section 2.3.2). BALF cells were isolated and total

white blood cells and neutrophil counts were determined as described in section 6.2.2.1.
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6.3 Results
6.3.1. Effects of intratracheal dose-response of CD39-His on BALF eATP levels in naive mice

Dose-ranging studies are important preliminary studies used to determine the efficacy and potency of
a novel drug in vivo. Prior to testing the effects of CD39-His in a CS mouse model, it was first necessary
to determine which concentration of CD39-His effectively reduced levels of eATP in naive animals. To
determine the dose-response of CD39-His in vivo, preliminary studies using naive mice were
performed where animal were dosed intratracheally (i.t.) with a single dose of CD39-His between
0.003 — 3mg/kg. This route of administration was used to ensure that the enzyme was present in the
lungs and airways as this is where eATP is thought to be elevated in chronic lung diseases. CD39-His
dosed i.t. caused a significant dose-dependent reduction of endogenous eATP levels in the BALF
(Figure 6.1A). BALF samples were also exogenously spiked with 100nM ATP and this was dose-
dependently reduced indicating target engagement of the enzyme as active CD39-His was present in

the airway lumen (Figure 6.2B).
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Figure 6. 1 Effect of CD39-His dose-response on BALF eATP levels in naive mice.

Vehicle or CD39-His (0.003 — 3mg/kg) were dosed intratracheally (i.t.) to naive C57BL/6 mice. 30
minutes post dose, animals were culled and bronchoalveolar lavage fluid (BALF) was collected for ATP
analysis using the ATP detection assay. eATP levels were measured in (A) neat BALF samples and (B)
neat BALF samples exogenously spiked with 100nM ATP. N=6 per treatment group. Data shown are

mean * SEM. * indicates statistical significance (p < 0.05), Kruskal Wallis with Dunn’s Post Test.
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6.3.2. Effects of intratracheal dose-response of CD39-His on plasma eATP levels in naive

mice

Animals from this study were dosed intratracheally to ensure CD39-His was present in the lungs.
However, the effect of CD39-His on systemic levels of eATP were also assessed in plasma samples to
determine whether CD39-His reached the systemic circulation and was still active as this may be
indicative of potential off-target effects. CD39-His impacted on plasma eATP levels only at the highest
doses used (1mg/kg and 3mg/kg) suggesting that lower doses used may prevent any possible

unwanted systemic effects such as increased bleeding risk (Figure 6.2).
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Figure 6. 2 Effect of CD39 dose-response on plasma eATP levels in naive mice.

Vehicle or CD39-His (0.003 — 3mg/kg) were dosed intratracheally (i.t.) to naive C57BL/6 mice. 30
minutes post dose, animals were culled, and plasma samples were collected for ATP analysis using the
ATP detection assay. N=6 per treatment group. Data shown are mean + SEM. * indicates statistical

significance (p < 0.05), Kruskal Wallis with Dunn’s Post Test.

6.3.3. Effects of intratracheal timecourse of CD39-His on BALF eATP levels in naive mice

Having established an effective dose-response, the lowest 2 concentrations which impacted lung
levels of eATP; 0.03mg/kg and 0.1mg/kg were used in a timecourse study to determine the duration
of action of CD39-His. This was required to determine how long the effects of CD39-His lasted
following initial dosing which can be used determine how frequently animals need to be dosed in more

disease relevant models in order to see an effect.

The effect of both concentrations of CD39-His over 48 hours was monitored across a range of 7

timepoints at 0.5, 2, 4, 8, 16, 24 and 48 hours. The effects of CD39-His at 0.03mg/kg and 0.1mg/kg on
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basal and spiked levels of eATP lasted for up to 24 hours post dose which suggests that animals can

be dosed once a day (Figure 6.3).
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Figure 6. 3 Effect of CD39 timecourse on BALF eATP levels in naive mice.

Vehicle or CD39-His (0.03 and 0.1mg/kg) were dosed i.t to naive C57BL/6 mice and 0.5 — 48 hours post
dose animals were culled and BALF samples were collected for ATP analysis using the ATP detection
assay. eATP levels were measured in (A) neat BALF samples and (B) neat BALF samples exogenously
spiked with 100nM ATP, N=6 per group. Data shown are mean + SEM. * indicates statistical significance

(p < 0.05), Kruskal Wallis with Dunn’s Post Test.
6.3.4. Effects of intranasal dose-response of CD39 on BALF eATP levels in naive mice

Having shown that CD39-His was effective against endogenous ATP levels for up to 24 hours following
i.t. dosing, the effects of intranasal (i.n.) dosing was assessed at 24 hours. This was investigated as the
i.t. route of administration is an invasive technique which requires the insertion of a cannula into the
trachea which may lead to increased inflammation, particularly if repeated dosing is required.
However, the i.n. route of administration is less invasive and would be preferrable as it would avoid
the risk of extraneous inflammation in mouse disease models such as the 3-day CS model and is more

amenable to repeat dosing.
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Mice were dosed i.n. with vehicle or 0.03mg/kg — 1mg/kg CD39-His which caused a dose-dependent
reduction of endogenous eATP levels in the BALF (Figure 6.4A). Samples were also exogenously spiked
with 100nM ATP, and this was dose-dependently reduced (Figure 6.4B) suggesting active CD39-His
was present in the airway lumen when dosed intranasally and can therefore be used as a route of
administration when investigating the effects of CD39-His in mouse disease models. As a comparison,
one of the treatments groups were dosed i.t. with vehicle or 0.1mg/kg CD39-His which significantly

reduced levels of endogenous eATP as previously shown.
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Figure 6. 4 Effect of CD39-His dosed intranasally and intratracheally on BALF eATP levels in naive
mice.

Vehicle or CD39-His (1mg/kg) were dosed i.t. to naive C57BL/6 mice. Vehicle or CD39-His (0.03 —
1mg/kg) were dosed i.n. to naive C57BL/6 mice. 24 hours post dose animals were culled and BALF was
collected for ATP analysis using the ATP detection assay. eATP levels were measured in (A) neat BALF
samples and (B) neat BALF samples exogenously spiked with 100nM ATP, N=6 per group. Data shown
are mean + SEM. * indicates statistical significance (p < 0.05), kruskal Wallis with Dunn’s Post Test, #

(p < 0.05) Mann Whitney U Test.

6.3.5. Investigating effects of CD39-His in an acute 3-day cigarette smoke mouse model

Having determined the efficacy of CD39-His dosed i.n. against both basal and spiked ATP in BALF,
CD39-His was tested in a 3-day CS model to assess whether it was able to reduce eATP in the lungs.
CD39-His was dosed i.n. (0.03 — 1mg/kg) 24 hours prior to the first smoke exposure and daily

throughout the study.

CD39-His caused a dose-dependent inhibition of both basal and spiked ATP in BALF which suggests

that functional CD39-His was present in the lungs (Figure 6.5A-B). However, when comparing the
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vehicle groups in the air exposed animals to smoke exposed animals, there was no increase in eATP

following smoke exposure.

To confirm that CS induced inflammation in this model, neutrophils and total white blood cells were
measured in the BALF samples (Figure 6.5C-D). Both neutrophils and total white blood cells were
elevated in smoke exposed animals compared to air controls suggesting CS-induced inflammation in
these animals. Kineret, an interleukin-1 receptor antagonist was used as a positive control as it is
known to reduce airway neutrophilia in models of lung inflammation (Hernandez et al., 2015). In CS
exposed animals dosed with Kineret, there was a significant reduction in neutrophils compared to

vehicle controls which further supports that CS exposure induced airway inflammation in this model.

Levels of the ATP driven pro-inflammatory cytokines IL1-B and IL-18 were also measured and shown
to be elevated in BALF samples from CS exposed animals (Figure 6.5E-F). Interestingly, the top doses
of CD39-His appeared to reduce IL1-B levels similar to that observed in air exposed animals. However,
although CS exposure induced inflammation in this model, CD39-His appeared to have no functional
effect on leukocytes or IL-18 levels. Given that levels of eATP measured were not elevated in CS
exposed animals compared to air controls, an alternative model of airway disease such as the mouse
bleomycin model of lung fibrosis (IPF) where increased eATP is observed may be required to assess

the impact of CD39-His on eATP and other ATP driven disease markers.
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Figure 6. 5 Effect of CD39-His on BALF eATP levels and inflammatory markers in a 3-day CS mouse

model.

Mice were dosed i.n. with vehicle or CD39-His (0.03 - 1mg/kg) 24 hours prior to the first smoke exposure

and daily throughout the study. Mice were exposed to air or cigarette smoke for 50 minutes twice daily

for 3 days. BALF samples were collected for ATP analysis using the ATP detection assay. eATP levels

were measured in (A) neat BALF samples and (B) neat BALF samples exogenously spiked with 100nM

ATP. Other inflammatory disease markers including (C) neutrophils, (D) total white blood cells, (E) IL-

18 and (F) IL-18 were measured in BALF. N=4 in air exposed groups and N=6 in smoke exposed groups.

Data shown are mean + SEM. * indicates statistical significance (p < 0.05), Kruskal Wallis with Dunn’s

Post Test, # (p < 0.05) Mann Whitney U Test.
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6.3.6. eATP levels in acute and chronic mouse CS models

When investigating the effects of CD39-His in the 3-day CS model, there was no increased eATP found
in the BALF of smoke exposed animals compared to air exposed animals treated with vehicle 18 hours
after the last smoke exposure. A potential hypothesis for this could be that eATP levels are increased
at an earlier timepoint. To investigate this, a timecourse experiment was performed to see how eATP
levels differed between air and smoke exposed animals at various time points up to 24 hours after the
last CS exposure. Across all timepoints measured, eATP was reduced in smoke exposed animals (Figure

6.6).
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Figure 6. 6 eATP levels in an acute 3-day cigarette smoke mouse model.

Mice were exposed to air or cigarette smoke for 50 minutes twice daily for 3 days. BALF was collected
for ATP analysis using the ATP detection assay. N=8 per group. Data shown are mean + SEM. * indicates

statistical significance (p < 0.05), Kruskal Wallis with Dunn’s Post Test.

Based on this data, it was hypothesised that chronic exposure of CS is required to see increased levels
of eATP compared to air controls. This was measured in two strains of mice; Balb/c and C57BL/6 mice
exposed to either 2 months or 6 months of CS. None of the groups measured had significantly
increased levels of eATP in smoke exposed compared to air exposed animals (Figure 6.7). As a result,
future work will involve identifying alternative respiratory disease models such as a mouse bleomycin
model of lung fibrosis (IPF) where there is elevated eATP to investigate the therapeutic potential of

CD39-His in reducing eATP and other ATP driven endpoints.
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Figure 6. 7 eATP levels in chronic cigarette smoke mouse models.

Mice were exposed to air or cigarette smoke for 50 minutes twice daily over the course of (A) 2 months
and (B) 4 months. BALF samples were collected for ATP analysis using the ATP detection assay. N=8
per group. Data shown are mean + SEM. * indicates statistical significance (p < 0.05), Kruskal Wallis

with Dunn’s Post Test.

6.3.7. eATP levels in an acute ozone exposure model

When investigating the effects of CD39-His in the acute and chronic CS model, there was no increased
eATP found in the BALF of CS exposed animals compared to air exposed animals. A potential
hypothesis for this could be that pulmonary eATP levels are not elevated in this particular model. In
order to test the effects of CD39 on lowering ATP and inhibiting ATP-driven disease, an animal model
which recapitulates increased eATP observed in humans was required. Therefore, eATP levels were
assessed in an alternative inflammatory airway disease model induced by 3 hours of ozone exposure.
A timecourse experiment was performed to see how eATP levels differed between air and ozone
exposed animals at various time points up to 24 hours post exposure. Across all timepoints measured,
there was a decreasing trend in BALF eATP following ozone exposure. However, an inflammatory
disease phenotype was still induced by ozone exposure as neutrophil counts were elevated and

significantly higher 6 hours and 24 hours post exposure (Figure 6.8).
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Figure 6. 8 eATP levels and inflammatory markers in an acute 3-hour ozone exposure model.

Animals were exposed to air or ozone (3 ppm) once for 3 hours and 0 — 24 hours post exposure animals

were culled. BALF samples were collected and analysed for (A) basal eATP, (B) neutrophils and (C) total

white blood cells, N=8 per group. Data shown as mean + SEM. * indicates statistical significance (p <

0.05), Kruskal Wallis with Dunn’s Post Test.
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6.3.8. eATP levels in a Poly I:C model

As the previous models did not show elevated eATP levels despite inducing an inflammatory
phenotype, eATP levels were investigated in an alternative Poly I:C model of airway inflammation. A
timecourse experiment was performed to see how eATP levels differed between animals given a single
dose of saline vehicle or 30ug Poly I:C at various time points between 2 — 168 hours post challenge.
Across most timepoints measured, there was a decreasing trend in BALF eATP following Poly I:C
challenge which were significantly reduced 24 hours, 48 hours and 72 hours post challenge. Despite
this, an inflammatory disease phenotype was still induced by Poly I:C challenge as neutrophil counts
were elevated and significantly higher than vehicle challenged animals at 24 — 96 hours post challenge

(Figure 6.9).
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Figure 6. 9 eATP levels and inflammatory markers in a poly I:C exposure mouse model.

Mice were exposed to vehicle or poly I:C 30ug i.n. once and 2 — 168 hours post exposure animals were

culled. BALF samples were collected and analysed for (A) basal eATP, (B) neutrophils and (C) total white

blood cells, N=8 per group. Data shown as mean + SEM. * indicates statistical significance (p < 0.05),

Kruskal Wallis with Dunn’s Post Test.
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6.4 Discussion

Having developed reliable and reproducible methods for the retrieval and assessment of eATP in
biological samples, the aim of this chapter was to investigate eATP levels in animal models of
respiratory disease. It was hypothesised that lung eATP levels would be increased across several

respiratory disease models as it is thought to be a key driver in the pathogenesis of airway disease.

Prior to investigating CD39-His in a 3-day mouse CS smoke model, it was first necessary to determine
a dose-response in naive mice. Dose-ranging studies are performed to identify the most effective dose
of a novel drug and can also be used to identify toxic or lethal doses of a novel drug. Half-log
concentrations were used as this provides a wide enough range of concentrations to identify the no-
effect, mean effective and maximal effective doses of a compound. Naive mice were dosed i.t.
between 0.003-3mg/kg CD39-His. This route of administration was used to ensure that the compound
was present in the lungs and airways as this is where eATP is elevated in chronic lung diseases.
Following intratracheal lung delivery, CD39-His caused a dose-related reduction in endogenous eATP
levels in BALF and in BALF spiked with 100nM ATP which suggested that active CD39-His was present
in the airway lumen (Figure 6.1). the lowest 2 concentrations which caused a significant reduction in

endogenous ATP in BALF; 0.03mg/kg and 0.1mg/kg were used for future experiments.

The effect of CD39-His was also investigated in plasma samples to determine whether it had an impact
on systemic eATP levels as this could be indicative of increased bleeding risk as studies have shown
that CD39 on the surface of platelets are involved in limiting thrombotic events following endothelial
damage (Morello et al., 2021). The breakdown of ATP by CD39-His could also lead to increased levels
of adenosine in the systemic circulation as CD39 metabolises ATP to AMP which is further broken
down by the enzyme CD73 into adenosine (Zimmermann et al., 2012). Studies have shown that
increased levels of adenosine in the systemic circulation is also associated with increased bleeding risk
as adenosine is a strong vasodilator involved in the signalling cascade that inhibits platelet activation
which may prevent blood clotting following tissue damage (Johnston-Cox and Ravid, 2011). At the
lowest concentrations of CD39-His that effectively reduced eATP in BALF, 0.03mg/kg and 0.1mg/kg,
CD39-His did not impact eATP levels which indicates that dosing at this concentration prevents CD39-

His reaching the systemic circulation and may therefore prevent increased bleeding risk (Figure 6.2).

Having established a dose-response of CD39-His in naive mice, the next step was to determine how
long the effects of CD39-His lasted on reducing eATP levels in biological samples. These are known as
duration of action experiments where the effects of a drug are measured at different time points to
determine how long these effects last following a single dose. This data is used to determine how

frequently animals need to be re-dosed with a drug for it to continue having the desired effect, which
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in this case was a reduction in eATP levels in BALF samples. Animals were dosed with either vehicle,
0.03mg/kg or 0.1mg/kg CD39-His as these were the lowest 2 concentrations which reduced lung levels
of eATP. The effects of these doses at reducing eATP levels in BALF samples were monitored across 7
timepoints at 0.5, 2, 4, 8, 16, 24 and 48 hours. The effects of CD39-His at reducing basal eATP in BALF
were shown to last up to 24 hours and by 48 hours there were no significant reductions in basal eATP
(Figure 6.3). Based on this, in order for CD39-His to continue to reduce lung levels of eATP over the

course of the experiment, animals would need to be dosed with CD39-His once daily.

Given that CD39-His was to be investigated in an inflammatory CS model, intratracheal (i.t.) dosing
could lead to increased inflammation unrelated to smoke exposure as this route of administration is
invasive and requires the insertion of a cannula into the trachea which would need to be repeated
daily. An alternative less invasive route of administration would be intranasal (i.n.) dosing as it does
not require the insertion of any equipment into the trachea which reduces the risk of extraneous
inflammation in animal models and is more amenable to repeat dosing. However, previous in-house
data has shown that when animals are dosed i.n. a higher concentration of drug is required as dosing
via the nasal passage often means animals may swallow part of the dose causing a lower concentration
of drug to reach the lungs. Therefore, the effects of intranasal dosing on endogenous ATP levels in
naive mice were also tested at a higher concentration range of 0.03mg/kg — 1mg/kg CD39-His. As the
effects of CD39-His were previously shown to last for at least 24 hours, animals were culled 24 hours
post-dose following i.n. dosing. Similar to what was observed in mice i.t. dosed with CD39-His, i.n.
dosing of CD39-His also caused a dose-dependent reduction in endogenous eATP levels in BALF and
in BALF exogenously spiked with ATP (Figure 6.4). A higher concentration of 0.1mg/kg was required to
see a statistically significant decrease in basal ATP in BALF compared to i.t. dosing, likely due to animals
swallowing part of the dose. Despite this, the data suggests that i.n. dosing can be used going forward
as the data suggests active CD39-His was present in the airway lumen using this route of

administration.

Having established the appropriate concentration-range, dosing frequency and route of
administration of CD39-His in vivo using naive mice, this was investigated in a 3-day CS exposure
model. Animals in this model were i.n. dosed once daily with vehicle or the same dose range of
0.03mg/kg — 1mg/kg CD39-His as this concentration range showed a concentration-dependent
decrease in basal eATP in naive mice. Air control animals were also dosed with either vehicle or
1mg/kg CD39-His as this concentration of CD39-His was shown to significantly reduce BALF eATP in
naive mice. As previously shown in naive mice, air exposed mice dosed with CD39-His had significant

reductions in basal eATP and exogenously spiked ATP compared to vehicle controls. Similarly, a dose-
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dependent reduction in eATP was also observed in basal BALF and BALF exogenously spiked with ATP
in mice exposed to CS with significant reductions in eATP at the top doses of 0.3mg/kg and 1mg/kg

compared to vehicle which suggests functional CD39-His was present in the lungs (Figure 6.5A-B).

However, when comparing basal eATP levels in BALF from vehicle treated animals in the air exposed
group to the CS exposed group, there were no increase in eATP following CS exposure. This was not
as expected as previous publications have reported increased levels of eATP in 3-day CS exposed
animals compared to air controls (Baxter et al., 2014, Cicko et al., 2010). A potential reason could be
that CS exposure did not induce inflammation in this model. To investigate this, total white blood cells
and neutrophils were measure in the BALF (Figure 6.5C-D). In line with previous publications, CS
exposure in these animals did cause an increase in neutrophils and total white blood cells which
suggests that inflammation was induced in this model (Cicko et al., 2010, Eltom et al., 2014, Baxter et
al., 2014, Eltom et al., 2011). The interleukin-1 receptor antagonist, Kineret, was also used as a positive
control in this model as it is known to reduce airway neutrophilia in models of lung inflammation and
significantly reduced neutrophil counts in CS exposed animals in this model (Hernandez et al., 2015).
When measuring the pro-inflammatory cytokines in BALF samples from this model, IL1-f and IL-18
were also increased following CS exposure compared to air controls which further suggests that CS

exposure induced inflammation in this model.

Based on this, it was hypothesised that increased eATP was not measured in the BALF of CS exposed
animals as the 18-hour timepoint at which animals were culled following the last CS exposure may
have been too late to see a window of increased eATP in CS exposed animals. Therefore, a timecourse
experiment was performed where animals were culled at various timepoints up to 24 hours after the
last CS exposure in the 3-day CS model. Across the various timepoints, eATP was not increased in
smoke exposed animals compared to air controls (Figure 6.6). Given that in humans the development
of COPD is associated with chronic cigarette smoking, it was hypothesised that acute 3-day CS
exposure may not be sufficient to see increases in lung eATP. To test this hypothesis, samples from
chronic CS exposure models run by AstraZeneca collaborators were sent for analysis. In these models,
Balb/c and C57BL/6 mice were exposed to CS for 2 months or 4 months. Neither of these chronic CS
exposure models had significantly increased levels of eATP in smoke exposed compared to air exposed
animals (Figure 6.7). As the animals used in these CS models were young and healthy prior to CS
exposure, a potential hypothesis could be that these animals have a compensatory mechanism such
as increased ecto-nucleotidase activity to counteract any CS induced eATP increases (Zimmermann et

al., 2012).
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Although the disease phenotype, characteristic of inflammation such as increased total white blood
cells, neutrophils and cytokines were observed in the 3-day CS model, at the concentrations tested
CD39-His did not have an impact on all of these markers (6.5E-F). Only the top doses of CD39-His
appeared to reduce IL1-B levels similar to that observed in air exposed animals. However, there was
no clear concentration-dependent trend in this decrease. Despite the eATP data which suggests there
was active CD39-His present in the lungs of CS exposed animals which caused a concentration-
dependent decrease in eATP, aside from the effect of high doses on CD39-His on IL-13, CD39-His did
not appear to have any functional effect on other inflammatory markers measured in this model. This
could also suggest that other inflammatory signalling pathways aside from ATP may be key in driving

inflammation in these models.

For instance, the inflammasome can be activated by other danger signals produced by cells known as
danger associated molecular patterns (DAMPs). DAMPs are released in response to cellular and tissue
damage, conditions of stress and modification of host proteins by pathogens. Although ATP is known
to function as a DAMP, other molecules such as monosodium urate crystals and hyaluronic acid are
believed to function as DAMPs which may be involved in CS induced inflammation (Birrell and Eltom,
2011). The NLRP3 inflammasome can also be triggered by the activation of receptors that detect the
presence of pathogens through pathogen associated molecular patterns (PAMPs). This includes Toll-
like receptors (TLRs) such as TLR4, a receptor for bacterial endotoxins (Birrell and Eltom, 2011). CS
exposure leads to several endogenous and exogenous ligands that bind to TLR4 such as heat shock
proteins and breakdown products of the extracellular matrix. A study found that mice genetically
altered to have non-functional TLR4 failed to develop inflammation after CS challenge which suggests
that this pathway may also be important in driving inflammation in CS exposure models (Maes et al.,
2006). Studies have also shown that CS-induces release of reactive oxygen species is also involved in
activation of the NLRP3 inflammasome (Zhou et al., 2011). These data suggest that CD39-His may not
have any functional effect on inflammation in this model as reducing eATP may not have an impact on

other signalling pathways involved in driving the inflammatory phenotype present in this model.

Although increased levels of eATP are reported in the BALF of COPD patients, it is also important to
note that COPD develops slowly over decades and therefore murine CS exposure models, despite
being the most utilised animal models of COPD, may not be able to recapitulate all the mechanisms
and pathways involved in the pathogenesis of COPD (Lommatzsch et al., 2010, Vandivier and Ghosh,
2017). For instance, certain characteristics of disease observed in patients with COPD such as excess
mucus production, mucus cell metaplasia or periodic exacerbations is not found in CS exposed animal

models (Vandivier and Ghosh, 2017).
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Given that increased eATP was not observed in animal models following CS exposure, eATP levels were
investigated in an acute ozone exposure model. Previous publications have shown that ozone
exposure leads to airway inflammation and the upregulation of several inflammatory cytokines
including IL-1B and IL-18 which are thought to be driven by ATP-induced activation of the NLRP3
inflammasome (Sokolowska et al., 2019). Another study also showed that BALF eATP levels were
elevated in animals exposed to ozone (2ppm) for 3 hours (Kong et al., 2021). Based on these findings,
it was hypothesised that 3-hour ozone exposure would result in increased lung eATP. Total white
blood cells and neutrophil counts were also measured to ensure that ozone exposure induced an
inflammatory phenotype. Similar to the CS model there was no significant increase in eATP and across
all time points there was a trend towards decreased eATP in ozone exposed compared to air exposed
animals. However, an inflammatory phenotype was still observed as there were increases in
neutrophils and total white blood cells following ozone exposure (Figure 6.8). This suggests that eATP
may not be driving the inflammatory phenotype observed in this model which is supported by studies
which show that ozone triggers a wide range of interactive signalling pathways that lead to
inflammatory responses including the activation of membrane receptors such as TLRs, intracellular
kinases and phosphatases and transcriptional factors that regulate inflammatory genes (Yan et al.,

2016).

In both the CS and ozone respiratory disease models an unexpected decrease in eATP was observed.
The next step was to investigate eATP levels in a Poly I:C model of airway inflammation. Poly I:C is a
TLR3 agonist which mimics viral infection which has been shown to induce inflammation and impair
lung function in mice (Stowell et al., 2009). /n vitro studies have also shown that Poly I:C induces eATP
release and mucus release from human bronchial epithelial cells (Shishikura et al., 2016). In vivo Poly
I:C exposure was also shown to exacerbate airway inflammation and remodelling in CS exposed mice
(Mei et al., 2022). Therefore, BALF eATP levels were investigated in a Poly I:C exposed model to see if
it was elevated. Similar to the CS and ozone exposure models, there was a trend towards decreased
eATP following dosing which was significantly reduced 24 — 72 hours post dose. However, neutrophils
and total white blood cells were elevated which suggests that Poly I:C exposure induced an
inflammatory phenotype. This could suggest that other non-ATP driven mechanisms are involved in
activation of inflammatory pathways. For instance, Poly I:C which directly activates TLR3 induces the
upregulation of IL-8 and IL-6 which are known to amplify inflammatory responses and exacerbate

conditions of COPD and asthma (Lever et al., 2015, Bérubé et al., 2009).

Having observed a decreasing trend in eATP levels across three inflammatory airway disease models,

another potential reasons as to why decreased eATP following challenge is observed could be because
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the mice used in these models were healthy prior to exposure and perhaps there is increased ATP
breakdown activity as a compensatory mechanism. If so, eATP levels could be elevated following
exposure to either CS, ozone or Poly I:C but may be rapidly degraded as a compensatory mechanism

prior to the collection of BALF which means this rise in eATP is not captured in the sample.

To address this hypothesis future work will investigate whether there is increased ecto-nucleotidase
expression and activity in the lungs of these animal models. Preliminary work to develop an assay to
measure ecto-nucleotidase activity in BALF samples using the ATP detection assay is described in
chapter 8, (see section 8.3.4). This activity assay could be used to investigate whether CS, ozone or
Poly I:C challenge triggers an upregulation in ATP breakdown which may explain why an increase in
eATP is not observed in these disease models. If this is the case, perhaps BALF may not be an ideal
measure of pulmonary eATP levels. Future work could explore the use of visualising ATP release from

individual cells in real-time using microscopy as details in chapter 8, (see section 8.3.3).

In summary, across all 3 respiratory disease models an unexpected decrease in lung eATP was
observed and therefore the hypothesis that lung eATP is elevated in these disease models is rejected.
Further work is required to determine whether this can be attributed to increased ATP breakdown as
a compensatory mechanism given that the animals used in these models were relatively young and
healthy. Alternatively, eATP may not be key in driving the pathophysiology observed in these
inflammatory disease models. As a result, alternative airway disease models where eATP is elevated
and shown to be driving disease pathogenesis is required to investigate the therapeutic potential of

tools such as CD39-His in reducing eATP and other ATP driven endpoints.

Although eATP is elevated in clinical samples from asthma, COPD and IPF patients, it is important to
note that pre-clinical animal models are not able to completely recapitulate the exact
pathophysiological mechanisms and pathways characteristic of these conditions. In previous chapters,
eATP has been shown to activate airway sensory nerves which can be reduced by CD39 induced ATP
breakdown and by blocking ATP-induced purinergic P2X3 receptors (Drake et al., 2023). Given that
eATP levels from chronic cough patients have not been reported in the literature, the next chapter
aims to investigate the hypothesis that eATP levels are elevated in chronic cough patients and is a key

driver in the pathophysiological mechanism underlying chronic cough.
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Chapter 7: Measuring Extracellular ATP in Refractory and
Unexplained Chronic Cough Patient Samples

7.1 Rationale

There is growing body of research implicating extracellular ATP (eATP) in driving disease pathogenesis
and symptoms in a range of chronic respiratory diseases. This is supported by studies which have
reported elevated eATP in the lungs of patients with COPD, asthma and IPF (Lommatzsch et al., 2010,
Idzko et al., 2007, Riteau et al., 2010, Hlapcic¢ et al., 2019). A common symptom across these diseases
is chronic cough (CC), which is defined as excessive and/or inappropriately activated cough occurring
for more than 8 weeks. As well as occurring as a symptom of respiratory disease, CC can also be
idiopathic in nature, known as Unexplained Chronic Cough (UCC). CC that persists despite treatments
targeting those with underlying respiratory disease is described as Refractory Chronic Cough (RCC).
ATP is thought to play a key role in driving CC as antagonists of purinergic P2X3 receptors present on
sensory afferent nerves have shown antitussive efficacy in refractory and unexplained chronic cough
(RUCC) patients in clinical trials (McGarvey et al., 2022, Drake et al., 2023). However, eATP levels in
the airways or systemic circulation of CC patients are yet to be determined. Therefore, the aim of this
chapter is to investigate eATP levels in refractory and unexplained chronic cough (RUCC) patient
samples to see if eATP levels are increased in the lungs compared to that of healthy volunteers (HV),
utilising the ATP assays characterised in Chapter 3. Throughout this chapter CC will be used to refer to
RUCC patients. Bronchoalveolar lavage fluid (BALF) measurements will be used to indicate lung levels

of eATP and plasma samples to indicate systemic levels of eATP.
7.1.1 Chapter hypothesis

Extracellular ATP (eATP) is elevated systemically and in the lungs, specifically the lung secretions, of

refractory and unexplained chronic cough (RUCC) patients.
7.1.2 Aims

e Measure eATP in plasma samples from patients with RUCC and HV.
e Measure eATP in BALF samples from patients with RUCC and HV.
e Determine whether there are any correlations between eATP levels and cough counts.

e Determine whether the ATP detection assay and Hygiena device produce similar results.
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7.2 Methods

Human plasma and BALF samples were obtained from clinical collaborators; professor Jacky Smith and
her team at the University Hospital of South Manchester, UK. These studies were approved by the

London-Dulwich Research Ethics Committee (REC reference: 21/PR/1233 and 18/NW/0254).
7.2.1 Cough Central clinical study

The cough central study was a UK-based study launched in 2020 by Manchester University NHS
Foundation Trust (MFT). The primary objective of this study was to investigate resting-state functional
connectivity in the central nervous system in refractory and unexplained chronic cough (RUCC)
patients compared to healthy controls. However, for the purpose of this thesis the aim was to

investigate plasma levels of eATP in RUCC patients compared to healthy controls.

RUCC patients attended three study visits where they were screened for eligibility and blood samples
were collected. Subjects were then fitted with a VitaloJak cough monitoring device and at least 24
hours following the start of cough monitoring they attended the clinic a second time for a cough
challenge study. HV completed the cough challenge immediately after the screening visit and were

not fitted with a VitaloJak cough monitoring device.

For the cough challenge, subjects were asked to inhale hypotonic saline solutions with decreasing
osmolarity up to the maximum tolerated dose. A 0.9% saline placebo dose was also included in the

study. Several endpoints were measured including forced expiratory volume in 1 second (FEV:).

Following the cough challenge visit, subjects were asked to come in for a final visit to perform a
functional Magnetic Resonance Imaging (fMRI) scan and several parameters were measured. 20 HV

and 50 RCC patients were recruited for this study.

Recruitment criteria for the study is outlined in table 2.1. All RCC patients were recruited from the
Wythenshawe tertiary cough clinic at MFT. HV were recruited through advertising in the hospital and
university (MFT) and through a database of subjects previously expressing an interest in participating
in clinical trials. Prior to being consented for the study, all subjects received a copy of the patient
information sheet and were given adequate time to decide whether they wanted to partake in the
study. The Cough Central study was approved by the London-Dulwich Research Ethics Committee (REC
reference: 18/NW/0254).

143



Cough Central Subjects Inclusion Criteria

Cough Central Subjects Exclusion Criteria

Male and female CC patients and HV
between 18-80 years inclusive.
Participants must have capacity to
consent.

Participants must be non-smokers; ex-
smokers <20 pack years, >6 months
abstinence.

HV must have no clinically relevant
abnormalities based on their medical
history, physical examination, vital signs,
or significant past respiratory disease,
and must have spirometry within normal
limits.

CC patients must have a diagnosis of
refractory CC as defined by the British
Thoracic Society (BTS) guidelines.

CC patients must not have evidence of
asthma and have an FEV1 > 70%
predicted value.

Participants with asthma.

Routine contraindications to fMRI scanning e.g. certain
metal implants, recent surgery, extreme
claustrophobia etc.

Participants who have received any medications likely
to modulate cough within 2 weeks of enrolment.
Participants currently taking ACE inhibitors.
Participants on anticoagulants and unable to safely
come off these.

Participants with any condition that may increase
circulating levels of ATP/ATP metabolites e.g., chronic
cardiac failure, chronic hypoxia, vigorous exercise in
the last 48 hrs, or regular vigorous exercise, such as
professional sports or competitive training.
Participants who are pregnant or breastfeeding.
Participants with FEV1 <70% predicted (CC) or <80%
predicted (HV).

Participants with recent history of upper or lower
respiratory tract infection or significant changes in
pulmonary status within 4 weeks prior to enrolment.
Participants with other severe, acute, or chronic
medical or psychiatric conditions that may increase
the risk associated with trial participation or may
interfere with the interpretation of trial results.

Table 7. 1 Recruitment criteria for Cough Central study.

7.2.2 ANTHEM Clinical study

The ANTHEM clinical study (ATP in the Airways and Blood in Chronic Cough) was a UK-based clinical

study launched in 2021 by Manchester University NHS Foundation Trust (MFT). Enrolled subjects

underwent clinical assessment followed by blood and BALF sample collection. Recruitment criteria for

the study are outlined in table 2.2. All RUCC patients were recruited from the Wythenshawe tertiary

cough clinic at MFT. HV were recruited through MFT’s Medicines Evaluation Unit (MEU). Prior to being

consented for the study, all subjects received a copy of the patient information sheet and were given

adequate time to decide whether they wanted to partake in the study. The ANTHEM study was

approved by the London-Dulwich Research Ethics Committee (REC reference: 21/PR/1233).
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ANTHEM Subjects Inclusion Criteria ANTHEM Subjects Exclusion Criteria

e Male and female CC patients and HV e  Participants who have received any medications likely to
between 18-80 years inclusive. modulate cough within 2 weeks of enrolment.

e Participants must have capacity to e Participants currently taking ACE inhibitors.
consent. e Participants on anticoagulants and unable to safely come

e Participants must be non-smokers; off these.
ex-smokers <10 pack years, >6 e  Participants with any condition that may increase
months abstinence. circulating levels of ATP/ATP metabolites e.g., chronic

e HV must have no clinically relevant cardiac failure, chronic hypoxia, vigorous exercise in the
abnormalities based on their medical last 48 hrs, or regular vigorous exercise, such as
history, physical examination, vital professional sports or competitive training.
signs, or significant past respiratory e  Participants who are pregnant or breastfeeding.
disease, and must have spirometry e Participants with FEV1 <70% predicted (CC) or <80%
within normal limits. predicted (HV).

e CC patients must have a diagnosis of e  Participants with recent history of upper or lower
RCC as defined by the European respiratory tract infection or significant changes in
Respiratory Society (ERS) / American pulmonary status within 4 weeks prior to enrolment.
College of Clinical Pharmacy (ACCP) e Participants with other severe, acute, or chronic medical
guidelines. or psychiatric conditions that may increase the risk

associated with trial participation or may interfere with
the interpretation of trial results.

Table 7. 2 Recruitment criteria for ANTHEM study.

7.2.3 Human sample collection and processing

The addition of EDTA to the collection protocol of biological fluids was shown to allow reliable and

reproducible detection of ATP levels (see chapter 3, section 3.3.4 and 3.3.5), this methodology was

fed back to our clinical collaborators. They were able to use this information to inform clinical sample
collection allowing investigation into eATP levels in RCC patients. BALF and plasma samples were taken
with specified concentrations of EDTA solution, to ensure all samples contained approximately 6mM

EDTA.

7.2.3.1 Human Plasma

Plasma samples were drawn from the median cubital or cephalic vein in the arms of subjects and
collected into K2E K2EDTA blood collection tubes (Avantor, USA) and immediately placed on ice. Blood
samples were then centrifuged (1200g, 10min, 4°C) to separate cells from the plasma supernatant and

the plasma was aliquoted and stored at -80°C until further analysis.

7.2.3.2 Human Bronchoalveolar lavage fluid (BALF)

Fibreoptic bronchoscopy was performed under conscious sedation and BALF was collected according
to the ATS guidelines (Meyer et al., 2012) at a specialist cough clinic at the University Hospital of South
Manchester, UK as previously described (West et al., 2012). BALF was combined into K2E K2EDTA

blood collection tubes (Avantor, USA). All BALF samples were centrifuged (800g, 10min, 4°C) to
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separate cells from the supernatant. The supernatant BALF was aliquoted and stored at -80°C until

further analysis.

7.2.4 ATP measurements

7.2.4.1 ATP detection assay

The ATP Detection Assay kit- Luminescence assay (Cayman chemical, USA) referred to as the ATP
detection assay was performed as per the manufacturer’s protocol with modifications detailed in

section 2.3.2.

Briefly, samples were thawed on ice. An ATP standard was prepared by serially diluting the standard
in sterile water ranging between 100pM — 100uM. 10ul of standard was added to the relevant wells
of a black % area 96-well optiplate and 10ul of sterile water was added to remaining wells. This was
followed by 10ul of medium (saline with EDTA) to the standard wells and 10ul of sample to sample
wells. Finally, the reaction mix was prepared using the reagents provided in the kit and 100ul of
reaction mix was added to all wells. The plate was then dark adapted for 20 minutes at room

temperature prior to being read in the SpectraMax iD5 multi-mode microplate reader.

7.2.4.2 Hygiena Device

The Hygiena ensure touch luminometer (Hygiena, USA) referred to as the hygiena device was used as

described in section 2.3.3.

Briefly, 15ul of sample was placed in a 2ml Eppendorf tube and measurements were taken by using
the hygiena Ultrasnap swab. The swab was placed into the sample and rotated round 5 times and then
placed back into its casing. The top of the swab was then snapped to release the liquid reagent to the
bottom of the swab. The casing was then shaken for a few seconds before being placed into the

luminometer which provided relative light unit (RLU) measurements from the samples.

7.2.4.3 SystemSure Plus ATP monitor

Immediate ATP measurements were performed by the clinical collaborators during blood sample
collection for the Cough Central study. Plasma samples were collected on a SureSnap ATP detection
swab housed inside the SystemSure Plus ATP monitor to give an immediate reading of RLU

measurements from the samples which are directly proportional to ATP levels.

7.2.4.4 Data analysis

For experiments whereby an ATP standard curve was performed, ATP concentrations were
interpolated from the ATP standard curve (100pM — 100uM) which was run in duplicate by linearly

plotting log (concentration) in the x axis and average relative light units (RLU) in the y axis. In samples
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that had been diluted, the dilution factor was considered when interpolating ATP concentrations. All

data are presented as mean + S.E.M and statistical analysis performed used Welch’s t test.
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7.3 Results

7.3.1 eATP measurements in Cough Central plasma samples

Plasma samples from the Cough Central study were measured by clinical collaborators using this
SystemSure ATP monitor device. This provided immediate readouts which were performed to give an
insight into the possibility of using this technique for future point-of-care use whereby these
measurements could be used as a biomarker to identify patients likely to respond to ATP-targeted
therapies. An additional advantage of this technique is that immediate read out of samples reduces
the need to freeze-thaw samples for plate assay analysis and therefore may reduce the likelihood of
rapid ATP degradation. Plasma samples were also stored on ice and shipped to Imperial College
London for analysis using the ATP detection assay. Data from both assays are presented as relative
light units for comparison as an ATP standard curve was not performed during the SystemSure ATP
measurements. A similar trend was observed between both techniques whereby there were no
significant differences in plasma eATP between HV and CC patient samples. However, the raw RLUs
measured using the Cayman ATP detection assay were approximately 1000 times higher than that

using the SystemSure ATP monitor (Figure 7.1).
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Figure 7. 1 Cough Central plasma eATP measurements.

Measurements were taken from chronic cough (CC) patient samples n=51 and healthy volunteers (HV)
n=21. (A) eATP measurements using Cayman ATP detection assay. (B) eATP measurements using the

SystemSure ATP monitor. Data presented as RLUs mean * S.E.M.
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7.3.2 eATP measurements in male versus female Cough Central samples

CC is more prevalent in females compared to males and several studies have shown sex-related
differences in cough hypersensitivity. For instance, cough challenge studies have shown that women
with and without CC have a heightened sensitivity to tussive stimuli compared to men (Varechova et
al., 2008, Morice et al., 2014a). Observational studies also show a higher prevalence of CC in females
relative to males. For example, a survey of 10032 adults found that two thirds of patients with CC were

female (Morice et al., 2014a).

Based on these findings, although there were no significant differences between CC patients and HV,
the data was grouped by gender to see if there were any differences. No trends or significant

differences were seen between genders in the CC and HV groups (Figure 7.2).
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Figure 7. 2 Cough Central plasma eATP measurements in males versus females.

Measurements were taken from chronic cough (CC) patient samples; male n=20, female n=29 and
healthy volunteers (HV); male n=10, female n=10. (A) eATP measurements using Cayman ATP detection
assay. (B) eATP measurements using the SystemSure ATP monitor. Data presented as RLUs mean +

S.E.M.
7.3.3 Correlations between eATP measurements and cough counts in Cough Central

During the Cough Central study, CC patients were fitted with a VitaloJak cough monitoring device
during their first visit. This was used to measure total cough counts over 24 hours prior to the cough
challenge studies. Although there were no significant differences between eATP measurements in
plasma samples from CC patients and HV, correlations between cough counts and eATP plasma

measurements from CC patients were analysed. There were no clear correlations observed between
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cough counts and eATP measurements from individual CC patients. However, a very weak positive
trend was observed with the Cayman measurements compared to the SystemSure measurements

(Figure 7.3).
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Figure 7. 3 Correlations between Cough Central plasma eATP measurements and 24 hour cough
counts in chronic cough patient samples.

24 hour Cough counts were measured in chronic cough (CC) patients n=50 and plasma eATP levels were
measured in these patients using the Cayman ATP detection assay and the SystemSure ATP monitor.
Data presented as RLUs and linear regression used to fit the data whereby R?=1 would indicate that

the data perfectly fits a linear model.
7.3.4 eATP measurements in ANTHEM BALF samples

Given that there were no differences in plasma eATP measurements between CC patients and HV, the

next step was to investigate lung levels of eATP by measuring eATP in BALF samples.

During the ANTHEM study, BALF samples were collected and stored on ice and shipped to Imperial
College London for analysis using both the ATP detection assay and the Hygiena device. Unlike the
Cough Central study whereby immediate ATP measurements were taken using the SystemSure ATP

monitor, sample analysis from the ANTHEM study required samples to be freeze-thawed for analysis.

Neat BALF samples were measured against an ATP standard curve to enable extrapolation of ATP
concentrations using both the Cayman ATP detection assay and the Hygiena device which were
measured on the same samples in parallel. Using both techniques there were significant reductions in

BALF eATP in CC patient samples compared to HV, although the hygiena device ATP values were
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approximately 3 times lower than that measured with the plate-based Cayman ATP detection assay.

This data was also grouped by gender but no significant differences were observed (Figure 7.4).
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Figure 7. 4 ANTHEM BALF eATP measurements.

Measurements were taken from chronic cough (CC) patient samples n=14 (n=7 male, n=7 female) and
healthy volunteers (HV) n=22 (n=12 male, n=10 female). (A) eATP measurements using Cayman ATP
detection assay comparing total CC and HV and (C) grouped by gender. (B) eATP measurements using
the Hygiena device comparing total CC and HV and (D) grouped by gender. Data shown are mean *

SEM. * indicates statistical significance Welch’s t test (p=0.0222 and 0.0037, respectively).

7.3.5 eATP measurements in ANTHEM plasma samples

Plasma samples were also collected during the ANTHEM study and eATP measured as an indication of

systemic eATP levels. Neat samples were measured using the Cayman ATP detection assay. However,
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plasma samples were diluted 8x in PBS as this device has a reduced range of ATP detection as detailed
in chapter 3 (section 3.3.3). This protocol will also be followed by clinical collaborators for SystemSure
ATP measurements of plasma. A significant increase in plasma eATP measurements were observed in
CC patient samples compared the HV using both techniques. Interestingly, these were significantly

increased in female CC patients compared to male CC patients (Figure 7.5).
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Figure 7. 5 ANTHEM plasma eATP measurements.

Measurements were taken from chronic cough (CC) patient samples n=14 (n=7 male, n=7 female) and
healthy volunteers (HV) n=22 (n=12 male, n=10 female). (A) eATP measurements using Cayman ATP
detection assay comparing total CC and HV and (C) grouped by gender. (B) eATP measurements using
the Hygiena device comparing total CC and HV and (D) grouped by gender. Data shown are mean *
SEM. * indicates statistical significance Welch’s t test (A: p=0.03, B: p=0.0379, C: p=0.0145 and 0.0751,

respectively, D: p=0.0128).
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7.3.6 Comparing eATP measurements using the Cayman assay and Hygiena device

The same samples were measured in parallel using the Cayman assay and Hygiena device which enable
measurement comparisons to be made between the two techniques. The same ATP standards were
also used to produce a standard curve to allow extrapolation of ATP concentrations which were also
dilution-adjusted. In general, there was a good correlation between the Cayman assay and Hygiena
device. An increase in divergence between plasma measurements between the two techniques with

higher ATP concentrations was observed (Figure 7.6).
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Figure 7. 6 Correlations between eATP measurements using the Cayman assay and Hygiena device.

Correlations between all samples measured n=38 between the plate-based Cayman assay and the

hand-held Hygiena device were investigated in (A) BALF and (B) plasma samples where all samples
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were dilution-adjusted. Linear regression used to fit the data whereby R?=1 would indicate that the

data perfectly fits a linear model.
7.3.7 Correlations between eATP measurements and cough counts in the ANTHEM study

During the ANTHEM study, CC patients were also fitted with a VitaloJak cough monitoring device
during their first visit. This was used to measure average daily cough counts. Although there were
significant differences between eATP measurements in plasma samples from CC patients and HV,
there were no correlations observed between cough counts and eATP plasma measurements from CC
patients. A trend towards a weak positive correlation was observed in BALF eATP measurements and

cough counts, though this was not significant (Figure 7.7).
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Figure 7. 7 Correlations between ANTHEM eATP measurements and average daily cough counts in
chronic cough patient samples.

Average daily counts were measured in chronic cough (CC) patients n=22 and this was correlated
against (A) BALF eATP levels and (B) plasma eATP levels measured in these patients using the Cayman
ATP detection assay and the Hygiena device. Linear regression used to fit the data whereby R?=1 would

indicate that the data perfectly fits a linear model.
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7.4 Discussion

There is increasing evidence for the role of eATP in driving chronic respiratory diseases, based on
studies which report elevated eATP in patients with COPD, asthma and IPF (Lommatzsch et al., 2010,
Idzko et al., 2007, Riteau et al., 2010, Hlapci¢ et al., 2019). However, to date there is no literature to

suggest that eATP is also elevated in patients with refractory or unexplained chronic cough (RUCC).

Therefore, the aim of this chapter was to investigate eATP measurements in both BALF and plasma
samples from RUCC patients compared to healthy controls. These samples were collected using the

protocol developed as described in chapter 3 (see section 3.3.4 and 3.3.5) whereby the collection of

samples with a final volume of 6mM EDTA was shown to prevent rapid degradation of eATP. This
protocol was used during collection of biological samples by clinical collaborators. eATP
measurements were performed using the plate-based Cayman ATP detection assay characterised in
chapter 3, which was shown to be the most sensitive assay tested. Measurements were also
performed using the SystemSure ATP monitor and Hygiena device which are similar hand-held devices
which require samples to be swabbed and placed in the hand-held device for measurements. Although
less sensitive than the Cayman assay, both these devices provide immediate RLU read-outs which has
the advantage of being used for bedside monitoring of ATP levels and could be more readily utilised
in a clinical setting. Furthermore, the Cayman assay requires trained individuals to perform the
measurements in a laboratory environment where additional equipment such as a plate reader is
required, whereas the hand-held devices do not require a trained individual or any additional

laboratory equipment for measurements.

Plasma measurements from the Cough Central study suggest there were no differences between HV
and CC patients using the Cayman assay and SystemSure ATP monitor. RLU values were presented for
both techniques as an ATP standard curve was not run with the SystemSure ATP monitor. RLU values
appeared to be approximately 1000 times higher using the SystemSure device compared to the
Cayman ATP detection assay though a standard curve and extrapolation of ATP concentrations is
required to assess differences between techniques. Based on this data it suggests that there are no
differences in systemic levels of eATP between CC patients and HV (Figure 7.1). Observational studies
show that CC is more prevalent in females compared to males, and women are overrepresented in
cough clinics. In addition to this, sex-related differences in cough hypersensitivity have also been
identified with females found to be more sensitive to tussive stimuli compared to males in cough
challenge studies and also have an increased 24 hour cough frequency (Varechova et al., 2008, Morice

et al., 2014a, Kelsall et al., 2009, Satia et al., 2017). Therefore, eATP measurements between CC
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patients and HV were also grouped by gender, however no significant differences were observed

between the groups (Figure 7.2).

During the Cough Central study, patients with CC were also fitted with a VitaloJak cough monitoring
device. This was able to measure baseline 24-hour cough counts prior to the cough challenge studies.
An XY plot was used to determine whether there were any correlations between cough counts and
plasma eATP levels. There were no clear significant trends between the two variables although a very
weak positive trend was observed in Cayman ATP detection assay measurements compared to the
SystemSure monitor measurements (Figure 7.3). Overall, these data suggests no clear correlations can

be made between cough counts and plasma eATP levels.

Given that eATP is hypothesised to be driving the pathogenesis and symptoms of chronic respiratory
diseases, perhaps it is only lung levels of eATP that are elevated in CC. In order to investigate this,
eATP levels were measured in BALF samples from CC patients and HV from another clinical study called
ANTHEM as BALF samples were not collected in the Cough Central study. These were also grouped by
gender to see if there were any differences between eATP levels (Figure 7.4). These samples were
frozen and shipped to Imperial College London for analysis. Surprisingly, eATP levels were significantly
reduced in CC patient samples compared with HV. Although this data goes against the hypothesis of
increased eATP levels in the BALF of CC patients, it is in line with what was previously observed in the

present study of 3 different respiratory disease animal models (Chapter 6, sections 6.3.6, 6.3.7 and

6.3.8). However, it was hypothesised that the reduction of eATP that was observed in the animal
models was because they may not be able to completely recapitulate all the mechanisms and

pathways involved in chronic respiratory diseases in humans.

Another potential hypothesis for these observations is that eATP levels could be elevated but may be
rapidly degraded as a compensatory mechanism prior to the collection of BALF which means increased
eATP is not captured in the sample which could potentially explain why significantly less eATP is
measured in BALF samples from CC patients. To investigate this, future work is required to investigate
whether there is increased ecto-nucleotidase expression and activity in the lungs. Preliminary work to
develop an assay to measure ecto-nucleotidase activity in BALF samples using the ATP detection assay

is described in chapter 8 (see section 8.3.4). This activity assay could be used to investigate whether

there is a compensatory upregulation in ATP breakdown in CC patients which may explain why an
increase in eATP is not observed. If this is the case, perhaps BALF may not be an ideal measure of
pulmonary eATP levels. It is also important to note that eATP is thought to be released locally by cells
and act on purinergic receptors expressed on cells within close proximity. Using human BALF sample

collection, samples are taken from a specified, relatively small, region of the lungs and are heavily
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diluted and therefore may not be reflective of localised release of eATP from cells. Furthermore,
volumes of BALF recovered vary from patient to patient. Although the data collected in this chapter
suggest BALF eATP is not elevated in CC patients, alternative techniques for the measurement of eATP
in the lungs could be explored, such as bronchosorption which involves the use of synthetic absorptive
matrices (SAM). Briefly, this involves the use of a bronchosorption catheter which is passed down the
operating port of a bronchoscope and has an inner SAM probe that is extruded under direct vision
from the catheter using a handpiece. The main benefit of this technique is that it reduces analyte
dilution associated with bronchoalveolar lavage and can also ensure sampling from nerve terminals.
Several studies using the bronchosorption technique suggested that higher levels of cytokines were
recorded in lavage samples and no safety concerns were reported (Hansel et al., 2017, Sadiq et al.,
2021, Jackson et al., 2014, Farne et al., 2018). This technique may therefore reduce variability between

samples as there are less variations in the volume of samples recovered.

Plasma eATP levels were also measured from the ANTHEM study and interestingly there was a
significant increase in eATP levels in CC patients compared to HV using both techniques. Although this
was not observed in plasma samples from the Cough Central study, the data from the ANTHEM study
supports the hypothesis that eATP plays a role in the pathogenesis and symptoms of CC. Interestingly,
there was a significant increase in plasma eATP in female compared to male CC patients measured
using the more sensitive Cayman ATP detection assay. Significant increases were also observed in
female CC patients compared to female HV using both assays (Figure 7.5). This is in line with the
observation that CC is more prevalent in females compared to males and this difference could
potentially be attributed to increased eATP in females compared to males. This suggests that systemic
eATP levels measured in the plasma are elevated in CC patients. However, given that this was not
observed in the Cough Central study, increase n numbers are required to confirm this observation. It
is also important to note that patients with asthma were excluded from the Cough Central study which
may account for this difference. Taken together, the hypothesis that BALF eATP is elevated in CC

patients cannot be accepted.

As the samples were measured in parallel using the Cayman assay and Hygiena device, correlations
between the two techniques were investigated. In general, there was a positive correlation between
both techniques with a slight increase in divergence between plasma measurements at higher ATP
concentrations. Nonetheless, given that a positive trend was observed with both plasma and BALF
samples, it suggests that both techniques give reliable eATP readouts (Figure 7.6). Although the
hygiena device is not as sensitive as the ATP detection assay, it does not require the use of laboratory
equipment and provides fast RLU readouts and therefore may be useful with regards to point-of-care

use in a clinical setting.
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During the ANTHEM study, CC patients were fitted with a VitaloJak cough monitoring device which
provided a measure of average daily coughs. This was plotted against eATP measurements to see if
there were any correlations between the two variables. Although eATP was significantly increased in
plasma samples from CC patients compared to HV, there were no correlations between this and
average daily cough counts in these patients. A weak positive trend was observed between these
cough counts and BALF eATP measurements but were not significant (Figure 7.7). These data suggest
that eATP levels may not correlate with cough counts in this patient group. There are on-going clinical
studies in Professor Jacky Smith’s team at the University Hospital of South Manchester to determine
whether patients with different disease backgrounds have different cough responses to different

cough stimuli and whether eATP may be elevated in specific patient populations.

Samples collected from these studies will also be sent to collaborators in the Dynamic Omics team at
AstraZeneca for future analysis using mass spectrometry. This technique has the advantage of direct

eATP measurements as well as measuring ATP metabolites.

The data from this chapter suggests that plasma eATP is elevated in a subset of CC patients compared
to HV, though more data is required to confirm this. With regards to BALF, eATP levels were lower in
CC patients compared to HV which suggests that BALF may not be ideal for assessing eATP levels and
perhaps alternative techniques such as bronchosorption should be explored. Overall, the plasma eATP
measurements in the ANTHEM study are promising and support the potential use of plasma eATP as
a biomarker to allow a precision medicine approach to be taken. The increased eATP measured in
females compared to males supports observations in the clinic of increased incidence of CC in females.
These measurements could therefore be utilised in patients with CC, to identify patient populations

with elevated eATP who are thought to be more likely to respond to ATP-targeted therapies.

158



Chapter 8: Summary and Future Studies

8.1 Summary of thesis

There is an increasing amount of research which implicates extracellular ATP (eATP) in the
pathogenesis and symptoms in a range of chronic respiratory diseases. This is supported by studies
which report elevated levels of eATP in patients with asthma (ldzko et al., 2007), Chronic Obstructive
Pulmonary Disease (COPD) (Lommatzsch et al., 2010) and Idiopathic Pulmonary Fibrosis (IPF) (Riteau
et al., 2010). Pre-clinical research suggests this eATP is released from several cell types in the lungs
leading to the activation of purinergic receptors and subsequent activation of inflammatory and
neuronal pathways involved in disease pathogenesis (Bonvini et al., 2020, Rahman et al., 2018, Baxter

et al., 2014, Robinson et al., 2016, Burnstock, 2018).

Pre-clinical data have also highlighted the role of ATP and its activation of purinergic P2X3 receptors
present on sensory afferent nerves in chronic cough (Bonvini et al., 2016). Chronic cough can be
idiopathic in nature, known as Unexplained Chronic Cough (UCC) or can persist despite treatments
targeting those with underlying respiratory disease which is described as Refractory Chronic Cough
(RCC). Antagonists of the P2X3 receptor have shown antitussive efficacy in refractory and unexplained
chronic cough (RUCC) patients in several clinical trials. Original phase 2 studies with the P2X3
Gefapixant were originally in UCC patients. However, Phase 2b and phase 3 studies included patients
with RCC. The P2X3 antagonist Gefapixant was recently approved for use in Europe, Switzerland and
Japan for RUCC (McGarvey et al., 2022, Drake et al., 2023). However, it remains unclear whether eATP

is elevated in the airways of chronic cough patients.

Although there is literature investigating eATP in other airway diseases, levels of eATP measured vary
from study to study often ranging from picomolar to micromolar concentrations. Furthermore,
different techniques, methodology and chelating agents are often used for the retrieval and
assessment of eATP in biological samples which means they are not always reproducible and vary in
sensitivity and reliability. In addition to this, eATP is tightly regulated in the extracellular space by ecto-
nucleotidases such as CD39 which rapidly break down eATP. Therefore, levels of eATP detected in
biological samples are often below the limit of detection and/or are not reflective of true eATP levels.
One aim of this thesis was to develop a more standardised technique for the retrieval and assessment
of eATP in biological samples which was both reliable and reproducible. This was required to assess
levels of eATP in pre-clinical airway disease models and chronic cough patient samples. These

measurements could also contribute to the use of eATP as a biomarker to determine target
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engagement of compounds which impact eATP and help identify patients with elevated levels of eATP

enabling a precision medicine approach to be taken for ATP-targeted treatments.

The primary aim of Chapter 3 was to optimise the methodology for the retrieval and assessment of
eATP in biological samples. Two different plate-based luminescence assays, the PerkinEImer ATPlite
assay and Cayman ATP detection assay, were compared to determine which assay was more sensitive
at detecting eATP levels. During testing it was found that the white 96-well plates provided with the
kits increased cross-talk between wells. Therefore, different plate types were also tested, and it was
found that black % area 96-well plates had the least amount of cross-talk; consequently this was used
in future experiments. The Cayman ATP detection assay was found to be more sensitive with a lower
limit of detection of 0.1nM compared to 10nM with the ATPlite assay. A further advantage of the ATP
detection assay was that it only required 10pul of sample whereas the ATPlite assay required 100ul of
sample. This is useful as the volume of samples obtained particularly from murine models are
relatively low. The use of the hand-held hygiena device was also investigated. Although it was less
sensitive than the ATP detection assay with a LLOD of 10nM, this device had the advantage of

immediate sample measurements which may be useful for immediate readings in a clinical setting.

The rapid breakdown of eATP in biological samples is another challenge when measuring eATP. The
use of EDTA, a chelating agent which binds metal ions such as calcium was investigated in reducing
this rapid eATP breakdown. It was found that a final concentration of 6mM EDTA in plasma and
bronchoalveolar lavage fluid (BALF) samples reduced rapid breakdown of eATP. The CD39 enzyme
which can break down ATP was also used to confirm that the luminescence detected with the ATP
detection assay was reflective of eATP levels in biological samples from mice, rats and guinea pigs.
Preliminary data from collaborators in the Dynamic Omics team at AstraZeneca suggested that eATP
breakdown products could also be measured in these samples. In this chapter, a more reliable and
reproducible methodology for the assessment of eATP in biological samples was developed and used

for future assessment of eATP in pre-clinical and clinical samples.

In addition to assessing levels of eATP in these samples, Chapter 4 aimed to provide complimentary
evidence for the role of endogenous ATP in activating airway sensory nerves that lead to the cough
reflex. Chronic cough is a common symptom of a range of chronic respiratory diseases or can be
idiopathic in nature. The antitussive effects of drugs such as the purinergic P2X3 antagonist Gefapixant
supports the role of ATP in driving cough (McGarvey et al., 2022). Pre-clinical studies have investigated

the role of ATP analogues such as afMe-ATP which is more stable than ATP and more selective for
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P2X1 and P2X3 purinergic receptors. However, more research was needed to demonstrate the ability
of ATP, rather than analogues in the activation of airway sensory nerves. The aim of Chapter 4 was to
investigate ATP in airway sensory nerves using a variety of electrophysiological techniques in order to
improve understanding of the pharmacological effects of endogenous ATP and its role in the cough
reflex. Calcium imaging of airway specific guinea pig ganglia showed that ATP caused a concentration-

dependent increase in intracellular calcium levels in both airway specific nodose and jugular ganglia.

Activation of airway sensory nerves by endogenous ATP was also observed using in vitro vagus nerve
recordings on sections of the whole vagus nerve; endogenous ATP was then studied in an ex vivo
electrophysiological tracheal recording (eTRec) system, which showed increased nerve activity in a
branch of the vagus known as the recurrent laryngeal nerve (RLN) which innervates the upper airways.
The advantage of eTRec was that it is a more physiologically relevant way of causing nerve activation

as it measured the effects of ATP on nerve terminals within the intact tracheal lumen.

The pharmacology of ATP on airway sensory nerves was also explored by blocking ATP activated P2X3
receptors. Gefapixant and its pre-clinical analogue AF-353 were able to block ATP-induced vagus nerve
depolarisation in guinea pigs. AF-353 was also shown to inhibit-ATP-induced firing of the airway nerve
terminals in the RLN of the guinea pig. Having shown that P2X3 antagonists could block airway sensory
nerve activation through the endogenous ATP ligand, the next step was to examine whether it could
also block indirect endogenously released ATP through activation of TRPV4 as illustrated in Figure 8.1.
Previous publications have demonstrated the ability of the TRPV4 agonist GSK1016790A (GSK101) to
cause depolarisation of guinea pig vagus nerve through the indirect release of eATP and subsequent

activation of P2X3 referred to as the TRPV4-ATP-P2X3 axis (Bonvini et al., 2016).
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Figure 8. 1 Schematic illustrating TRPV4 induced release of eATP activating P2X2/3 receptors.

Activation of TRPV4 leads to the release of ATP through pannexin-1 channels which stimulates P2X2/3
receptors on airway sensory nerves causing action potential firing. This can occur in the same cell
(autocrine signalling) or between neighbouring cells (paracrine signalling). Figure adapted from (Grace

etal., 2017).

P2X3 antagonists were able to block TRPV4-induced activation in both isolated guinea pig vagus nerve
tissues and in tracheal attached guinea pig RLN. Importantly, translational studies were also
performed on human donor tissue and demonstrated that ATP-induced depolarisation (both directly
applied ATP and ATP released via TRPV4 activation) of human vagus nerve was inhibited by Gefapixant
and AF-353. The data in this chapter demonstrated the ability of the endogenous ATP ligand to activate
airway sensory nerves and the pharmacology of P2X3 antagonists in pre-clinical primary tissues were
in line with the efficacy of P2X3 antagonists in the clinic. Thus far, clinical trials have focused on
blocking the action of ATP on sensory nerves. However, this can be associated with off-target effects
such as taste disturbances commonly reported with P2X3 antagonists such as Gefapixant (McGarvey
et al., 2022). It is hypothesised that these taste disturbances are likely due to drugs also blocking
P2X2/3 receptors innervating taste buds as more selective P2X3 antagonists such as Camlipixant, have
a lower incidence of taste disturbances (Birring et al., 2022, Garceau and Chauret, 2019). An
alternative approach to treating chronic cough could be to reduce the amount of eATP in the

extracellular space by increasing eATP breakdown.

The aim of Chapter 5 was to investigate the effects of breaking down ATP using ecto-nucleotidases

such as CD39 on ATP-induced activation of airway sensory nerves. In order to investigate this, two
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CD39 enzymes, CD39-His and its analogue, and CD39-analogue were investigated. A mutant version
of these enzymes, CD39-Mut was also tested as a negative control. In vitro isolated vagus nerve
recordings in the guinea pig showed that both CD39 enzymes caused a concentration-dependent
decrease in direct ATP-induced and indirect TRPV4 induced depolarisation of the vagus nerves. The
CD39-analogue was found to be more potent than CD39-His. CD39 was also investigated using whole
animal single afferent fibre recordings; this is a more physiologically relevant technique with the
advantage of measuring the effects of drugs on the nerve termini with an end point of action potential
firing in specific subtypes of nerves. As this technique was relatively low-throughput and required
highly skilled and trained personnel to perform the experiment, only the more potent CD39 tool,
CD39-analogue, was tested in this system; thus, the enzyme was tested following TRPV4 induced
prolonged firing of A8- fibres, which was previously shown to be blocked by P2X3 receptor antagonists
(Bonvini et al., 2016). Intratracheal administration of the CD39-analogue enzyme was shown to reduce
GSK101 induced stimulation of Ab- fibres, whereas the mutant control had no effect. The final method
used to assess ATP activation of the cough reflex events was through investigating the effects of CD39-
His on a TRPV4 induced guinea pig conscious cough model. A key advantage of this model is that it
allows the investigation of drugs directly on cough in the whole animal which can provide translational
data as the tussive responses induced in guinea pigs are similar to those observed in humans (Birrell
et al., 2009). Using this model, a trend towards decreased cough was observed at the highest dose of
3 mg/kg CD39-His which despite not being statistically significant P=0.0699, is still promising given the
reduction in cough observed relative to control groups. Target engagement of CD39-His was evident
in this model as CD39-His significantly reduced eATP in BALF at all concentrations tested and
significantly reduced systemic eATP in the plasma at doses above 1mg/kg. The data gathered in this
chapter were from naive animals. Therefore, the next step was to investigate eATP in animal models
of chronic respiratory diseases and determine whether CD39 tools are able to reduce eATP as well as

other disease markers in these models.

Having previously determined a reliable and reproducible method for the retrieval and assessment of
eATP in biological samples, the aim of Chapter 6 was to investigate eATP in animal models of
respiratory disease and determine whether CD39-His could impact eATP and other airway disease
markers. This included both acute and chronic cigarette smoke exposure models, an acute ozone
exposure model and a Poly I1:C model. These animal models are commonly used to model
characteristics of inflammatory airway diseases such as chronic obstructive pulmonary disease (COPD)
and asthma. Interestingly across all these airway disease models, a decrease in eATP was found in

BALF samples from diseased animals compared to healthy controls despite an inflammatory
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phenotype induced in the diseased animals. Several hypotheses were proposed as to why this was
observed including an increase in ecto-nucleotidase activity in these animals in response to the
induction of a disease phenotype as a compensatory mechanism. This could be investigated further
as discussed in section 8.3.4. Additionally, these were only models of human airway disease and do
not completely recapitulate the pathophysiological mechanisms observed in human airway diseases.
Alternatively, eATP may only be a key mediator in driving cough and not chronic inflammation

observed in these disease models.

CD39-His was also investigated in the acute cigarette smoke exposure model and despite a reduction
in eATP in the BALF and plasma of animals, CD39-His did not have an impact on inflammation with
regards to lowering levels of leukocytes and ATP driven cytokines such as IL-18. A slight reduction in
another ATP driven cytokine, IL-1B, was observed at the top doses of CD39-His similar to levels present
in air exposed controls, however this was not significant. Based on these findings, an alternative
animal model where eATP levels are elevated in diseased lungs such as IPF animal models is required

to determine the impact of CD39-His on airway disease markers (see section 8.3.6).

Although eATP is elevated in clinical samples from asthma, COPD and IPF patients, to date there are
no publications investigating eATP in chronic cough patient samples. Given the efficacy of purinergic
P2X3 receptor antagonists in the clinic, the aim of Chapter 7 was to determine whether eATP is
elevated in refractory and unexplained chronic cough (RUCC) patient samples which would support
the hypothesis that eATP is a key driver in cough. Surprisingly, similar results to those observed in the
animal disease models were found in the BALF of RUCC patients taking part in the ANTHEM clinical
study, whereby eATP levels were significantly lower in RUCC patients compared to healthy controls.
Although this was unexpected, a potential hypothesis was that there could be increased ecto-
nucleotidase activity in these patients. Although eATP levels in BALF was not increased compared to
healthy controls, BALF may not necessarily be reflective of localised eATP release from cells within the
lungs as lavaging the lungs heavily dilutes any analytes present in the sample. Future work could
explore alternative methods for measure lung eATP such as bronchosorption as described in section

8.3.6.

eATP was also measured in plasma samples from two different clinical trial studies, the Cough Central
study and the ANTHEM study. The Cayman ATP detection assay was used for these measurements
from both studies. The Cough Central samples were also analysed by collaborators using the

SystemSure ATP device and the ANTHEM samples were also measured using the Hygiena device. These
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types of measurements may be useful for point-of-care use as it provides immediate read outs. In the
Cough Central patient samples, there were no differences observed between plasma from RUCC
patients or healthy controls. However, in the ANTHEM study there was a significant increase in plasma
eATP levels in RUCC patients compared to healthy controls. Interestingly in the RUCC patient group,
females had significantly increased eATP levels compared to males. This is in line with observational
studies which show that chronic cough is more prevalent in females compared to males. For instance,
a survey of 10032 adults found that two thirds of chronic cough patients were female (Morice et al.,
2014). This data suggests that systemic eATP levels measured in the plasma is elevated in chronic
cough patients. However, given that this was not observed in the Cough Central study, the analysis of
additional samples once collected are required to confirm this observation. It is also important to note
that patients with asthma were excluded from the Cough Central study which may account for this

difference.

As the same samples were measured in parallel using both the ATP detection assay and the hygiena
device, correlations were made between the two techniques and in general there was a positive
correlation between the two. Cough counts were also measured in these studies and correlated with
plasma and BALF eATP levels. No significant trends were observed although there was a weak positive
correlation between BALF eATP levels and cough counts in RUCC patients from the ANTHEM study.
More data is required to determine whether these findings are observed across a wider range of
chronic cough patients. The increase in plasma eATP in RUCC patients compared to healthy controls
in the ANTHEM study looks promising and supports the potential use of plasma eATP as a biomarker.
This could potentially be used in the future to identify patients with high levels of eATP who may be

more likely to respond to ATP targeted therapies such as P2X3 antagonists.
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8.2 Limitations of this research and experimental challenges

There are several limitations to the techniques used within this thesis which have been previously
outlined in the relevant chapters. Although luminescence-based assays are commonly used to
measure ATP in samples, they indirectly measure ATP through the release of light in the ATP driven
chemical reaction which converts luciferin to oxyluciferin and light through activity of the luciferase
enzyme. Mass spectrometry is a more accurate technique which directly measures ATP metabolites
(see section 8.3.1). However, this technique is very costly and requires samples to be shipped to

collaborators for analysis.

The isolated vagus nerve recording technique is high throughput and readily amenable to
pharmacological investigation using specific antagonists or ecto-nucleotidases. However, it is not
completely physiologically relevant given that drugs are applied directly onto the nerve axon rather
than the nerve endings and is not a true measure of what occurs in an in vivo setting. Furthermore, it
is a measure of activation of receptors and ion channels present on the nerve trunk which may not be
present in the same conformation as those found on nerve terminals. The majority of experiments
using this technique were performed on guinea pig tissues which may differ to those found in humans.
The vagus nerve also innervates a range of midline organs and tissues aside from the lungs and
therefore activation cannot be attributed to the activation of airway specific nerve fibres alone. This
technique could also have been used using human donor tissues which would have provided
translational data. However, the availability of these tissues were limited particularly due to the

COVID-19 pandemic.

To overcome these limitations, responses were repeated in the more physiologically relevant eTRec
system which measured the effects of compounds present on nerve terminals within the tracheal
lumen. This was also repeated in airway terminating single fibres in guinea pigs which has other
limitations as it is both labour intensive and costly given that only one fibre can be used at a time. The
role of CD39 tools in these systems were also investigated as well as in an in vivo conscious guinea pig
cough model, where responses were more reflective of what happens in a whole animal as
interactions occurred at the nerve terminals following aerosolisation of a tussive stimuli and was
therefore more indicative of the cough reflex itself. Nonetheless, this was a model of evoked cough

and not of spontaneous cough which is more difficult to model and is not as well established.

The COVID-19 pandemic also meant that there were delays in obtaining clinical samples as all clinical
trials were stopped during the pandemic. Measuring BALF eATP levels as an indicator of lung levels of
eATP also has its limitations as this method of sampling heavily dilutes any metabolites present in the

samples. To overcome this, future work could explore other alternatives to assessing eATP in the lungs
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such as bronchosorption (section 8.3.6) or the use of luciferase-based cell lines to try to image the

release of eATP in real-time (section 8.3.3) (Cicko et al., 2018).
8.3 Future work

8.3.1 Mass spectrometry analysis of eATP and metabolites in biological samples

The eATP data gathered in this thesis were predominantly measured using luminescence-based
assays. However, preliminary data collected in collaboration with the Dynamic Omics team at
AstraZeneca, Gaithersburg, suggested that eATP breakdown products could also be measured in these
samples. Although costly, this technique has the capacity to accurately and directly detect and
guantify numerous molecules and can be automated allowing for large-scale analysis. Clinical samples
from refractory and unexplained chronic cough patients and healthy volunteers are being sent for
mass spectrometry analysis which has the key advantage of accurately determine levels of eATP
metabolites such as adenosine diphosphate (ADP), adenosine monophosphate (AMP) and adenosine

which could give an indication of eATP breakdown in these samples.
8.3.2 Real-time imaging of ATP release in vitro

The pharmacological studies performed in Chapter 4 suggest that TRPV4 activation can lead to the
release of eATP in airway-specific ganglia. However, this is yet to be imaged in real-time. Future work
could involve the isolation of nodose and jugular ganglia which could be incubated in medium
containing the reagents required for the luminescence-based luciferase-luciferin chemical reaction.
These cells could then be visualised under a microscope and following stimulation with the TRPV4
agonist, GSK101, quantification of luminescence and its release could potentially be imaged in real-
time to provide dynamic evaluation of cellular ATP induction and extracellular relocation. Other
publications have utilised a similar technique whereby ATP release induced by mechanical stretch in

human airway smooth muscles were shown in real-time (Takahara et al., 2014).

8.3.3 Real-time imaging of ATP release in vivo

Despite elevated eATP levels being found in biological samples from a range of chronic lung diseases
(Riteau et al., 2010), this eATP release in the lungs has not been visualised in vivo. Future work could
aim to develop a technique that could be used to measure ATP release in vivo utilising luciferase-based
cell lines. These cell lines would contain a luciferase probe that can be administered to animals in
order to observe ATP release in the lungs (Morciano et al., 2017). Preliminary proof-of-concept
experiments involving an ATP concentration response could initially be performed in cell culture and

assessed using a luminescence plate reader. The end goal would be to administer these cell lines into
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animal models to visualise ATP release in the lungs in vivo. This could enable confirmation of elevated
eATP levels and relocation/metabolism in models of disease, allowing further investigation into tools
such as TRPV4 antagonists and CD39 in reducing eATP levels in vivo. A similar approach was used by
Cicko et al, to demonstrate eATP release in a murine model of lipopolysaccharide (LPS) induced

inflammation (Cicko et al., 2018).
8.3.4 Assessing ecto-nucleotidase activity in biological samples

Preliminary work was performed to develop an assay to measure ecto-nucleotidase activity in
biological samples using the ATP detection assay. Initial experiments involved measuring the rate of
ATP decrease in standard medium over time. Providing samples contained 0.1 - 1uM ATP, total ecto-
nucleotidase activity equivalent to known concentrations of CD39 activity (0.01nM — 1nM) could be

estimated in the medium (Figure 8.2).
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Figure 8. 2 Assessing ATP breakdown over time using the Cayman ATP detection assay.

(A) One-phase decay curve of medium (saline) alone, spiked with CD39-Mut or CD39 (0.01nM — 1nM)
over 30 minutes. (B) Half-life of the 300nM ATP spike in medium. (C) Half-life of 0.1uM, 0.3uM and
1uM ATP saline solutions, spiked with vehicle, CD39-mut or CD39 (0.01nM — 1nM).

The next step was to use this technique to assess ecto-nucleotidase activity in BALF samples from
naive mice. BALF samples with less than 300nM endogenous eATP were spiked with 300nM
exogenous ATP to determine the half-life of ATP. CD39 concentrations were used as a metric for
estimating total ecto-nucleotidase activity in samples whereby a standard curve was produced with
increasing concentrations of CD39 were added to saline controls spiked with 300nM ATP. Total ecto-
nucleotidase activity in naive mouse BALF (N=3) were equivalent to approximately 0 — 0.1nM CD39

(Figure 8.3).
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Figure 8. 3 Assessing ecto-nucleotidase activity in naive mouse BALF.

(A) CD39 standard curve (0.01nM — 1nM CD39) used to extrapolate CD39 activity. (B) Ecto-nucleotidase
activity equivalent to CD39 (nM) in naive mouse BALF spiked with vehicle, CD39-mut of CD39 (0.01nM
— 1nM). (C) Half-life of naive mouse BALF samples spiked with vehicle, CD39-mut or CD39 (0.01nM —
1nM).

This approach using the determination of ecto-nucleotidase activity could be used to investigate
whether cigarette smoke, ozone or Poly I:C challenge triggers an upregulation in ATP breakdown which
may explain why an increase in BALF eATP is not observed in these disease models. This approach
could also be used to investigate whether there is increased ecto-nucleotidase activity in refractory
and unexplained chronic cough BALF samples given that increased eATP was not observed in patients

compared to healthy controls.
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8.3.5 Investigating levels of eATP in a systemic bleomycin model of IPF

In Chapter 5, CD39-His was shown to inhibit airway sensory nerve activation. Given that cough is a
major symptom of idiopathic pulmonary fibrosis (IPF) and that increased eATP has been found in BALF
from IPF patients compared to healthy controls (Mdiller et al., 2017, Riteau et al., 2010), future work

could investigate CD39-His in IPF disease models.

Bleomycin mouse models are typically used to model IPF and a study by Riteau et al demonstrated
that 4 hours after intranasal administration of bleomycin in mice, there were significantly increased
levels of eATP in BALF which were followed by increased neutrophil recruitment, increased lung IL-1
and an increase in fibrotic markers. These were reduced in P2X7-/- mice and following dosing with
apyrase, an enzyme that breaks down ATP. These data suggest that ATP-induced activation of P2X7
plays an important role in inflammation and fibrosis development in this model (Riteau et al., 2010).
This was further supported by a separate study which showed that intratracheal dosing of bleomycin
in mice caused significant increases in BALF eATP (Miiller et al., 2017). BALF samples from a bleomycin
mouse model ran by collaborators in the ‘Bioscience In Vivo’ team at AstraZeneca, Sweden, were also
sent to Imperial College London for analysis using the ATP detection assay. Across pre-determined
time-points, from 7 — 28 days, animals were culled and BALF collected. eATP levels were elevated all
time points compared to vehicle controls with significant increases at day 14 and at the later time

points (Figure 8.4).

Having determined the dose-range, duration of action and route of administration of CD39-His in naive
mice, the putative inhibitory effect of CD39-His could be investigated in the bleomycin mouse model
where significant increases in lung eATP was observed. The impact of CD39-His on reducing eATP could
determine whether the breakdown of eATP has a positive impact on disease pathogenesis in this

model, indicating possible translational applications for CD39-His.
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Figure 8. 4 eATP levels in BALF from a systemic bleomycin model.

Vehicle (PBS) or bleomycin 120mg/kg was dosed i.t to naive C57BL/6 mice. At 7, 14, 21, 24 and 28 days
post dose, animals were culled and BALF sample were collected for ATP analysis using the ATP
detection assay. N=8 per group. Data shown are mean + SEM. * indicates statistical significance (p <

0.05), Kruskal Wallis with Dunn’s Post Test.
8.3.6 BALF collection using bronchosorption

Although BALF samples are used to indicate lung levels of eATP, it is also important to note that during
the lavaging process, eATP and other analytes are heavily diluted in the lavage solution. Furthermore,
the volume of BALF recovered from both animals and humans are variable. An alternative method

that can be explored is bronchosorption. This involves the use of synthetic absorptive matrices (SAM).

These are placed in the lungs through a bronchoscope with a SAM probe and has the benefit of
reducing analyte dilution and measuring eATP at the site of nerve terminals. This technique has been
used in several studies which report higher levels of cytokines in lavage samples and had no safety
concerns (Hansel et al., 2017, Sadiq et al., 2021, Jackson et al., 2014, Farne et al., 2018). This technique
may therefore reduce variability between samples as there are less variations in the volume and
dilution of samples recovered. The technique could be trialled by clinical collaborators to determine
whether eATP levels in samples collected by the SAM are significantly higher in refractory and

unexplained chronic cough patients compared to healthy controls.
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8.4 Concluding Remarks

The work carried out for this thesis has shown that the endogenous ATP ligand causes activation of
airway sensory nerves which can be reduced using ecto-nucleotidases such as CD39. This supports the
overall hypothesis that eATP is involved in the activation of airway sensory nerves. A more reliable
and reproducible methodology for the retrieval and measurement of eATP in biological samples was
also developed. Unexpectedly, levels of eATP measured in BALF samples from three different airway
disease models showed a significant decrease in eATP compared to healthy controls. Surprisingly, the
same observation was observed in clinical BALF samples from RUCC patients. The future work that has
been outlined above should help further investigate why a decrease in eATP is observed through
investigation of ecto-nucleotidase activity (which may control elevated eATP in early disease) in these

samples.

Given that P2X3 antagonists have shown antitussive efficacy in chronic cough patients, perhaps the
eATP measured in BALF is not truly reflective of local increases in eATP release given that eATP is
heavily diluted in the lavaging process. Although BALF samples are reflective of eATP lavaged in the
airways, perhaps interstitial eATP within the lung tissues should also be considered. The role of eATP
in driving chronic cough is also supported by a significant increase in eATP in RUCC patient plasma
samples compared to healthy controls. Although more data is required to confirm this finding, across
a larger cohort of RUCC patients, perhaps plasma eATP levels may be more reflective of increases in

tissue/interstitial pulmonary eATP.

The use of ecto-nucleotidases in reducing ATP driven activation of airway sensory nerves in both in
vitro experiments, ex vivo experiments, and an in vivo conscious guinea pig cough model suggests it
could be an alternative strategy to P2X3 antagonists by reducing eATP in chronic respiratory diseases.
Future work will address the efficacy of ecto-nucleotidases in airway disease models where a clear
increase in eATP is observed. Taken together, high pulmonary eATP could potentially be a useful
biomarker in the identification of patient populations with airway diseases and cough who may be
more likely to respond to ATP targeted therapies; this would allow for a precision medicine approach

to be taken for the treatment of chronic respiratory diseases such as chronic cough.
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Appendix

The table below outlines reagents used in this thesis.

Reagent
oB-MeATP
AF-353

ATP

CaCl;

Capsaicin
CD39-analogue

CD39-His

CD39-Mut

DMSO
EDTA
Ethanol
FBS
Gefapixant

GSK1016790A

HBSS

Heparin Sodium Salt
HEPES

Isoflurane

KCl

MgSOs4

NacCl

NaH2PO4

NaHCOs

Nuclease free water
Papain

Petroleum Jelly

Poly I:C potassium salt
Saline (0.9% NaCl)

Source Vehicle (where applicable)
Sigma-Aldrich, USA 0.1% dH20 in KH in vitro
Sigma-Aldrich, USA 0.1% DMSO in KH in vitro
Sigma-Aldrich, USA 1% dH20 in ECS in vitro
VWR, USA

Sigma-Aldrich, USA 0.1% DMSO in KH in vitro
AstraZeneca, Sweden 0.1% DMSO in KH in vitro

0.1% DMSO in KH in vitro
0.1% DMSO in 0.9% saline in vivo
0.1% DMSO in KH in vitro
0.1% DMSO in 0.9% saline in vivo

AstraZeneca, Sweden

AstraZeneca, Sweden

Sigma-Aldrich, USA

Sigma-Aldrich, USA

VWR, USA

ThermoFisher Scientific, USA

Selleckchem, UK 0.1% DMSO in KH in vitro
. . 0.1% DMSO in KH in vitro

Sigma-Aldrich, USA . N

0.1% DMSO in 0.9% saline in vivo

Sigma-Aldrich, USA

Sigma-Aldrich, USA

Sigma-Aldrich, USA

Abbott laboratories, USA

VWR, USA

VWR, USA

VWR, USA

VWR, USA

Sigma-Aldrich, USA

Promega, USA

Sigma-Aldrich, USA

Vaseline

InvivoGen, USA 0.1% DMSO in 0.9% saline in vivo

Fresenius Kabi, Germany
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