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Abstract

TRPV4 has emerged as a novel therapeutic target in chronic respiratory disease.
TRPV4-induced ATP release through Pannexin-1 channels and subsequent activation of P2X
receptors has been implicated in chronic lung disease. We have recently demonstrated that
TRPV4 deficiency or pharmacologic inhibition of TRPV4 abolished the development of allergic
airway inflammation (AAl), airway hyper-responsiveness (AHR) or late asthmatic response
(LAR) in rodent models of allergic airway disease (AAD). The aim of this thesis was to elucidate
TRPV4 signalling cascade in AAD and identify key cells driving the cascade together with

upstream and downstream targets.

Using a murine house dust mite (HDM) model of AAD, CD4*T cells and dendritic cells were
identified as the initiators of immune responses to HDM and proposed as drivers of TRPV4
axis due to their Trpv4 and Panx-1 expression. Those cells expressed P2rx1, P2rx4 and P2rx7
which were dysregulated upon HDM challenge, suggesting their role downstream of TRPV4.
P2X7 but not P2X4 or P2X1 deficiency ameliorated AAl upon HDM challenge, however none
of the receptors modulated HDM-induced AHR. PAR2 was investigated as a potential
mechanism of TRPV4 activation as HDM challenge was associated with dysregulated PAR2
ligand activity and immune cell Par2 expression. While PAR2 deficiency ameliorated
HDM-induced AAl, but not AHR, a PAR2 blocking antibody MEDI2344 offered no protection
against HDM-induced AAD. Lastly, to confirm the preliminary observations, selective TRPV4
antagonists were tested in rodent models of AAD and were associated with a trend towards

reduced AAI, but were inefficacious in AHR or LAR, respectively.

In conclusion, this thesis demonstrated a lack of role of TRPV4 in responses evoked by allergen
challenge but rather implicated PAR2/TRPV4 signalling in allergen sensitisation. However,
further work is needed to elucidate the role of TRPV4-ATP-P2X axis in other asthma

phenotypes and associated symptoms such as cough.
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1.1.Asthma in general

1.1.1. Definition of asthma
Asthmais a chronic obstructive lung disease estimated to have affected more than 270 million
people worldwide in 2017 (James et al. 2018). In the UK alone approximately 10 % of the
population (1.1 million children and 4.3 million adults) are currently treated for asthma
(Asthma UK 2021). Asthma is characterised by chronic airway inflammation, recurrent
respiratory symptoms such as wheeze, shortness of breath, chest tightness or cough, and
variable airflow obstruction which is often triggered by allergen or irritant exposure, viral
infections, exercise or weather changes (Global Initiative for Asthma 2021). The severity of
the disease varies considerably. The majority of asthmatic patients presents with a mild to
moderate disease with symptoms and airflow limitation resolving spontaneously or in
response to medication (Global Initiative for Asthma 2021). However, approximately 5 to 10
% of asthmatic patients have a severe form of the disease with poor disease control and
refractory symptoms despite high-intensity therapy (Chung et al. 2014, Price et al. 2014).
Severe asthma accounts for much of the asthma related morbidity and mortality, it
significantly impacts patients’ quality of life and is also associated with great socioeconomic

burden (Nunes et al. 2017, Kuruvilla et al. 2019).

1.1.2. Asthma heterogeneity
Asthma was traditionally viewed as T helper (Th) 2 cell driven disorder. Currently, asthma is
considered an umbrella diagnosis for a collection of distinct pathological processes
(endotypes) leading to many different manifestations (phenotypes), which are all
characterised by recurrent respiratory symptoms and variable airflow obstruction (Kuruvilla
et al. 2019). Generally, asthma is divided into Th2 high (eosinophilic) endotype, encompassing
atopic early-onset asthma, late-onset eosinophilic asthma and aspirin-exacerbated
respiratory disease phenotypes, and non-Th2 (non-eosinophilic) endotype with phenotypes
associated with obesity, smoking or old age (Kuruvilla et al. 2019). Atopic asthma is the most

prevalent phenotype (Kuruvilla et al. 2019) and is thus the focus of this thesis.

1.1.3. Atopic asthma pathophysiology
In atopic asthma, individuals are sensitised to environmental aeroallergens originating from

pets, pollen, fungi and house dust mites (HDM) (Kuruvilla et al. 2019). Antigen presenting cells
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(APCs), such as dendritic cells (DCs) process the allergens and present them to T cells in local
draining lymph nodes via major histocompatibility complex Il (MHC II) (Lloyd and Snelgrove
2018). In atopicindividuals this triggers polarisation of naive Th cells into Th2 cells that secrete
type 2 cytokines interleukin (IL)-4, IL-5 and IL-13 (Lloyd and Snelgrove 2018). A subset of T
cells migrates to B cell zones and differentiate into T follicular helper (Tfh) cells which promote
B cell responses and immunoglobulin (Ig) E class switching (Lloyd and Snelgrove 2018). Other
Th2 cells egress from the lymph node and enter the tissue where they further produce type
2 cytokines (Lloyd and Snelgrove 2018). IgE immune complexes enter the circulation and bind
to high-affinity FC receptors FceR1 on mucosal mast cells and basophils (Lloyd and Snelgrove

2018) (Figure 1.1).

Subsequent allergen exposures in sensitised individuals can trigger episodes of
bronchoconstriction, airway hyperresponsiveness (AHR) and chronic airway inflammation.
Binding of allergens to allergen-specific IgE triggers degranulation of mast cells and basophils
and release of cysteinyl leukotrienes (CysLTs) LTCa, LTD4, prostaglandin PGD; and histamine
(Gauvreau et al. 2015). The release of these mediators is responsible for bronchoconstriction,
mucus secretion and airway oedema (Gauvreau et al. 2015). This early asthmatic response
(EAR) was characterised in clinical allergen provocation studies and is clinically recognised as
adecline in lung function (forced expiratory volume in first second (FEV1) decline greater than
20 % of baseline) within minutes of allergen exposure that subsides within a few hours
(Gauvreau et al. 2015). In approximately 60 — 80 % of patients, bronchoconstriction recurs 3
to 4 hours after the exposure with a peak 6 to 12 hours after the exposure and is characterised
by a decline in FEV: greater than 15 %, AHR and accompanying eosinophilic airway

inflammation (Diamant et al. 2013, Gauvreau et al. 2015) (Figure 1.1).

In addition to the activation of mast cells, allergens trigger activation of Th2 cells and group 2
innate lymphoid cells (ILC2s) that are responsible for type 2 inflammation in the airways (Lloyd
and Snelgrove 2018). Allergen exposure induces a release of prototypical cytokines IL-33,
IL-25 and thymic stromal lymphopoietin (TSLP) from the airway epithelium (Lloyd and
Snelgrove 2018). Subsequent activation of lung DCs promotes recruitment of circulating Th2
cells and activation of lung resident memory Th2 cells (Ito et al. 2005, Hondowicz et al. 2016,
Bosnjak et al. 2019). In addition, epithelial derived cytokines activate ILC2s to produce type 2

cytokines, further stimulate DC - Th2 cell interaction or activate Th2 cells directly (Oliphant et
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al. 2014, Halim et al. 2016, Halim et al. 2018). Activated Th2 cells are a source of type 2
cytokines as well as IL-2 which is crucial for ILC2 proliferation (Wilhelm et al. 2011,
Mirchandani et al. 2014, Oliphant et al. 2014). IL-4, IL-5 and IL-13 are the main orchestrators
of the hallmark pathophysiological changes observed in atopic asthma, including airway
eosinophilia, excessive mucus production, airway remodelling and AHR (LIoyd and Snelgrove

2018) (Figure 1.1).

AHR is defined as the predisposition of the airways to narrow excessively in response to
stimuli that would exert little effect in healthy individuals (Chapman and Irvin 2015). The
presence of AHR increases a risk of lung function decline in asthmatic patients, while its
severity is associated with an increased asthma severity, need for asthma therapy and risk of
exacerbations (Chapman and Irvin 2015). The mechanisms behind AHR are complex and not
yet fully understood. Airway structural changes (airway smooth muscle (ASM) thickening,
increased collagen deposition), increased ASM contractility, airway inflammation and
changes in the airway nervous system are all thought to contribute to the development of

AHR (Chapman and Irvin 2015, Pincus et al. 2021).

Airway remodelling is another hallmark feature of asthma and encompasses changes in the
airway structure that are often irreversible and can contribute to AHR and lead to a
permanent loss of lung function (Holgate et al. 2015). These typically include epithelial
damage, basal membrane thickening, ASM hypertrophy, neuronal proliferation, angiogenesis,
goblet cell hyperplasia and excessive mucus production (Holgate et al. 2015, Pincus et al.
2021). Structural airway changes can be present even in mild disease and typically worsen

with disease severity (Saglani and Lloyd 2015).
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Figure 1.1: A summary of the development of type 2 inflammation in asthma.

During a first allergen encounter (sensitisation phase) allergens are taken up by dendritic cells (DCs) and in the
regional lymph nodes presented to naive CD4+ T cells which in turn polarise into type 2 T helper (Th2) cells. A
subset to Th2 cells differentiates into follicular Th cells (Tfh) and stimulates IgE production by B cells. IgE enter
the circulation and bind to Fc receptors on mast cells. The remaining Th2 cells egress from lymph nodes and
enter the circulation and local tissue. Subsequent allergen exposures trigger degranulation of mast cells which
is responsible for early and late asthmatic reaction (EAR and LAR, respectively). Airway epithelial cells release
cytokines IL-25, IL-33 and TSLP which stimulate DCs to present allergens to Th2 cells. Activated Th2 cells start
releasing type 2 cytokines IL-4, IL-5 and IL-13. Type 2 cytokines are also produced by group 2 innate immune
cells (ILC2s) that are directly activated by epithelial derived cytokines. Type 2 cytokines are responsible for

hallmark features of asthma, including increased mucus production, eosinophilia and AHR.

1.1.4. Treatment of asthma
The goal of asthma treatment is achieving good asthma control. Asthma control has two
aspects, controlling the symptoms and minimising a future risk of adverse outcomes such as
exacerbations, persistent airflow limitation, treatment side-effects and asthma-related death

(Global Initiative for Asthma 2021).

Asthma medications are divided into three categories: reliever medications, controller
medications, and add-on therapies (Global Initiative for Asthma 2021). Reliever medications
are used as-needed to relieve breakthrough symptoms during asthma worsening or

exacerbations (Global Initiative for Asthma 2021). B2 adrenoreceptor agonists are the main
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bronchodilator medications to relieve smooth muscle spasm due to their effect on 2
adrenoreceptors on ASM (Williams and Rubin 2018). Short acting B2 adrenoreceptor agonists
(SABA) are effective within minutes and are used for the treatment of acute symptoms. The
duration of the effect is short (3 — 6 hours) and long acting 2 adrenoreceptor agonist (LABA)
are used instead in chronic asthma management (Williams and Rubin 2018). However, the
use of B agonists as monotherapy has been associated with worsened asthma control,
partially due to poor adherence to controller therapies (Williams and Rubin 2018), thus the
use of inhaled corticosteroid (ICS)- (LABA) combination as a reliever therapy has been advised

instead since 2019 (Global Initiative for Asthma 2021).

Controller medications are used to reduce airway inflammation, control symptoms and
reduce future risk of adverse outcomes and are the cornerstone of asthma management
(Global Initiative for Asthma 2021). ICS (e.g. budesonide, beclomethasone) are the gold
standard anti-inflammatory medications (Global Initiative for Asthma 2021). Briefly, they act
on glucocorticoid receptor and translocate to the nucleus of various cells, broadly suppressing
the expression of many proinflammatory cytokines and chemokines involved in asthma
leading to suppression of eosinophilic airway inflammation (Barnes 2018). Steroids are the
most effective treatment available for Th2 asthma and suppress airway inflammation in most

patients with asthma (Barnes 2018).

Global Initiative for Asthma (GINA) recommends a stepwise approach to pharmacological
treatment to achieve optimal treatment in asthma (Global Initiative for Asthma 2021)
(summarised in Table 1.1). The preferred approach is using a combined ICS-LABA
(ICS-formoterol preferred option) as a reliever and/or maintenance therapy (Global Initiative
for Asthma 2021). If symptoms are mild and occurring less than 4 — 5 times a week (Steps 1
and 2), combined ICS-LABA therapy is recommended as needed for relief of symptoms (Global
Initiative for Asthma 2021). When symptoms occur on most days or patients are waking due
to asthma (Step 3) low dose ICS-LABA is recommended as maintenance and reliever therapy
(Global Initiative for Asthma 2021). If symptoms occur daily, at night or are accompanied by
low lung function (Step 4), medium dose ICS-LABA is recommended as maintenance and
reliever therapy (Global Initiative for Asthma 2021). Patients are reviewed regularly to
monitor symptom control and the response to treatment changes (Global Initiative for

Asthma 2021). Treatment may be stepped down if asthma is well controlled or stepped up if

27



symptoms persist (Global Initiative for Asthma 2021). Some patients with severe asthma
remain uncontrolled despite correct inhaler technique and good adherence with Step 4
treatment (Step 5) (Global Initiative for Asthma 2021). High ICS-LABA may be considered in
these patients, but generally provides little additional benefit (Global Initiative for Asthma
2021). These patients may benefit from add-on bronchodilators such as long acting
muscarinic receptor antagonists (LAMA, e.g. tiotropium) and leukotrienes receptor
antagonists (LTRA, e.g. montelukast)(Global Initiative for Asthma 2021). Low dose oral
corticosteroids (OCS) may be effective for some adult patients, however they are often
associated with substantial side effects (Chung et al. 2014, Lefebvre et al. 2015, Barnes 2018,
Global Initiative for Asthma 2021). A subgroup of patients with Th2 high endotype may
additionally benefit from biologics targeting specificinflammatory mediators (Global Initiative
for Asthma 2021). Currently available biologics for the treatment of severe asthma are
anti-Igg (omalizumab), anti-IL-5 (mepolizumab, reslizumab), antil-IL-5R (benralizumab),
anti-IL-4Ra (dupilumab) and anti-TSLP (tezepelumab) therapies (Global Initiative for Asthma
2021, US Food and Drug Administration 2021).

Despite the advances in asthma treatment, a subset of patients with poorly controlled asthma
remains (Gonzalez Barcala et al. 2010, Chung et al. 2014, Price et al. 2014, Beasley et al. 2020).
In these patients corticosteroids are less effective at supressing airway inflammation and
often high doses of ICS or even oral corticosteroids are required, resulting in adverse effects
such as increased of fracture, cataracts, adrenal suppression and in children growth
retardation (Chung et al. 2014, Lefebvre et al. 2015, Barnes 2018). In addition, severe asthma
is associated with more symptoms and exacerbations as well as higher levels of anxiety and
depression, further negatively impacting patients’ quality of life (Shaw et al. 2015). Therefore,

further understanding of molecular pathways driving airway asthma pathogenesis is needed.
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Table 1.1: Asthma treatment strategy for adults and adolescents older than 12 years old recommended by Global Initiative for Asthma 2021.

Adapted from (Global Initiative for Asthma 2021). HDM — house dust mite. ICS — inhaled corticosteroid. LABA — long acting B2-adrenoreceptor agonist. LAMA — long acting

muscarinic receptor. LTRA — leukotrienes receptor antagonists. OCS — oral corticosteroid. SABA — short acting B2-adrenoreceptor agonist. SLIT — sublingual immunotherapy.

STEP 5

STEP4

STEP3

STEP 2

STEP1

Preferred approach: Controller and

preferred reliever

As-needed low dose

ICS-formoterol

As-needed low dose

ICS-formoterol

Low maintenance

dose ICS-formoterol

Medium dose
maintenance

ICS-formoterol

Add-on LAMA
Phenotypic assessment and
consider anti-IgE, anti-IL-5/5R,
anti-IL-4
Consider high dose

ICS-formoterol

As-needed low dose ICS-formoterol

Alternative approach:
Controller and alternative reliever
(if preferred approach not possible

or not preferred by a patient with no

exacerbations on current therapy)

Low dose ICS
whenever SABA

taken

Low dose

maintenance ICS

Medium dose
maintenance

ICS-LABA

Medium/high dose
ICS-LABA

Add-on LAMA
Phenotypic assessment and
consider anti-IgE, anti-IL-5/5R,
anti-IL-4
Consider high dose

ICS-formoterol

As-needed SABA

Other controller options for either

track

Add-on LTRA or HDM
SLIT

Medium dose ICS
Add-on LTRA or HDM
SLIT

Add LAMA or LTRA or
HDM SLIT or high
dose ICS

Add azithromycin (adults) or
LTRA
Low dose OCS
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1.2.Airway epithelium in asthma
The airway epithelium is the first barrier against allergens, microorganisms, fungi, viruses and
environmental pollutants and is now considered an active player in asthma pathogenesis
(Calvén et al. 2020). Genome-wide association studies (GWAS) have found several genes
expressed by the airway epithelium that are related to epithelial barrier function (such as
PCDH1, CDHR3 and ORMDL3) and mucin production (MUC5AC and CLCA1) to be associated
with asthma (Kamada et al. 2004, Moffatt et al. 2007, Koppelman et al. 2009, Bgnnelykke et
al. 2014, Shrine et al. 2019, Calvén et al. 2020). In asthma, airway epithelial function is
impaired and disruption of tight junction and other adhesion molecules as well as a
detachment of ciliated cells has been observed in asthmatic patients (Xiao et al. 2011, Calvén
et al. 2020). The mechanism behind epithelial disfunction is not yet fully understood.
Allergens such as HDM and Alternaria sp. (ALT) contain proteases that can cleave epithelial
tight junction proteins or act on protease activated receptor 2 (PAR2) (Wan et al. 1999, Wan
et al. 2000, Jacquet 2011, Snelgrove et al. 2014). Th2 cytokines IL-4 and IL-13 have an
inhibitory effect on expression of adhesion proteins, further disrupting epithelial barrier

(Calvén et al. 2020).

In addition to the barrier function, the airway epithelium can initiate and orchestrate immune
responses to environmental stimuli, including allergens (Calvén et al. 2020). Airway epithelial
cells express numerous pattern recognition receptors (PRRs) such as Toll-like receptors (TLRs)
and nucleotide-binding olimerization domain (NOD)-like receptors (NLR), scavenger receptors
as well as and PARs (D'Andrea et al. 1998, Schmidlin et al. 2002, Jairaman et al. 2016, Calvén
et al. 2020). These receptors recognise pathogen-associated molecular patterns (PAMPs) and
danger-associated molecular patterns (DAMPs) such as adenosine triphosphate (ATP) which
trigger the release of inflammatory cytokines, chemokine and endogenous danger signals that
alert both innate and adaptive immune cells and orchestrate their responses to
environmental insults (Calvén et al. 2020). In asthma, airway epithelium has been recognised
as a primary source of IL-25, IL-33 and TSLP which induce type 2 immune responses upon
allergen exposure (Kouzaki et al. 2011, Kurokawa et al. 2011, Hardman et al. 2013, Kouzaki et
al. 2013, Wang et al. 2018b, Hong et al. 2020). In addition, airway epithelium is also an
important source of ATP, growth factors (e.g. granulocyte-macrophage colony-stimulating

factor (GM-CSF)), chemokines (eotaxins, CCL17, CCL20 and MCP-1) as well as
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proinflammatory cytokines such as IL-1B which promote allergic airway inflammation (Nathan
et al. 2009, Osterlund et al. 2009, Kouzaki et al. 2011, Snelgrove et al. 2014, Calvén et al.
2020).

1.3.Inflammatory cells in asthma

1.3.1. Tcells
T cells are central coordinators of the immune responses, characterised by the expression of
T cell receptor (TCR) which is crucial for the initiation and specificity of the adaptive immune
response (Regateiro et al. 2020). Based on the expression of glycoproteins CD4 or CD8 they
are divided into CD4* T cells and CD8* T cells, respectively (Regateiro et al. 2020).

CD4*T cells numbers are increased in the airways of asthmatic patients in stable disease and
after an allergen challenge, and have been traditionally considered responsible for airway
inflammation in asthma (Metzger et al. 1987, Gerblich et al. 1991, Walker et al. 1991,
Robinson et al. 1993a). Experimental animal models have confirmed their role in allergic
airway disease (AAD) as depletion of CD4* T cells abolished allergic airway inflammation and
AHR in rodents (Gavett et al. 1994, Foster et al. 2002, Joetham et al. 2005, Raemdonck et al.
2016).

CD4* T cells can be divided into Th cells, regulatory T cells (Treg) and Tfh cells (Figure 1.2),
each subset playing a role in asthma pathogenesis (Regateiro et al. 2020). Depending on the
cytokine milieu Th cells are polarised into Thl, Th2, Th9 or Th17 cells when presented with
antigens (Figure 1.2). Th2 cells have been traditionally viewed as cells fundamental for the
development of airway inflammation in asthma (Regateiro et al. 2020). Th2 cells are activated
in asthmatic patients and produce high amounts of IL-4, IL-5 and IL-13 which stimulate
eosinophils, mast cells, basophils as well as B cells (Metzger et al. 1987, Robinson et al. 1992,
Bentley et al. 1993, Robinson et al. 1993a, Regateiro et al. 2020). Upon an initial allergen
encounter, Th2 cells acquire a memory phenotype and are retained in the lungs and
immediately respond to subsequent allergen exposures (Marathias et al. 1991, Walker et al.
1991, Robinson et al. 1993b, Mojtabavi et al. 2002, Hondowicz et al. 2016, Bosnjak et al.
2019). Th9 cells are responsible for IL-9 production which contributes to the development of
allergic airway inflammation by enhancing Th2 cytokine production as well as eosinophil,

basophil and mast cell differentiation (Shimbara et al. 2000, Regateiro et al. 2020). Interferon
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gamma (IFNy) producing Th1 and IL-17A producing Th17 cells have also be found in elevated
numbers in asthmatic patients and are thought to be responsible for underlying neutrophilic
inflammation, particularly in severe and refractory disease (Krug et al. 1996, Al-Ramli et al.

2009, Wisniewski et al. 2018).

In contrast to Th cells, the function of Tregs is to suppress or modulate the responses of other
immune cells to prevent uncontrolled inflammation (Regateiro et al. 2020). Tregs secrete
IL-10 or transforming growth factor beta (TGF-B) and can also downregulate the expression
of CD80/CD86 on DCs and subsequently block the generation of allergen-specific Th2 cell
responses (Martin-Orozco et al. 2017). In asthma, Treg suppressive functions are impaired as
reduced Tregs numbers have been found in the lungs of asthmatic patients (Hartl et al. 2007,
Lin et al. 2008). Tfh cells are needed for B cell responses and IgE class switching in regional
lymph nodes after allergen exposure and depend on IL-4 produced by Th2 cells (Lloyd and
Snelgrove 2018).

CD8*T cells have been initially proposed to balance the responses of CD4* T cells by producing
interferon gamma (IFNy) (Hinks et al. 2019). However, their role in asthma pathogenesis is
not fully understood and conflicting evidence demonstrating both protective as well as
pathogenic roles in the development of AAD and AHR have been demonstrated in preclinical
studies (Hamelmann et al. 1996, Hansen et al. 1999, Huang et al. 1999, Isogai et al. 2004,
Miyahara et al. 2004, Sawicka et al. 2004, Stock et al. 2004, Joetham et al. 2005, Koya et al.
2007, Koya et al. 2009, Takeda et al. 2009, Raemdonck et al. 2016). CD8* T cells have been
found in increased numbers in the airways of asthmatic patients and have been associated
with long term function decline and asthma related deaths (Walker et al. 1991, Coyle et al.
1995b, Lee et al. 2001, O'Sullivan et al. 2001, Sawicka et al. 2004, Cho et al. 2005, van Rensen
et al. 2005, den Otter et al. 2016). Moreover, CD8* T cells have a capacity to undergo
transcriptional programming from IFNy producing Tcl cells to IL-5 and IL-13 producing Tc2
cells which can acquire a memory phenotype and initiate allergen-induced type 2 immune

responses (Sawicka et al. 2004, Hinks et al. 2019).
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CD4* T cell

@ L-17, IL-22

Figure 1.2: CD4*T cell subsets.

Naive T cells are differentiated into different subsets, depending on cytokine signals. Th1l cells are induced by
IL-12 leading to expression of transcription factors (TF) T-bet and signal transducer and activator of transcription
(STAT)4 and release of IFN-y and TNFa. Th2 cells are induced by IL-4, express TFs GATA-3 and STAT6 and release
IL-4, IL-5 and IL-13. Th9 cells require IL-4 and TGF-B for their generation, inducing TFs STAT6, IRF4 and BATF and
production of IL-9. Th17 cells are induced by TGF-B and IL-6, leading to TFs expression RORyT and STAT3 and
release of IL-17 and IL-22. Treg are under regulation of TGF-B and IL-4 and express TFs FOXP3 and release IL-10
and TGF-B. Summarised from (Regateiro et al. 2020).

1.3.2. ILCs
ILCs are a family of cells with lymphoid morphology characterised by a lack of adaptive antigen
receptors (Vivier et al. 2018). They are primarily tissue resident cells and accumulate at
mucosal surfaces of the lung and intestine, while they are extremely rare in peripheral blood
(Vivier et al. 2018). ILCs are divided into 5 subpopulations ILC1, ILC2, ILC3, natural killer (NK)
cells and lymphoid tissue-inducer (LTi) cells based on their development, transcriptional
requirements and cytokine profiles (Huang et al. 2020). NK cells and ILC1s depend on the
T-box transcription factor Thet for their development and function and produce IFNy as their
main effector cytokine and play a protective role against viral and bacterial infections in
mucosal tissues (Huang et al. 2020). In contrast to ILC1s which have not been yet implicated
in asthma pathogenesis, natural killer (NK) cells have been shown to contribute to AAD in
different manners, depending on the model used. For example NK cells have been shown to

promote the development of AAD (Korsgren et al. 1999, Farhadi et al. 2014), prevent
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allergen-induced allergic inflammatory responses (Bi et al. 2017, Ferrini et al. 2017, Simons et
al. 2017), or are indispensable for the development of allergen-induced pathology
(Haspeslagh et al. 2018), depending on the AAD model. LTi and ILC3s are dependent on
retinoid-related orphan receptor yt (RORyt) and produce IL-17 and/or IL-22 (Huang et al.
2020). LTi are important during embryonic development, while ILC3s are important in
bacterial and viral infections (Vivier et al. 2018, Huang et al. 2020). IL-17A* ILC3s are increased
in the bronchoalveolar lavage (BAL) of patients with severe asthma and were proposed to

play a role in obesity-related asthma (Kim et al. 2014).

ILC2s are the most pertinent ILC subgroup in asthma pathophysiology and are considered to
be the Th2 cell innate counterpart (Lloyd and Snelgrove 2018, Huang et al. 2020). ILC2
numbers are increased in the airways of asthmatic patients and appear to be the predominant
source of IL-5 and IL-13 in severe disease (Christianson et al. 2015, Nagakumar et al. 2016,
Smith et al. 2016, Nagakumar et al. 2019). ILC2s depend on the transcription factor Gata3 for
their development and produce type 2 cytokines IL-4, IL-5 and IL-13 independently of the
classical antigen-specific activation that is a hallmark of Th2 cells (Neill et al. 2010, Wilhelm et
al. 2011, Klein Wolterink et al. 2012, Lloyd and Snelgrove 2018). Instead, they sense and
respond to cytokines and stress signals such as IL-33, IL-25 and TSLP released from multiple
cell types in the local environment upon allergen exposure, infection or injury (Lloyd and
Snelgrove 2018). ILC2s engage in a complex cross-talk with DCs and Th2 cells to appropriately
respond to the perceived environmental threat (Lloyd and Snelgrove 2018). For example,
IL-13 produced by ILC2s promotes migration of activated lung DCs into the regional lymph
nodes and subsequent Th2 priming (Halim et al. 2014). During antigen rechallenge
ILC2-induced responses licence DCs to produce C-C motif chemokine ligand (CCL)17 and
ensure Th2 recruitment and an establishment of an effector memory Th2 response at barrier
sites (Halim et al. 2016). In addition, ILC2s pose an antigen presenting function and can
directly activate Th2 cells and induce IL-2 and IL-4 production (Drake et al. 2014, Mirchandani
et al. 2014, Oliphant et al. 2014). Th2-derived cytokines in turn promote ILC2 proliferation
and are critical for their cytokine production (Neill et al. 2010, Wilhelm et al. 2011, Drake et
al. 2014, Mirchandani et al. 2014, Oliphant et al. 2014). In addition to type 2 cytokines, ILC2s
can also produce amphiregulin, the epidermal growth factor (EGF) family member, promoting

wound repair after respiratory viral infection or intestinal inflammation (Monticelli et al.
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2011, Monticelli et al. 2015). In asthmatic patients amphiregulin levels are increased
(Enomoto et al. 2009, Kim et al. 2009, Hirota et al. 2012), however its contribution to wound

repair or airway remodelling remains unclear.

1.3.3. Dendritic cells
DCs are specialised antigen presenting cells that play a central role in asthma pathogenesis
(Vroman et al. 2017). DCs are not only critical for allergen sensitisation and Th2 priming but
are also required for reactivation of memory Th2 cells and initiation of type 2 immune
responses upon allergen challenge (Lambrecht et al. 1998, Lambrecht et al. 1999, Julia et al.

2002, van Rijt et al. 2005, Medoff et al. 2009, Plantinga et al. 2013).

Most of our current understanding about DC function in asthma is based on murine studies.
Mouse lung DCs are a heterogenous population consisting of type one and type 2
conventional DCs (cDCs), cDC1s and cDC2s and a small population of plasmacytoid DCs (pDCs)
under homeostatic conditions (Vroman et al. 2017, Morianos and Semitekolou 2020).
Conventional DCs are located in the proximity of airway epithelium with dendrites extending
into the airway lumen and are characterised by high expression of CD1lc and are
differentiated based on the expression of integrins CD103 (specific of cDC1s) and CD11b
(specific for cDC2s). Plasmacytoid DCs are primarily based in lung parenchyma and express
markers such as CD45R (B220) and PDCA1 (CD317) (Vroman et al. 2017, Morianos and
Semitekolou 2020). Under pro-inflammatory conditions monocyte-derived DCs (moDCs) are
recruited to the airways and lung parenchyma and are recognised based on the expression of
integrins CD11c, CD11b and CD64 (van Rijt et al. 2005, Plantinga et al. 2013, Morianos and
Semitekolou 2020).

cDC2s are specialised in antigen presentation to CD4* T cells and are the predominant DC
population associated with allergen sensitisation and Th2 differentiation, although they are
also required for the development of type 2 inflammation upon allergen challenge (del Rio et
al. 2007, Raymond et al. 2009, Furuhashi et al. 2012, Plantinga et al. 2013, Morianos and
Semitekolou 2020). Even though cDCls are associated with anti-viral and anti-cancer
immunity due to their superior antigen cross-presentation to CD8* T cells, they also are
capable of allergen uptake and priming of type 2 immune responses (Sung et al. 2006, Medoff

et al. 2009, Raymond et al. 2009, Nakano et al. 2012, Plantinga et al. 2013, Mishra et al. 2015,
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Fear et al. 2016, Morianos and Semitekolou 2020). Monocyte-derived DCs are rapidly
recruited to the lung upon allergen challenge (van Rijt et al. 2005, Plantinga et al. 2013,
Wiesner et al. 2020). Although moDCs have the ability to uptake allergens, they are inferior
to cDC2s in their capacity to induce Th2 proliferation and are instead a substantial source of
cytokines, chemokines and co-stimulatory signals required for the recruitment and activation
of memory Th2 cells during allergen challenge (Masten et al. 1997, Vissers et al. 2001, Huh et
al. 2003, van Rijt et al. 2005, Medoff et al. 2009, Plantinga et al. 2013, Mishra et al. 2015). In
contrast, pDCs have a limited capacity for allergen uptake and induce tolerance or restrain
sensitisation to otherwise harmless protein antigens predominantly by induction of Treg
responses (de Heer et al. 2004, Lewkowich et al. 2008, Kool et al. 2009, Lombardi et al. 2012,

Plantinga et al. 2013, Morianos and Semitekolou 2020).

The role of human lung DCs in asthma is less defined. Human lung DCs are classified into two
myeloid origin DCs BDCA1 (CD1c) expressing DC1s and BDCA3 (CD141) expressing DC2s
resembling mouse cDC1s and cDC2s, respectively, and BDCA2 (CD123) expressing pDCs
(Vroman et al. 2017, Morianos and Semitekolou 2020). In asthmatic patients, allergen
challenge has been associated with recruitment of moDCs and expansion of lung conventional
DC populations and enhanced Th2 responses (Moller et al. 1996, Hammad et al. 2001, Jahnsen
et al. 2001, Huh et al. 2003, Dua et al. 2010, Dua et al. 2014).

1.3.4. Eosinophils
Eosinophils are granulocytes characterised by a segmented (usually bi-lobed) nucleus that
stain with acidophilic dyes (McBrien and Menzies-Gow 2017). Eosinophils are a hallmark
feature of Th2 high asthma and contribute to lung tissue damage, airway remodelling and

AHR and amplify the ongoing airway inflammation (McBrien and Menzies-Gow 2017).

IL-5 is the major regulator of eosinophil recruitment and activation (McBrien and Menzies-
Gow 2017). Although only a weak chemoattractant, IL-5 stimulates eosinophil release from
bone marrow to bloodstream, enhances eosinophil chemotactic responsiveness and
promotes their survival by inhibiting their apoptosis (McBrien and Menzies-Gow 2017). IL-3
and GM-CSF also promote eosinophil maturation, survival and function, while eotaxins,
Regulated upon Activation, Normal T Cell Expressed and Presumably Secreted chemokine

(RANTES), monocyte chemoattractant protein (MCP)-3 and MCP-4 bind to C-C chemokine
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receptor (CCR)3 and strongly induce chemotaxis of eosinophils (McBrien and Menzies-Gow
2017, Matucci et al. 2019). Eotaxins in particular are responsible for guiding eosinophil

migration to the specific sites (McBrien and Menzies-Gow 2017).

Eosinophil granules contain cytotoxic major basic protein (MBP), eosinophil cationic protein
(ECP), eosinophil peroxidase (EPO) and eosinophil-derived neurotoxin (EDN) which cause
tissue damage upon degranulation (McBrien and Menzies-Gow 2017). MBP, for example, is
toxic for airway epithelial cells and is associated with epithelial damage in asthma related
death cases (Ayars et al. 1985, Frigas and Gleich 1986). Eosinophils release growth factors and
fibrogenic mediators such as TGF-B which promote collagen deposition and ASM proliferation

and thus lead to remodelling (Ohno et al. 1996, Humbles et al. 2004, Pégorier et al. 2006).

Eosinophils have also been postulated to play a role in AHR. MBP and EPO have been
demonstrated to trigger AHR in animal models of AAD and MBP can additionally trigger mast
cell degranulation and subsequent release of histamine, a potent bronchoconstrictor (Gundel
et al. 1991, Coyle et al. 19954, Piliponsky et al. 2003, Ben-Zimra et al. 2013). Eosinophils can
also release IL-13 and CysLTs which have been implicated in AHR (Schmid-Grendelmeier et al.
2002, Jacobsen et al. 2015, McBrien and Menzies-Gow 2017). However, eosinophil depletion
in AAD models has been shown to be both protective and dispensable for the development
of AHR (Humbles et al. 2004, Lee et al. 2004, Fattouh et al. 2011). Even so, patients with
eosinophilic bronchitis do not exhibit AHR despite airway eosinophilia, suggesting
eosinophilic inflammation alone is not sufficient to induce AHR (McBrien and Menzies-Gow
2017). Indeed, anti-IL-5 therapies have shown a reduction in blood and sputum eosinophilia,

but had no effect on LAR or AHR in asthmatic patients (Leckie et al. 2000, Busse et al. 2019).

In addition, eosinophils can promote Th2 inflammation (McBrien and Menzies-Gow 2017).
EDN can activate DCs which triggers T cell proliferation (De Yang et al. 2004). Eosinophils also
express MHC I, CD80 and CD86 and can present allergens to T cells directly (Shi et al. 2000,
Akuthota et al. 2010). They are also capable of releasing type 2 cytokines IL-4 and IL-13 as well
as Th2 chemokines CCL17 and CCL22 (Schmid-Grendelmeier et al. 2002, Chen et al. 2004, Liu
et al. 2007, Jacobsen et al. 2015).

Although the preclinical studies have not unanimously established the role of eosinophils in

the pathogenesis of AAD (Humbles et al. 2004, Lee et al. 2004, Fattouh et al. 2011), the results
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of clinical trials with anti-IL-5 treatments have demonstrated an improvement in FEV1 and
reduced risk of exacerbations in a subgroup of severe asthma patients with high eosinophil

counts (Busse et al. 2019) as further discussed in section 1.4.1.3.

1.3.5. Mast cells

Mast cells are a small heterogenous long-lived tissue resident cell population that primarily
act as sensors of the surrounding environment (Bradding and Arthur 2016). They are
developed from a myeloid progenitor in the bone marrow and terminally differentiate in
tissue (Bradding and Arthur 2016). In healthy people mast cells are commonly found in
bronchial submucosa, however in asthmatic patients they additionally localise in airway
epithelium and form characteristic bundles within ASM, which are thought to be responsible
for variable airflow obstruction and AHR (Bradding et al. 1995, Brightling et al. 2002, Bradding
and Arthur 2016).

Mast cells contain granules with histamine, CysLTs (LTCa, LTD4, LTE4), prostaglandins (PGD3)
and proteases such as tryptase and chymase, that induce bronchoconstriction, mucus
secretion and vascular leakage (Bradding and Arthur 2016). Mast cells are stereotypically
activated by allergens cross-linking IgE-FceRl complexes within minutes of allergen exposure
and release histamine, LTC4 and PGD; triggering EAR and contributing to LAR (Bradding and
Arthur 2016). In addition, mast cells express numerous other receptors which mediate
IgE-independent activation of mast cells by mediators such as IL-33, tumour necrosis factor
alpha (TNF-a), proteases or complement (Hughes et al. 1995, Oskeritzian et al. 2005, Ho et al.
2007, likura et al. 2007, Bradding and Arthur 2016). There is evidence of ongoing mast cell
degranulation and heightened activation state in asthma (Bradding and Arthur 2016). For
example, BAL tryptase levels are increased in stable asthmatics compared to healthy controls
and mast cells isolated from asthmatic patients express IL-4, IL-5, IL-6, IL-13, TNF-a, TSLP and
amphiregulin, contributing to AHR, airway inflammation and airway remodelling (Wenzel et
al. 1988, Broide et al. 1991, Bradding et al. 1994, Alvarez et al. 2000, Aubier et al. 2016,
Bradding and Arthur 2016).
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1.4.Inflammatory mediators in asthma

1.4.1. Th2 cytokines

1.4.1.1. IL-4
IL-4 is one of the main cytokines orchestrating type 2 immune responses (Marone et al. 2019).
It signals through IL-4 receptor a-subunit (IL-4Ra) which can either form a type | receptor by
pairing with the common y chain or type Il receptor by pairing with the IL-13 receptor
al-subunit (IL-13Ral) (Moran and Pavord 2020). Type | receptors are expressed on
hematopoietic cells, whilst type Il receptors are found on stromal cells, including airway
epithelial cells, smooth muscle cells and fibroblasts (Marone et al. 2019). IL-4 signalling has
been associated with phosphorylation of transcription factor signal transducer and activator
of transcription (STAT) 6 which initiates activation of genes critical for the development of
Th2 inflammation (Marone et al. 2019). IL-4 signalling is fundamental for Th2 polarisation,
production of other type 2 cytokines, B cell class switching and initiation of IgE synthesis,
eotaxin synthesis and release by the airway epithelium and subsequent recruitment of

eosinophils as well as airway remodelling (Marone et al. 2019, Moran and Pavord 2020).

Increased IL-4 levels have been detected in asthmatic patients and CD4*T cells are thought to
be the main source of IL-4 (Robinson et al. 1993a, Bradding et al. 1994, Truyen et al. 2006).
However, basophils, mast cells, NK cells and ILC2s have been recognised as alternative IL-4
sources (Moran and Pavord 2020). Murine studies have demonstrated a pivotal role of IL-4 in
the development of allergic airway inflammation and AHR (Brusselle et al. 1994), however the
results of clinical studies targeting IL-4 have been surprising. A selective anti-IL-4 monoclonal
antibody (mAb) pascolizumab has failed to produce positive effects, possibly due to the

overlap of IL-4 functions with IL-13 (Hart et al. 2002, Marone et al. 2019).

Indeed, dual IL-4/1L-13 inhibition via IL-4Ra appears more effective. Dupilumab, an anti-IL-4Ra
mAb approved for treatment of treatment of severe type 2 asthma (Global Initiative for
Asthma 2021), has significantly lowered asthma exacerbation rate, improved lung function
and asthma control and demonstrated maintenance OCS sparing effects in patients with
uncontrolled asthma in randomized controlled trials (Wenzel et al. 2016, Castro et al. 2018,
Rabe et al. 2018, Xiong et al. 2019, Corren et al. 2020). Post hoc analysis of LIBERTY ASTHMA

QUEST study (Castro et al. 2018) revealed beneficial effects of dupilumab on exacerbation
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rate, lung function and asthma control also in patients with non-allergic asthma,
demonstrating the importance of IL-4/1L-13 signalling in IgE-mediated and non-IgE-mediated

type 2 inflammation (Corren et al. 2020).

1.4.1.2. IL-13
IL-13 is another type 2 cytokine that can be produced by variety of immune cells, including
Th2 cells, CD8* T cells, ILC2s and mast cells (Marone et al. 2019). It binds to IL-13Ral1 which is
a part of type Il receptors together with IL-4Ra to induce downstream STAT6 signalling
(Marone et al. 2019). Like IL-4, IL-13 promotes eosinophil recruitment by upregulating
vascular cell adhesion molecule-I (VCAM-I) on endothelial cells as well as eotaxin release from
the airway epithelium. In addition, IL-13 induces mucus production and goblet cell metaplasia,

subepithelial fibrosis and AHR (Zhu et al. 1999, Marone et al. 2019).

IL-13 genetic polymorphisms have been associated with an increased risk of asthma and IL-13
was found upregulated in sputum, BAL and bronchial mucosa in asthmatic patients compared
to non-asthmatic individuals (Huang et al. 1995, Berry et al. 2004, Truyen et al. 2006, Cui et
al. 2012, Aarafi et al. 2020). In animal models neutralisation of IL-13 reduced eosinophilic
airway inflammation, AHR and mucus production (Grunig et al. 1998, Mattes et al. 2001,
Taube et al. 2002). Although a meta-analysis of first randomised controlled clinical trials with
anti-IL-13 mAbs lebrikizumab and tralokinumab demonstrated beneficial effects of both
treatments on lung function and exacerbation rates in patients with severe asthma (Li et al.
2019a), development of anti-IL-13 mAbs for treatment of asthma was discontinued due to
inconsistent effects of tralokinumab on asthma exacerbation rate in STRATOS phase 3 clinical

trials (Panettieri et al. 2018).

1.4.13. L5

IL-5 is secreted by multiple cells, including Th2 cells, mast cells, ILC2s and eosinophils
(Robinson et al. 1992, Matucci et al. 2019). It acts on a heterodimeric receptor comprised of
a, IL-5Ra, and B subunit which is identical to the B subunit of GM-CSF and IL-3 (McBrien and
Menzies-Gow 2017). IL-5 is the most important factor influencing the differentiation,
maturation and survival of eosinophils (McBrien and Menzies-Gow 2017). IL-5Ra is expressed
on eosinophils as well as basophils (McBrien and Menzies-Gow 2017). In asthmatic patients
increased IL-5 levels have been detected in BAL and bronchial mucosa in comparison to
healthy individuals (Hamid et al. 1991, Walker et al. 1992, Robinson et al. 1993a). In murine
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ovalbumin (OVA)-induced AAD model IL-5Ra deficiency has abrogated eosinophilic airway
inflammation as well as AHR (Tanaka et al. 2000). The importance of IL-5 in asthma has been
further demonstrated in clinical trials (Pavord et al. 2012, Bel et al. 2014, Ortega et al. 2014,
Bleecker et al. 2016, FitzGerald et al. 2016, Nair et al. 2017, Harrison et al. 2020, Kavanagh et
al. 2021). Mepolizumab, an anti-IL-5 mAb approved for treatment of uncontrolled severe
eosinophilic asthma (Global Initiative for Asthma 2021), has demonstrated significant
reduction in asthma exacerbations, maintenance OCS sparing effects and was associated with
improved lung function and asthma control in randomised controlled trials in patients with
severe eosinophilic asthma (Pavord et al. 2012, Bel et al. 2014, Ortega et al. 2014). REALITI-A,
a global, prospective, observational cohort has confirmed the effectiveness of mepolizumab
under real-world settings (Harrison et al. 2020). Benralizumab, an anti-IL-5R mAb approved
for treatment of uncontrolled severe eosinophilic asthma (Global Initiative for Asthma 2021),
has demonstrated significant reductions in exacerbation rates, improvements in lung function
and asthma control as well as clinically relevant maintenance OCS sparing benefits in phase 3
randomised controlled trials in patients with uncontrolled severe eosinophilic asthma
(Bleecker et al. 2016, FitzGerald et al. 2016, Nair et al. 2017). All clinical and maintenance OCS
sparing benefits of benralizumab have been recently confirmed in real-world severe

eosinophilic asthma cohort (Kavanagh et al. 2021).

1.4.2. Chemokines
Chemokines are chemotactic cytokines that orchestrate migration of immune cells to the site
of inflammation (Castan et al. 2017). They are divided into four groups based on the
arrangement of amino terminal cysteine residues: CC, CXC, C and CXC3C (Castan et al. 2017).
They activate chemokine receptors (CCRs) expressed on immune cells that are coupled to G

proteins (Castan et al. 2017).

1.4.2.1. Eotaxin
Eotaxins are a subfamily of CC chemokines that are potent eosinophil chemotactic proteins
(Pease and Williams 2001). Three eotaxins exist in humans: eotaxin-1 (CCL11) and two

functional analogues eotaxin-2 (CCL24) and eotaxin-3 (CCL26) (Pease and Williams 2001).

Eotaxins can be produced by lung fibroblasts, airway smooth muscle cells, alveolar

macrophages, eosinophils and lymphocytes (Pease and Williams 2001). IL-4, IL-13 and TNF-a
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can stimulate production of eotaxin in airway epithelial cells, airway smooth muscle cells and
lung fibroblasts (Pease and Williams 2001). Eotaxins activate CCR3 receptor which is
expressed on eosinophils, basophils, Th2 cells and monocytes and is considered one of the

most promiscuous chemokine receptors (Pease and Williams 2001).

Increased expression of eotaxins has been observed in atopic and non-atopic asthmatics at
the sites of allergic inflammation as well as the sputum (Ying et al. 1997, Ying et al. 1999,
Coleman et al. 2012). Increased eotaxin levels are associated with sputum eosinophilia,
reduced FEV; and increased asthma exacerbation rate (Coleman et al. 2012). In murine OVA
models of AAD neutralisation of eotaxin has diminished the recruitment of Th2 cells upon
allergen challenge and alleviated eosinophilic airway inflammation and AHR (Gonzalo et al.

1998, Lloyd et al. 2000).

1.4.2.2.  MIP-1a (CCL3)
Macrophage inflammatory protein 1 alpha (MIP-1a) activates CCR1 and is expressed by most
mature hematopoietic cells, including DCs, T cells, B cells, NK cells and neutrophils (Bhavsar
et al. 2015). DCs have been identified as an important source of MIP-1a upon allergen
challenge (Vissers et al. 2001, van Rijt et al. 2005, Plantinga et al. 2013). In asthmatic patients
increased MIP-1a levels are measured in BAL (Lukacs et al. 1995b, Alam et al. 1996, Holgate
et al. 1997) which potently stimulates chemotaxis of lymphocytes, eosinophils and
monocytes, including dendritic cells (Lukacs et al. 1995b, Holgate et al. 1997, Maurer and Von

Stebut 2004).

1.4.2.3. MCP-1(CCL2)
MCP-1 is a key monocyte chemokine and a mediator of Th cell differentiation (Bianconi et al.
2018). It is produced by monocytes, dendritic cells, macrophages, endothelial, epithelial cells
and smooth muscle cells and can be induced by proinflammatory cytokines such as IL-4 and
TNF-a as well as growth factors (G-CSF and GM-CSF) (Vissers et al. 2001, van Rijt et al. 2005,
Plantinga et al. 2013, Bianconi et al. 2018). It activates CCR2, expression of which is restricted
to monocytes, T cells and vascular smooth muscle (Bianconi et al. 2018). In asthmatic patients
MCP-1 levels are increased in BAL (Alam et al. 1996, Holgate et al. 1997) and neutralisation of
MCP-1 in murine OVA-induced AAD model has alleviated the development of eosinophilic

airway inflammation and AHR (Gonzalo et al. 1998).
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1.4.2.4.  CCL17 (TARC) and CCL22
CCL17 and CCL22 are potent lymphocyte chemokines (Castan et al. 2017). They activate CCR4
which is expressed predominantly by Th2 cells and promote allergic airway inflammation
(Panina-Bordignon et al. 2001, Vijayanand et al. 2010, Castan et al. 2017). Activated DCs and
airway epithelium have been identified as a source of CCL17 and CCL22 upon allergen
exposure (Panina-Bordignon et al. 2001, Vissers et al. 2001, van Rijt et al. 2005, Vijayanand et
al. 2010, Plantinga et al. 2013).

1.4.3. Epithelial derived cytokines

1.4.3.1. [L-25
IL-25 or IL-17E is a member of IL-17 cytokine family which in contrast to the other family
members promotes Th2 rather than Th1/Th17 inflammation (Mitchell and O'Byrne 2017a).
Numerous cells can be a source of IL-25, including airway epithelial cells, eosinophils, mast
cells, basophils and Th2 cells (Kouzaki et al. 2013, Mitchell and O'Byrne 2017a). Airway
epithelial cells constitutively express IL-25 which is stored in the cytoplasm to ensure rapid
release upon exposure to allergens with intrinsic protease activity (Mitchell and O'Byrne
2017a). IL-25 acts on a heteromeric complex composed of IL-17RA and IL-17RB and induces
expression of IL-4, IL-5 and IL-13 when administered intranasally to mice whilst suppressing
Th1/Th17 responses (Barlow et al. 2013, Willis et al. 2015, Mitchell and O'Byrne 2017a). Even
though asthma has been associated with upregulation of IL-25 (Cheng et al. 2014, Li et al.
2018b, Wang et al. 2018b), anti-ILL7RA mAb brodalumab, directed against IL-25 receptor, has
been ineffective in improving asthma control in poorly controlled asthmatics (Busse et al.

2013).

1.43.2.  IL-33
IL-33 is a member of IL-1 cytokine family and is associated with type 2 immune responses as
opposed to type 1 immune responses commonly associated with IL-1 family (Schmitz et al.
2005, Hong et al. 2020). In the lungs, airway epithelium is the main source of IL-33, but it can
also be released from macrophages, DCs, mast cells and monocytes, albeit at lower levels
(Kurokawa et al. 2011, Hardman et al. 2013, Hong et al. 2020). IL-33 is constitutively expressed
and stored in the nuclei of airway epithelial cells where it exhibits anti-inflammatory
properties (Hong et al. 2020). Upon activation IL-33 is readily released, though, and exerts

proinflammatory activity by acting on ST2 receptors expressed on numerous immune cells,
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including CD4*T cells, ILC2s, DCs and eosinophils (Mangan et al. 2007, Stolarski et al. 2010,
Besnard et al. 2011b, Barlow et al. 2012, Bartemes et al. 2012, Endo et al. 2015). Proteases,
including neutrophil elastase or cathepsin G, cleave IL-33 and produce a mature form with
increased biological activity (Lefrancais et al. 2012). The function of IL-33 can be supressed by
a decoy soluble ST2 receptor and its activity in extracellular environment can be rapidly
terminated by oxidation or degradation by proteases (Ho et al. 2013, Cohen et al. 2015, Hong
et al. 2020).

In the lungs, IL-33 has been shown to promote ILC2 recruitment and activation, triggering
type 2 immune responses (Barlow et al. 2012, Bartemes et al. 2012). Disruption of IL-33
signalling in preclinical AAD models have exposed a crucial role of IL-33 in allergen
sensitisation, development of allergic airway inflammation as well as AHR (Hayakawa et al.
2007, Besnard et al. 2011b, Tjota et al. 2013, Hiraishi et al. 2018). Indeed, IL-33 and ST2 have
been recognised as major susceptibility loci in asthma in GWAS and increased expression of
IL-33 has been observed in asthmatic patients (Préfontaine et al. 2010, Hamzaoui et al. 2013,
Ho et al. 2013, Saglani et al. 2013, Guo et al. 2014, Savenije et al. 2014, Chauhan et al. 2015,
Christianson et al. 2015, Kaur et al. 2015, Demenais et al. 2018, Li et al. 2018b, Wang et al.
2018a, Rabe et al. 2021). In a recent clinical trial, the anti-IL-33 mAb itepekimab has been
associated with improvement in asthma control, reduced risk of exacerbations as well as
improved lung function in moderate-to-severe asthma patients (Wechsler et al. 2021).
Astegolimab, an anti-ST2 mAb, similarly reduced exacerbation rate in patients with severe
inadequately controlled asthma (Kelsen et al. 2021), demonstrating the central role of IL-33

in asthma pathogenesis.

1.43.3. TSLP
TSLP is a part of IL-2 cytokine family and is expressed by airway epithelial cells as well as mast
cells, DCs, ASM cells, and fibroblasts (Wang et al. 2018b, Matera et al. 2020). TSLP binds to
the TSLP receptor (TSLPR) which forms a heterodimeric receptor together with IL-7Ra subunit
(Matera et al. 2020). TSLPR is expressed on various immune cells, including DCs, T cells, ILC2s
and mast cells (Matera et al. 2020). TSLP is crucial for the activation of moDCs and subsequent
Th2 differentiation (Ito et al. 2005). In animal AAD models inhibition of TSLP signalling has
ameliorated allergic airway inflammation, AHR and airway remodelling (Al-Shami et al. 2005,

Shi et al. 2008, Chen et al. 2013, Hiraishi et al. 2018). In humans, genetic polymorphisms of
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TSLP have been linked with asthma and increased TSLP expression in asthmatics correlates
with airway obstruction and AHR (Ying et al. 2005, Cheng et al. 2014, Gluck et al. 2016, Li et
al. 2018b, Wang et al. 2018b). Clinical trials have further implicated TSLP in asthma
pathogenesis. Tezepelumab, an anti-TSLP mAb, reduced allergen-induced AHR and systemic
inflammation markers in a proof-of-concept study (Gauvreau et al. 2014). Tezepelumab has
further demonstrated significant reduction in asthma exacerbation rates, improved lung
function and improved asthma control in severe asthmatics (Corren et al. 2017, Matera et al.
2020, Menzies-Gow et al. 2021). Tezepelumab has been approved by U.S. Food and Drug
Administration as an add-on maintenance therapy in with severe asthma aged 12 years and

older in December 2021 (US Food and Drug Administration 2021).

1.4.4. Other proinflammatory cytokines

1.4.4.1. TNF-a
TNF-a is a pleiotropic cytokine exerting proinflammatory effects in the context of asthma
(Berry et al. 2007). It is generated by activated macrophages, lymphocytes, mast cells as well
as stromal cells (Matera et al. 2010). It activates membrane glycoprotein TNF receptors 1 and
2 (TNF-R1 and TNF-R2, respectively) (Matera et al. 2010). TNF-R1 is ubiquitously expressed on
most cells types, while TNF-R2 is primarily restricted to immune and endothelial cells (Matera

et al. 2010).

In asthmatic patients TNF-a levels are increased in BAL fluid (Ying et al. 1991, Bradding et al.
1994, Baines et al. 2011) and TNF-a genetic polymorphisms have been associated with an
increased risk of asthma, asthma severity and AHR (Kang et al. 2019, Zhu et al. 2020). TNF-a
induces expression of eotaxin, MCP-1 and mucins and promotes eosinophil recruitment and
degranulation as well as T cell activation (Scheurich et al. 1987, Slungaard et al. 1990, Lukacs
et al. 1995a, Matera et al. 2010). TNF-a has also been implicated in the development of AHR
by inducing hypersensitivity of vagal bronchopulmonary sensory nerves (Makwana et al.
2012, Lin et al. 2017). Despite compelling evidence implicating TNF-a in asthma pathogenesis,
the effects of TNF-a inhibition in clinical trials have been variable and several studies failed to
demonstrate clinical efficacy of TNF-a blockade (Berry et al. 2007, Morjaria et al. 2008,
Wenzel et al. 2009, Holgate et al. 2011).
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1.4.4.2. IL-18 and IL-18

IL-1B and IL-18 are IL-1 family members that have been implicated in asthma pathogenesis
(Mutini et al. 1999, Wild et al. 2000, Nakae et al. 2003, Besnard et al. 2011a, Sawada et al.
2013, Bruchard et al. 2015). Their release and activation have been associated with
inflammasome activation (Pinkerton et al. 2017). Inflammasomes are multimeric protein
complexes formed with one or two NLR family members that regulate the activity of
caspase-1 which cleaves IL-1 family members IL-1B and IL-18 into their biologically active
forms (Guo et al. 2015). NLRP3 inflammasome is the most studied and best characterised
member of NLR family in the context of lung disease (Pinkerton et al. 2017) and has been
implicated in asthma pathogenesis (Mutini et al. 1999, Besnard et al. 2011a, Bruchard et al.
2015, Li et al. 2018a). The assembly and activation of NLRP3 inflammasome depends on an
initial priming step (PAMP-mediated activation of PRRs) which induces expression of NLRP3
and a secondary signal provided by DAMPs that triggers relocalisation and activation of NLRP3
and subsequent inflammasome assembly (Guo et al. 2015). Activation of TLR4 by
lipopolysaccharide (LPS) followed by activation of purinergic P2X7 receptors by ATP is a well
established example of NLRP3 priming and activation, respectively, triggering IL-1B and IL-18
release and is often exploited in vitro and in vivo (Griffiths et al. 1995, Perregaux et al. 2000,
Mehta et al. 2001, Solle et al. 2001, Franchi et al. 2007, Myrtek et al. 2008, Eltom et al. 2011,
Baxter et al. 2014, Englezou et al. 2015, Mishra et al. 2016, Di Virgilio et al. 2017).

IL-1B is a proinflammatory cytokine important for the initiation of acute inflammatory
responses to infectious, noxious or cell-damage derived stimuli (Pinkerton et al. 2017). It is
primarily produced by macrophages, but can be also expressed by neutrophils, lymphocytes,
airway epithelial cells and fibroblasts (Pinkerton et al. 2017). IL-1B binds to IL-1R and triggers
activation of nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB) and
subsequent recruitment and activation of innate immune cells as well as expression of
proinflammatory cytokines such as TNF-a, IL-6 and IL-1B (Pinkerton et al. 2017). Increased
levels of IL-B have been measured in BAL and sputum of asthmatic patients (Mattoli et al.
1991, Borish et al. 1992, Baines et al. 2011). Preclinical studies have implicated IL-1 in Th2
differentiation and demonstrated its key role for the development of type 2 airway
inflammation and AHR in AAD (Mutini et al. 1999, Nakae et al. 2003, Besnard et al. 20113,
Bruchard et al. 2015).
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IL-18 is constitutively expressed by mesenchymal cells, however it is primarily found in
macrophages and DCs upon activation (Pinkerton et al. 2017). IL-18 genetic polymorphisms
have been associated with asthma severity (Harada et al. 2009). In asthmatic patients
increased IL-18 levels have been measured in serum in comparison to healthy individuals and
IL-18 expression has been observed in airway epithelium and airway smooth muscle cells
(Imaoka et al. 2011). However, reduced sputum IL-18 levels have been reported during
asthma exacerbations or in severe asthma patients relative to healthy controls (Hossny et al.
2009, Rovina et al. 2015). Administration or overexpression of IL-18 in AAD models promotes
production of IgE and Th2 cytokines and development of eosinophilic airway inflammation

and AHR (Wild et al. 2000, Sawada et al. 2013).

1.4.5. Extracellular ATP

ATP has been long recognised for its fundamental role in cellular metabolism and energetics
as an energy carrier within cells (Pelleg 2020). In addition, ATP can be released into
extracellular space under physiological conditions to regulate airway mucus production and
ciliary beat frequency, but it also serves as a ubiquitous danger signal when released from
damaged or dying cells (Button et al. 2013, Droguett et al. 2017). ATP is released from cells in
a controlled fashion via specific transmembrane channels (i.e. pannexin or connexin
hemichannels) or vesicular exocytosis and it acts on P2 purinergic receptors in an autocrine
and paracrine fashion (Dou et al. 2018, Pelleg 2020) (Figure 1.3). P2 receptors are divided into
two families: ionotropic P2X family, consisting of seven ATP-gated ion channels, and
metabotropic P2Y family consisting of eight G-protein coupled receptors (Dou et al. 2018,
Pelleg 2020). ATP acts predominantly on P2X family members, but it can also activate several
G-protein coupled P2Y receptors, P2Y1, P2Y2 and P2Y11 (Dreisig and Kornum 2016, Silva-
Vilches et al. 2018, Pelleg 2020). P2Y11 is the only P2Y receptor exclusively activated by ATP,
while other P2Y receptors more readily respond to various other purines such as adenosine
diphosphate (ADP) and uridine nucleotides (Dreisig and Kornum 2016, Silva-Vilches et al.
2018). Due to potent proinflammatory actions, concentrations of extracellular ATP are
maintained at low levels and ATP is rapidly broken down to adenosine diphosphate (ADP),
adenosine monophosphate (AMP) and adenosine by the CD39 and CD73 families of
ectoenzymes (Pelleg et al. 2016, Silva-Vilches et al. 2018)(Figure 1.3).
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In chronic lung disease, including asthma, chronic obstructive pulmonary disease (COPD) and
idiopathic pulmonary fibrosis (IPF), increased ATP levels have been reported in the airways
and are thought to drive the underlying inflammation, airway remodelling and fibrosis as well
as bronchoconstriction and cough (Pellegrino et al. 1996a, Basoglu et al. 2005, Idzko et al.
2007, Oguma et al. 2007, Lommatzsch et al. 2010, Mortaz et al. 2010, Riteau et al. 2010,
Chavez et al. 2013, Baxter et al. 2014, Basoglu et al. 2015, Lazar et al. 2016, Miller et al. 2017).
Regarding asthma, allergen exposure has been associated with increased ATP levels in
asthmatic patients as well as in murine AAD models (Idzko et al. 2007, Vanderstocken et al.
2010, Chavez et al. 2013, Idzko et al. 2013). Inhibition of ATP signalling in AAD models has
abrogated allergic airway inflammation, AHR and airway remodelling, and the purinergic
receptors P2X4, P2X7 and P2Y2 have been implicated to mediate the pathogenic ATP actions
in these models (Idzko et al. 2007, Muller et al. 2010, Kouzaki et al. 2011, Muller et al. 2011,
Idzko et al. 2013, Ledderose et al. 2014, Amison et al. 2015, Li et al. 2015, Chen et al. 2016,
Zech et al. 2016, Li et al. 2018a). Administration of exogenous ATP during allergen challenge
aggravated allergen-induced allergic airway inflammation and AHR in murine models of AAD
(Idzko et al. 2007, Chen et al. 2016). This has not been yet elucidated in man, however
ATP-provoked bronchoconstriction is pronounced in asthmatic patients compared to healthy
individuals (Pellegrino et al. 1996b). In addition, ATP is an important regulator of eosinophil,
mast cell, T cell and DC function and is essential for Th2 priming and induction of type 2
immune responses upon allergen encounter (Muller et al. 2011, Burnstock and Boeynaems

2014, Zech et al. 2016, Silva-Vilches et al. 2018).

The mechanisms leading to increased ATP levels in asthma are not yet fully elucidated. As
discussed in section 1.6, activation of transient receptor potential (TRP) channels such as
TRPV4 has been linked to ATP release and both channels have been implicated in asthma

pathogenesis (Belvisi and Birrell 2017).
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Figure 1.3: Schematic representation of ATP signalling.

ATP is released from Pannexin (Panx/Px) or Connexin (Cx) channels and mainly acts on P2X family of ion channels
and to a smaller extent on P2Y family of G-protein coupled receptors. ATP action in extracellular space is short
lived due to rapid breakdown to ADP, AMP and adenosine (A). Adenosine can be broken down to inosine by

adenosine deaminase intracellularly or extracellularly.

1.5.Nerves in asthma

1.5.1. Neurophysiology of airway nerves
This section summarises airway innervation and is based on detailed reviews of airway
nervous system cited here (Mazzone and Undem 2016, Kistemaker and Prakash 2019). The
vagus nerve is the main nerve innervating the airways and supplies all parasympathetic
efferent fibres and most of the sensory afferent fibres. The vagus divides into several
branches with the superior laryngeal nerve innervating the larynx, recurrent laryngeal nerve
innervating the trachea and main bronchi and smaller pulmonary branches innervating
smaller airways and lung parenchyma. Around one percent of sensory innervation originates
from the dorsal root ganglia and runs with spinal sympathetic nerves. Airway innervation
regulates many aspects of airway function, including breathing, the Hering-Breuer reflex,
airway smooth muscle tone, mucus secretion and cough. Although sympathetic nerves

innervate the lungs, they do not significantly affect airway tone in humans.

Airway sensory neurons are pseudounipolar neurons with bodies located in the nodose and
jugular ganglia. They are generally divided into mechanosensing myelinated A fibres
(although there is a subgroup of A nociceptors that can respond to chemical stimuli) and
unmyelinated C fibres which are activated by chemical stimuli via a number of receptors and

ion channels, such as TRP channels and purinergic receptors. Parasympathetic preganglionic
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neurons originate in the brainstem and run along the vagus nerve to parasympathetic ganglia
located in the proximity of the airways where they form synapses with post-ganglionic
parasympathetic neurons. Post-ganglionic neurons innervate airway smooth muscle,
submucosal glands and blood vessels. The cholinergic parasympathetic neurons release
acetylcholine (ACh) which activates muscarinic receptors on ASM cells (typically Ms) and
submucosal glands (typically Mi), triggering bronchoconstriction and mucus secretion,
respectively. ACh release is normally limited by inhibitory M; muscarinic receptors on
postganglionic parasympathetic nerves. Parasympathetic neurons release other mediators
such as vasoactive intestinal peptide (VIP) and nitric oxide (NO) and trigger non-cholinergic

vasodilatation and bronchorelaxation (Figure 1.4).
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Figure 1.4: Sensory and parasympathetic innervation of the airways.

Airway sensory neurons with cell bodies located in the nodose and jugular ganglia innervate the airway mucosa
and travel in vagus nerve to the brainstem. Pre-ganglionic parasympathetic neurons originate in brainstem and
form synapses with post-ganglionic neurons in close proximity of the airways. Post-ganglionic neurons innervate

airway smooth muscle cells and regulate airway tone.
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1.5.2. The role of nerves in asthma
There is increasing evidence of a dysregulated airway nervous system which actively
contributes to the development of AHR, airway inflammation and symptoms such as cough
(Pincus et al. 2021). Epithelial nerve length and branching is increased in patients with
persistent asthma and is associated with eosinophilicinflammation (Drake et al. 2018). Similar
has been reported in IL-5 overexpressing mice, and IL-5 has also been shown to activate
nociceptors, suggesting that the underlying eosinophilic airway inflammation leads to
changes in airway innervation and AHR (Costello et al. 1999, Talbot et al. 2015, Drake et al.
2018, Lebold et al. 2020, Nie et al. 2020). In asthmatic patients, cholinergic tone is enhanced
in comparison to healthy individuals (Molfino et al. 1993) which is thought to be a results of
dysfunctional M, muscarinic receptors on postganglionic parasympathetic neurons, leading
to the loss of the negative feedback control and significant increases in ACh release (Patel et
al. 1995, Pincus et al. 2021). The loss of M, receptors appears to be dependent on eosinophils
and eosinophil MBP has been shown to antagonise muscarinic M receptors (Elbon et al. 1995,
Evans et al. 1997). It is therefore not surprising that anticholinergics are effective
bronchodilators in severe and moderate asthma (Kerstjens et al. 2012, Kerstjens et al. 2015,
Brandt et al. 2016, Paggiaro et al. 2016, Virchow et al. 2019). In addition, preclinical studies
have implicated the cholinergic nervous system in LAR as allergen-provoked delayed
bronchoconstriction was prevented by tiotropium and the response was lost under
ketamine/xylazine anaesthesia, which inhibited the central processing arc of the reflex, in rat
and guinea pig (GP) LAR models (Raemdonck et al. 2012, Smit et al. 2014). Human cough
studies have demonstrated an increase in spontaneous cough upon allergen provocation as
well as an increased sensitivity to the TRPV1 agonist capsaicin in asthmatic patients, providing
evidence of dysregulated airway sensory innervation in asthma (Satia et al. 2017, Satia et al.

2019).

In addition to AHR, the airway nervous system has been implicated in the development of
allergic airway inflammation. Vagotomy or selective ablation of TRPV1*, TRPA1* or Navl. 8*
sensory neurons has alleviated allergic airway inflammation and AHR in several AAD models
(Trankner et al. 2014, Talbot et al. 2015, Dragunas et al. 2020). Sensory neurons were
demonstrated to express VIP upon allergen challenge which promoted ILC2 proliferation and

CD4* T cell cytokine production (Talbot et al. 2015). Cholinergic neurons were shown to
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produce a neuropeptide neuromedin U which acts on the NMUR1 receptor on ILC2s and
stimulate their proliferation and cytokine production during helminth infection as well as an
allergen challenge (Cardoso et al. 2017, Wallrapp et al. 2017). Furthermore, IL-4 and IL-13
stimulate expression of eotaxin in parasympathetic nerves which further promoted
eosinophil accumulation around airway nerves after allergen challenge (Fryer et al. 2006). On
the other hand, the release of neurotrophin from airway epithelium, macrophages, T cells
and mast cells is increased in asthmatic patients and neurotrophins have been shown to
induce expression of TRPV1 in airway sensory neurons, potentially contributing to increased

neuronal sensitivity (Lieu et al. 2012, Satia et al. 2020).

1.6.TRP channels in asthma

1.6.1. Definition
TRP ion channels were first discovered as phototransduction proteins in the Drosophila
melanogaster (Montell and Rubin 1989). As of today 28 TRP channels have been identified in
mammals and are categorised into seven subfamilies based on their sequence homology,
namely: TRPC (canonical), TRPV (vanilloid), TRPM (melasatin), TRPP (polycystin), TRPML
(mucolipin), TRPA (ankyrin) and TRPN (no mechanoreceptor potential C; not expressed in
mammals) (Belvisi and Birrell 2017). TRP channels consist of intracellular C and N termini, six
transmembrane spanning domains with a pore between domains 5 and 6 and variable
amounts of ankyrin repeats (Belvisi and Birrell 2017). They are ubiquitously expressed
throughout the body and respond to a plethora of intracellular and extracellular stimuli (De
Logu et al. 2016). TRPA1, TRPV1 and TRPV4 are the most important TRP channels in the
respiratory system due to their abundant expression and importance for airway function and

lung homeostasis (De Logu et al. 2016, Belvisi and Birrell 2017).

1.6.2. TRPV1
TRPV1 is the most studies TRP channel and is directly activated by noxious temperatures (>
42 °C), acidic pH, capsaicin and lipid derivates, however bradykinin, PGE, or PAR2-activating
proteases can cause G-protein coupled receptor (GPCR)-mediated activation of TRPV1

(Tominaga et al. 1998, Amadesi et al. 2004, Grace et al. 2012, Benitez-Angeles et al. 2020).

In the respiratory system TRPV1 is expressed on airway sensory neurons (Nassenstein et al.

2008, Lieu et al. 2012, Wortley et al. 2016) as well as non-neuronal structural and immune
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cells, including airway epithelial cells, alveolar macrophages and CD4* T cells (Baxter et al.
2014, Bertin et al. 2014, Jia et al. 2014, McGarvey et al. 2014, Balestrini et al. 2021). TRPV1
expression is increased in airway epithelium in severe refractory asthma (McGarvey et al.
2014) and TRPV1 genetic polymorphisms have been associated with asthma susceptibility
(Wang et al. 2009, Cantero-Recasens et al. 2010). More specifically, a loss of function TRPV1
variant has been associated with reduced wheezing and cough in asthmatic patients (Wang
et al. 2009, Cantero-Recasens et al. 2010). In asthmatic patients increased capsaicin-evoked
cough responses are observed compared to healthy individuals, suggestive of increased
TRPV1-modulated airway sensory reflexes (Satia et al. 2017, Satia et al. 2019). The analysis of
TRPV1 expression in AAD models has demonstrated increased TRPV1 expression in allergen
exposed animals (Zhang et al. 2008, Lieu et al. 2012). Activation of TRPV1 on airway epithelial
cells has been associated with TSLP release (Jia et al. 2014) and preclinical studies have further
demonstrated a pathogenic role of TRPV1 in the development of allergic airway inflammation,
LAR, AHR as well as airway remodelling (Delescluse et al. 2012, Mabalirajan et al. 2013,
Rehman et al. 2013, Baker et al. 2016, Devos et al. 2016, Choi et al. 2018, Duan et al. 2020,
Perner et al. 2020). However, the involvement of TRPV1 in AAD pathogenesis appears to be
model dependent as TRPV1 has been found to be dispensable during allergen challenge in

some studies (Caceres et al. 2009, Mori et al. 2011, Raemdonck et al. 2012).

1.6.3. TRPA1
TRPA1 can be found on airway sensory neurons (Nassenstein et al. 2008, Wortley et al. 2016)
as well as non-neuronal cells including airway smooth muscle cells, airway epithelial cells,
fibroblasts, CD4*and CD8* T cells (Mukhopadhyay et al. 2011, Nassini et al. 2012, Bertin et al.
2017, Sahoo et al. 2019). TRPA1 is activated by a range of natural products such as
cinnamaldehyde, allyl isothiocyanate, allicin and cannabinol that are found in mustard, garlic,
horseradish, cinnamon or cannabis, environmental irritants (such as acrolein in cigarette
smoke, diesel exhaust particles, ozone and toluene diisocyanate (TDI)) as well as reactive and
electrophilic by-products of oxidative stress (De Logu et al. 2016, Belvisi and Birrell 2017).
Diesel exhaust particles have been demonstrated to induce mitochondrial reactive oxidative
species production which activates TRPVA1 on sensory nerves which could be responsible for
an asymptomatic drop in FEV: in asthmatic patients experienced when exposed to diesel

traffic (McCreanor et al. 2007, Robinson et al. 2018). In addition to chemical ligands TRPA1
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responds to mechanical stimuli and cold temperatures (< 17 °C) and can be sensitised in
GPCR-mediated manner by PGE;, bradykinin, or PAR2 ligands (Dai et al. 2007, Grace et al.
2012, Belvisi and Birrell 2017).

TRPA1 genetic polymorphisms have been associated with increased risk of childhood asthma
(Gallo et al. 2017). Preclinical studies have implicated TRPA1 in the development of allergic
airway inflammation, AHR and/or LAR (Caceres et al. 2009, Raemdonck et al. 2012, Reese et
al. 2020), although a dispensable role of TRPA1l in the development of allergic airway
inflammation or AHR has also been reported (Baker et al. 2017). In addition, TRPA17" has
alleviated TDI-induced airway inflammation and AHR as well as hypochlorite induced AHR in
OVA-induced model of AAD, suggesting the involvement of TRPA1 in mechanisms leading to

non-allergic asthma (Hox et al. 2013, Devos et al. 2016, Yao et al. 2019)

1.6.4. TRPV4
TRPV4 is a polymodal non-selective cation channels that was originally discovered as an
osmosensor responding to hypotonic solutions (Liedtke et al. 2000, Strotmann et al. 2000). It
is also a thermosensor, constitutively active in the temperature range 24 — 42 °C with maximal
activity at core body temperature and can also respond to shear stress and mechanical stretch
(Gller et al. 2002, Watanabe et al. 2002b, Kohler et al. 2006, Loukin et al. 2010). In addition
to physical stimuli, TRPV4 can be activated by a range of chemical stimuli, including
arachidonic acid (AA) derivates, endocannabinoids and synthetic agonists
4a-phorbol-didecanoate (4aPDD) and GSK1016790A (Watanabe et al. 2002a, Watanabe et al.
2003, Thorneloe et al. 2008, Klausen et al. 2009). In addition, GPCR-activating inflammatory
mediators such as histamine, 5-HT or PAR2 activating proteases can activate or sensitise
TRPV4 in an indirect fashion via protein-kinase A and C and tyrosine-kinase mediated

phosphorylation (Grant et al. 2007, Cenac et al. 2010, White et al. 2016) (Figure 1.5).

TRPV4 has been implicated in airway sensory reflexes, however its expression appears to be
restricted to non-neuronal accessory cells (Bonvini et al. 2016). In addition, it is expressed in
a wide range of lung structural and immune cells, including airway epithelial cells, airway
smooth muscle cells, fibroblasts, T and B lymphocytes, DCs and alveolar macrophages

(Fernandez-Fernandez et al. 2002, Jia et al. 2004, Andrade et al. 2005, Inada et al. 2006,
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Hamanaka et al. 2010, Groot-Kormelink et al. 2012, Szollosi et al. 2013, Bertin et al. 2014,
Rahaman et al. 2014, Majhi et al. 2015, Yu et al. 2017, Naert et al. 2019).

Activation of TRPV4 triggers ATP release through pannexin-1 (Panx-1) channels and
downstream activation of P2X receptors (Seminario-Vidal et al. 2011, Baxter et al. 2014,
Bonvini et al. 2016, Bonvini et al. 2020). Depending on the cell types and P2X receptors
involved in the signalling cascade TRPV4 activation modulates various physiological and
pathological processes. During homeostasis TRPV4 regulates airway calibre and ciliary beat
frequency on airway epithelial cells (Lorenzo et al. 2008, Alenmyr et al. 2014). TRPV4 has been
proposed to be protective against bacterial infections (Alenmyr et al. 2014, Scheraga et al.
2016, Alpizar et al. 2017, Scheraga et al. 2020), although not all reports are in agreement
(Dalsgaard et al. 2016, Li et al. 2019b). On the other hand, an aberrant activation on neuronal
accessory cells leads to activation of P2X2/P2X3 receptors on airway sensory neurons which
triggers cough (Bonvini et al. 2016). TRPV4-induced ATP release from airway smooth muscle
cells has been shown to activate P2X4 receptors on mast cells, promoting the release of
CysLTs and subsequent bronchoconstriction (McAlexander et al. 2014, Bonvini et al. 2020).
Smoke exposure has been linked to activation of TRPV4-ATP axis on alveolar macrophages
(AMs) and airway epithelial cells resulting in P2X7 activation on AMs with subsequent NLRP3
inflammasome formation and IL-1B release, leading to neutrophilic airway inflammation
(Baxter et al. 2014). TRPV4 signalling pathways relevant for lung disease are summarised in

Figure 1.5.
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Figure 1.5: TRPV4 signalling in lung disease.

TRPV4 can be activated by a variety of environmental stimuli including hypo osmolar solutions and moderate
temperatures, endogenous inflammatory mediators, synthetic agonists such as GSK1016790A (GSK101) and
downstream of PAR2 signalling. Activation of TRPV4 causes influx of calcium ions into cells which triggers
opening of Panx 1 channels and subsequent release of ATP into extracellular space. In the lungs this can activate
various pathological processes, depending on cell types and P2X receptors activated by extracellular ATP. For
example, activation of P2X4 on mast cells leads to bronchospasm, activation of P2X3 receptors on airway sensory
nerves triggers cough and activation of P2X7 receptors on alveolar macrophages is responsible for development

of airway inflammation in COPD models.

TRPV4 has been directly implicated in the pathogenesis of asthma, however the signalling

pathways involved in those processes are not yet fully understood. TRPV4 genetic
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polymorphisms have been associated with lung function parameters and were linked to the
development of osmotic AHR in asthmatic patients (Obeidat et al. 2011, Naumov et al. 2016).
Furthermore, TRPV4 genetic polymorphisms have also been associated with increased risk of
sensitisation to fungal allergens and asthma incidence (Wiesner et al. 2020). In asthmatic
patients increased expression of TRPV4 has been observed in the airway epithelium and this
has been recapitulated in animal models of AAD (Wiesner et al. 2020) (Yu et al. 2017, Duan et
al. 2020, Kim et al. 2020). Mechanistic studies have demonstrated that genetic disruption or
pharmacological inhibition of TRPV4 ameliorated allergic airway inflammation, AHR, LAR
and/or airway remodelling in AAD models (Birrell et al. 2016, Gombedza et al. 2017, Duan et
al. 2020, Wiesner et al. 2020, Flajolet 2021), although a dispensable role of TRPV4 in the
development of AAD has also been demonstrated (Palaniyandi et al. 2020). TRPV4 has also
been implicated in non-allergic airway inflammation and AHR associated with TDI exposure

(Yao et al. 2019).

1.6.4.1. PAR2 — TRPV4 coupling
PAR2 is a GPCR belonging to a unique PAR family consisting of PAR1, PAR2, PAR3 and PARA4.
Instead of activation by endogenous ligands, proteases cleave the N-termini of PAR2
receptors and form a tethered ligand that causes receptor activation (Yau et al. 2016). In
comparison to other PAR members, PAR2 displays insensitivity to thrombin but can be
cleaved by proteases such as trypsin, tryptase, tissue factors, kallikreins, elastase and
cathepsins (Yau et al. 2016). Trypsin and tryptase cleave N-terminus at the canonical site
which exposes the tethered ligand and triggers PAR2 activation (Yau et al. 2016). Other
proteases, including elastase or cathepsin S, cleave the PAR2 N-terminus at alternative sites
and either inactivate the receptor or produce a different tethered ligand, activating an

alternative, biased signalling (Hollenberg et al. 2014, Yau et al. 2016).

PAR2 activation has been coupled to activation or sensitisation of TRPV4 channels in
mechanical hyperalgesia models as well as lung injury models (Grant et al. 2007, Poole et al.
2013, Zhao et al. 2014, Zhao et al. 2015, Rayees et al. 2019). The exact mechanism of TRPV4
activation remains unclear, however tyrosine phosphorylation by phospholipase CB or
protein kinases A, C and D has been proposed (Grant et al. 2007, Poole et al. 2013, Zhao et al.
2014, Zhao et al. 2015). In addition, PAR2 has been shown to promote a generation of

arachidonic acid metabolites that trigger opening of TRPV4 channels (Poole et al. 2013).
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PAR2 is widely expressed in the respiratory system and can be found on airway epithelial cells,
airway smooth muscle cells, fibroblasts and endothelial cells (Nystedt et al. 1996, D'Andrea
et al. 1998, Akers et al. 2000, Ricciardolo et al. 2000, Schmidlin et al. 2001). It has also been
found on leukocytes, including monocytes, eosinophils, neutrophils, dendritic cells, T cells,
mast cells and macrophages and has been implicated in their migration, differentiation,
cytokine production and other effector functions (Howells et al. 1997, Miike et al. 2001,
Bolton et al. 2003, Colognato et al. 2003, Fields et al. 2003, Roche et al. 2003, Ebeling et al.
2005, Lim et al. 2006, Shichijo et al. 2006, Ebeling et al. 2007, Ramelli et al. 2010, Lewkowich
et al. 2011, Francis et al. 2017, Feng et al. 2018, Garcia-Gonzalez et al. 2019). In the respiratory
system PAR2 can exhibit proinflammatory and anti-inflammatory properties and appears to
play an important role in the pathogenesis of asthma. PAR2 has been postulated to regulate
airway tone and function in healthy airways, however the implications are confusing as PAR2
activation has been linked to bronchodilatation as well as bronchoconstriction (Cocks et al.
1999, Lan et al. 2000, Ricciardolo et al. 2000, Cicala et al. 2001, Schmidlin et al. 2001). In
asthmatic patients PAR2 activating proteases such as tryptase are increased in BAL or sputum
samples and PAR2 expression in upregulated in airway epithelium and airway smooth muscle
(Wenzel et al. 1988, Broide et al. 1991, Sedgwick et al. 1991, Alvarez et al. 2000, Knight et al.
2001, Allard et al. 2014, Aubier et al. 2016). Allergens such as Alternaria have been shown to
induce IL-33 release from airway epithelial cells which is dependent on PAR2 activation and
ATP release (Snelgrove et al. 2014). A number of studies have demonstrated a fundamental
role of PAR2 activation for the development of allergic airway inflammation and AHR and a
role of PAR2 in sensitisation to airborne allergens in particular has been suggested (Schmidlin
et al. 2002, Takizawa et al. 2005, Page et al. 2010, Arizmendi et al. 2011, Lewkowich et al.
2011, Davidson et al. 2013, de Boer et al. 2014, Yee et al. 2018). However, several studies
have failed to confirm these observations and demonstrated PAR2 to be dispensable in AAD

pathogenesis (Redes et al. 2019, Daines et al. 2020, Wiesner et al. 2020).

1.7.Animal models of AAD

Animal AAD models are commonly used to study the pathological mechanisms underlying
disease and the effects of drugs (Zosky and Sly 2007). None of the existing models

encompasses all features of asthma and each presents with its own limitations (Zosky and Sly
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2007, Maltby et al. 2017). Rodents are most commonly used to model AAD, although other

animals such as dog, sheep and horses can also be used (Aun et al. 2017).

1.7.1. Experimental animals

1.7.1.1. Mice
Mice are the most frequently used species due to the detailed understanding of their
genetics, ability to manipulate their genome using transgenic technology as well as the
availability of mouse specific tools to study allergic outcomes (Aun et al. 2017). In contrast to
humans, mice do not spontaneously develop asthma, and the role and importance of
eosinophils and mast cells varies considerably (Aun et al. 2017). For example, eosinophils
recruited upon allergen exposure readily degranulate in humans, but not in mice and mouse
mast cells release serotonin, which is not thought to be relevant for human disease (Zosky
and Sly 2007, Aun et al. 2017). There are also considerable differences in lung anatomy
including limited airway smooth muscle in mice and physiological responses to allergens
(Zosky and Sly 2007, Bradding and Arthur 2016, Maltby et al. 2017). While EAR and LAR are
commonly observed after allergen exposure in patients with atopic asthma, these responses
are poorly defined in mice and AHR is the primary physiological outcome in murine AAD
models (Zosky and Sly 2007). Studies into long-term airway remodelling are also limited due
to the tolerance associated with repeated allergen exposure (Zosky and Sly 2007, Maltby et
al. 2017). Even so, mouse studies have contributed significantly to our understating of the
role of atopy and type 2 immune mechanisms in the pathogenesis of allergic asthma and
remain the main means of generating new hypotheses (Zosky and Sly 2007, Foster et al. 2017).
The BALB/c strain is often used due to the intrinsic predisposition to Th2 immune responses,
although C57BL/6 and A/J strains have also been successfully used in experimental models of

AAD (Aun et al. 2017).

1.7.1.2. Rats
Rats are also a popular species to model AAD, particularly for testing and establishing efficacy
and toxicity of new drug therapies (Zosky and Sly 2007). Brown Norway (BN) rats are the strain
of choice due to genetic predisposition to strong Th2 and IgE dependent responses (Foster et
al. 2017). In comparison to mice, rats are more useful for studying airway physiology as BN
rat have been shown to develop EAR and LAR after allergen exposure (Underwood et al. 2002,

Zosky and Sly 2007, Raemdonck et al. 2012).
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1.7.1.3. Guinea pigs
Guinea pigs, which possess similar airway physiological process and airway innervation to
humans, have been one of the oldest species used to model allergic airway responses such as
EAR and LAR (Zosky and Sly 2007, Aun et al. 2017). The main limitations to the use of GPs are
high non-specific airway reactivity at baseline which often requires pre-medication to
moderate the responses as well as a lack of specific probes and reagents for studying allergic

outcomes (Zosky and Sly 2007, Sagar et al. 2015).

1.7.2. Approaches to modelling asthma in laboratory animals

1.7.2.1.  Ovalbumin AAD models
OVA is derived from chicken egg white and is the most commonly used allergen to induce
AAD (Sagar et al. 2015). In these models systemic sensitisation (via intraperitoneal (i.p.),
subcutaneous (s.c.) or dermal routes) is required and is followed by a topical allergen
challenge (aerosolised, intranasal (i.n.) or intratracheal (i.t.) administration) (Sagar et al.
2015). This triggers robust type 2 inflammation in the airways and can be accompanied by
AHR, EAR, LAR or chronic remodelling, depending on a model and species used (Zosky and Sly
2007, Sagar et al. 2015). Depending on the length of the challenge phase, OVA models can be

acute or chronic (Sagar et al. 2015).

There are several criticisms of OVA-induced models of AAD. Firstly, OVA is an artificial allergen
which in not known to provide respiratory allergy in humans (Aun et al. 2017). An adjuvant
(usually aluminium hydroxide (Alum)) is needed during sensitisation phase to induce Th2
polarisation in laboratory animals as OVA alone induces tolerance (Ebeling et al. 2007, Aun et
al. 2017), further questioning the physiological relevance of OVA. In addition, unlike
pathological processes, OVA-associated pathology reverses with the cessation of protein

administration (Zosky and Sly 2007).

1.7.2.2. HDM AAD models with systemic sensitisation
To overcome some of the limitations of OVA, clinically relevant allergens have been
increasingly used to induce AAD in experimental animals. HDM (Dermatophagoides sp.) is one
of the most common allergens with 50 — 85 % of patients exhibiting allergy to HDM and
possessing HDM-specific IgE (Sagar et al. 2015). In our laboratory a HDM model with systemic

sensitisation phase without the need for an adjuvant has been developed (Raemdonck et al.
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2016). In this model HDM challenge triggers strong eosinophilic airway inflammation and AHR
which are dependent on CD4* T cells and CD8* T cells, but appear to be independent on IgE, B

cell or mast cell responses (Raemdonck et al. 2016).

1.7.2.3.  AAD models with mucosal sensitisation
Systemic sensitisation to allergens has been disputed in recent years as intermittent or
continued exposure to aeroallergens is thought to be responsible for allergen sensitisation
and the development of allergic airway inflammation in humans (Aun et al. 2017). Thus,
models relying solely on local (i.n. or i.t.) administration of allergens have been developed
and depending on the duration of the challenge, they can be acute or chronic (Aun et al.
2017). Clinically relevant allergens such as HDM, cockroach extract (CE), and fungal allergens
(Alternaria alternata, Aspergillus fumigatus (Asp)) and ragweed extracts have been used in
such models and their allergogenic properties of the allergens used seem to depend on their
intrinsic protease activity (Page et al. 2010, Davidson et al. 2013, de Boer et al. 2014,
Snelgrove et al. 2014, Sagar et al. 2015, Redes et al. 2019). Initial immune responses to
allergens are associated with the development of neutrophilic airway inflammation while
eosinophilic airway inflammation becomes predominant at the later time points (Patel et al.
2019). Airway inflammation in these models is driven by epithelial-ILC2 axis and only
prolonged exposure to allergens is associated with allergen sensitisation and the
development of adaptive immune responses (Alessandrini et al. 2020). However, in contrast
to human disease, IgE responses in those models are weak and are often not measured,

guestioning the allergic component in these allergen-induced responses (Birrell et al. 2010).

1.8.Thesis plan

Despite the advances in asthma treatment, we are unable to achieve good disease control in
a subset of patients (Chung et al. 2014, Kuruvilla et al. 2019). The biologics are medicines that
target individual type 2 inflammatory mediators, however they are only efficacious in a
defined subgroup of patients (Lambrecht et al. 2019). Thus, new approaches to controlling
airway inflammation are needed. ATP has been recognised as an ubiquitous pro-inflammatory
mediator controlling various physiological and pathophysiological processes (Pelleg 2020).
Increased levels of ATP have been measured in asthmatic patients and there is a substantial
body of preclinical literature demonstrating a crucial role of ATP in the development of

allergen-induced pathology in AAD models (Idzko et al. 2007, Muller et al. 2011, Idzko et al.
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2013, Chen et al. 2016, Zech et al. 2016, Li et al. 2020). However, the mechanisms behind
increased airway ATP have not been yet elucidated. The TRPV4 channel is abundantly
expressed in the respiratory system and its activation has been linked to ATP release and
activation of P2X receptors (Belvisi and Birrell 2017). In the lungs, TRPV4 has been implicated
in cough and bronchospasm, symptoms commonly experienced by asthmatic patients
(McAlexander et al. 2014, Bonvini et al. 2016, Bonvini et al. 2020)(Figure 1.5). Our laboratory
has demonstrated that inhibition of TRPV4 signalling in a rat OVA model alleviated LAR as well
as airway eosinophilia (Birrell et al. 2016, Flajolet 2021). Furthermore, genetic ablation of
TRPV4 in the murine HDM model prevented the development of IgE and abolished allergic
airway inflammation and AHR (Birrell et al. 2016)(Figure 1.6). Similar outcomes were
observed in Panx-17" mice, suggesting that these effects were mediated via ATP release
(unpublished data, Figure 1.7). Although several other groups have demonstrated the
pathogenic role of TRPV4 in the development of AAD in murine models in the recent years
(Duan et al. 2020, Kim et al. 2020, Wiesner et al. 2020), TRPV4 signalling pathways in asthma

have not been yet elucidated.
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Figure 1.6: TRPV4 deficiency (TRPV47") abolished airway hyperresponsiveness (AHR) and eosinophilic airway
inflammation in murine house dust mite (HDM) model of allergic airway disease.

Mice were systemically sensitised to HDM and then intranasally challenged with saline (SAL) or HDM on three
consecutive days. Lung function, plasma IgE levels and airway inflammation were assessed 3 days after the last
challenge. A) Enhanced pause (Penh) to increasing concentrations of serotonin (5-HT) was determined by whole
body plethysmography. B) Total plasma IgE levels were determined by ELISA. C) IL-4, D) IL-5 and E) IL-13 were
determined in bronchoalveolar lavage (BAL) by ELISA. F) Eosinophil, G) lymphocyte, H) neutrophil and I) alveolar
macrophage numbers were determined in BAL by histological assessment. Data from a single experiment are
presented as mean + S.E.M., N=7-9. A) Two-way ANOVA was used to compare experimental groups. # denotes
p < 0.05 comparing wild type (WT) SAL and WT HDM groups and * p < 0.05 comparing WT HDM and TRPV47 HDM
groups. B-1) # denotes p < 0.05 comparing WT SAL group with WT HDM group using Mann-Whitney U test. *
denotes p < 0.05 comparing WT HDM group with TRPV47 HDM group using Mann-Whitney U test. Presented at

European Respiratory Society International Congress 2016 (Birrell et al. 2016).
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Figure 1.7: Pannexin-1 deficiency (Panx-17") abolished airway hyperresponsiveness (AHR) and eosinophilic
airway inflammation in murine house dust mite (HDM) model of allergic airway disease.

Mice were systemically sensitised to HDM and then intranasally challenged with saline (SAL) or HDM on three
consecutive days. Lung function and airway inflammation were assessed 3 days after the last challenge. A)
Enhanced pause (Penh) to increasing concentrations of serotonin (5-HT) was determined by whole body
plethysmography. B) Eosinophil, C) lymphocyte, D) neutrophil and E) alveolar macrophage numbers were
determined in bronchoalveolar lavage (BAL) by histological assessment. Data from a single experiment are
presented as mean + S.E.M., N=7-9. A) Two-way ANOVA was used to compare experimental groups. # denotes
p < 0.05 comparing wild type (WT) SAL and WT HDM groups and * p < 0.05 comparing WT HDM and
Panx-17 HDM groups. B-E) # denotes p < 0.05 comparing WT SAL group with WT HDM group using
Mann-Whitney U test. * denotes p < 0.05 comparing WT HDM group with TRPV47- HDM group using
Mann-Whitney U test.

1.8.1. Hypothesis

TRPV4 is central to the development of allergic airway inflammation and AHR in asthma.

1.8.2. Aims

The overall aim of this thesis was to identify TRPV4 signalling pathways leading to allergic

airway inflammation and AHR utilising experimental models of AAD disease.
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The aim of Chapter 3 was to investigate whether immune cells key for the development of
allergic airway inflammation could be responsible for the drivers of TRPV4 signalling in the
murine HDM model of AAD and identify P2X receptors potentially involved in TRPV4 signalling

pathway.

The aim of Chapter 4 was to investigate whether the identified candidate P2X receptors were
part of the TRPV4 signalling axis responsible for the development of allergic airway

inflammation and AHR utilising the murine HDM model.

The aim of Chapter 5 was to investigate PAR2 as a potential mechanism of TRPV4 activation

in the murine HDM model.

Lastly, the aim of Chapter 6 was to investigate the efficacy of selective TRPV4 antagonists on
the development of allergic airway inflammation, AHR and LAR during allergen challenge

phase in the murine HDM and the rat OVA models of AAD.
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2. Material and Methods
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2.1.Animals

2.1.1. Ethics statement and animal housing conditions
All animal studies strictly conformed to the UK Home Office Guideline under the Animals act

1986. All studies were approved by Imperial College London Ethics Review Committee.

Mice and rats were housed in individually ventilated cages under specific-pathogen free
conditions. Twelve hour light-dark cycle and ambient temperature of 21°C were maintained
at all times. Autoclaved water and food were available ad libitum. All animals were allowed

to acclimatise for seven days before commencing experimental work.

2.1.2. Rats

Male Brown Norway rats (200 — 250 g) were purchased from Charles River Laboratories

(Germany).

2.1.3. Mice

Male and female 8 — 12 week old mice were used in the experiments presented in this thesis.

Wild type (WT) mice on C57BL/6J background were purchased from Envigo (UK). P2rx7tmiGab
(P2RX77") mice (Solle et al. 2001) and B6.Cg-F2r/1tmMslb/) (PAR27") mice (Schmidlin et al.
2002), both on C57BL/6J background, were purchased from The Jackson Laboratory (USA) and
homozygous mutants were bred at Imperial College London. WT C57BL/6J mice were bred
alongside P2X77- and PAR27" mice in separate cages and were used as controls.
P2rx4tmibEUCOMM)WESE (p2X4-/-) mice on C57BL/6NTac background were purchased from MRC
Harwell Institute (UK) and heterozygous mutants were bred in house to generate P2X47*and
P2X4*/* littermate controls. Genotyping was routinely carried out to determine the genotypes
of newly born P2X4 mice. P2X17- mice on BALB/c background, originally developed by Evans,
R. J. and colleagues (Mulryan et al. 2000) on C57BL/6 background, were a kind gift from
Professor Praetorius, Aarhus University, Denmark. P2X1*- were bred in house to generate
P2X1**, P2X1*-and P2X17" littermate controls. Initially gel based genotyping was carried out
to determine the genetic status of new born mouse. Subsequently, routine automated

genotyping using real-time PCR was carried out by Transnetyx, Inc (USA).

2.1.4. Animal sacrifice
Mice and rats were culled with an overdose of an anaesthetic Pentobarbitone (200 mg/kg,
intraperitoneal (i.p.) administration). Paw reflexes and heart beating were monitored to
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assess the depth of the terminal anaesthesia. Death was confirmed by exsanguination from
femoral artery or from other major vessels when cardiac puncture was performed to collect

blood.

2.2.In vivo methodology

2.2.1. Assessment of airway responses by flow whole body plethysmography
(FWBP)

2.2.1.1.  The principles of FWBP

The principles of FWBP presented below are summarised from (Lomask 2006).

FWBP is based on the principle that in an enclosed chamber animal respiration provokes
changes in box pressure. As the air is allowed to enter and exit the chamber, the changes in
the chamber pressure create a flow that is detected by a pneumotachograph. Continuous
monitoring of the box flow during respiration creates a respiratory waveform (Lomask 2006).
When a breath is initiated, inspiration muscles expand and the chest relaxes, resulting in a
negative pressure within the chest cavity which induces the air to enter the lungs. In the lungs
the inhaled air expands due to the negative intrathoracic pressure as well as conditioning (an
exchange of heat and moisture between the air and the body — typically, inhaled ambient air
(23 °C, 50 % humidity) warms to body temperature (37 °C) and humidifies to 100 %). Increased
lung volume increases the pressure in the chamber and triggers an outward chamber flow.
When the maximal lung volume is reached at the end of inspiration, box pressure remains
constant and the flow becomes zero. This is followed by a contraction of expiratory muscles
which initiates the expiration. Due to the resistance of small airways, the air within the thorax
is initially compressed before it can be exhaled. The thoracic displacement (reduction in lung
volume) reduces the box pressure and induces the inward box flow (thoracic displacement
flow). After a few milliseconds build-up of intrathoracic pressure enables exhalation of air
through the nasal cavity. The exhaled air is cooled down and excess moisture deposited due
to conditioning, further reducing the volume of the exhaled air. This contributes to the drop
in chamber pressure and sustains the inward box flow. When the minimal lung volume is

reached at the end of expiration, the box pressure remains constant and the flow falls to zero.

Pause and enhanced pause (Penh) operate on the respiratory waveform and are used to

evaluate changes that occur during the transition from inspiration to expiration when the flow
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is zero. Flow changes in the transition region are predominantly created by the compression
(resistance) component enabling Pause and Penh to be used as indirect measures of airway
resistance. Pause compares the transition region (early expiration, sensitive to resistance,)
with a region that follow but does not include the transition region (late expiration). To
achieve that, the expiratory waveform is divided into T, (relaxation time) and T. (expiration
time) — T, so that T, encompasses 64 % of the total expiratory area. Pause is then calculated
as (Te-Ty)/Tr. Penh increases the sensitivity of Pause and is a product of Pause and the ratio
between peak expiratory flow (PEF) and peak inspiratory flow (PIF) (Hamelmann et al. 19973,

Lomask 2006)(Figure 2.1).
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Figure 2.1: Principles of flow whole body plethysmography and a respiratory waveform.

A) Expirationis associated with reduced box pressure which triggers inward box flow. At the end of the expiration
the pressure is not changing, resulting in the box flow to fall to zero. Inspiration is initiated which increases the
pressure in the box, resulting in an outward flow. At the end of inspiration the box pressure is constant and the
flow falls to zero. The respiratory waveform is divided into inspiratory time (T;) and expiratory time (Te). Te is
further divided into relaxation time (T;) and Te —T:in such a way that T. — T: accounts for 36 % of the expiration
flow. Pause and enhanced pause (Penh) are parameters operating on the respiratory waveform and can be used
as indirect measures of airway resistance. B) Representation of respiratory waveform during normal breathing
and bronchoconstriction. Bronchoconstriction creates a peak in early expiration, resulting in increased peak

expiratory flow (PEF) and prolongation of T. — T, resulting in increased enhanced pause (Penh). PIF: peak

inspiratory flow.
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2.2.1.2.  The use of Penh as lung function parameter
Pause and Penh have been heavily criticised as a measure of airway resistance. The main
concerns regarding the use of Penh as a measure of airway resistance are that Penh could be
influenced by conditioning, changes in breathing pattern which do not involve change in
airway resistance, air movement within the chamber due to animal movement as well as
changes in resistance of upper airways (Bates and Irvin 2003, Bates et al. 2004, Lundblad et
al. 2007). Penh is designed in such a way that changes are assessed during early expiration
when the effect of conditioning is minimal (Lomask 2006). Conditioning drives the box flow
predominantly during inspiration and less so during expiration, contributing little to Pause
and Penh (Lomask 2006). Additionally, bronchoconstriction causes a delay between nasal and
thoracic flow, which further increases the intrathoracic pressure (Lomask 2006). This creates
a peak in the waveform in early expiration when no air expiration can be detected, eliminating
conditioning as a reason for the observed peak (Lomask 2006) (Figure 2.1). Several groups
have demonstrated a correlation between Penh and direct measurements of lung resistance
in allergic airway disease models (Hamelmann et al. 1997a, Bergren 2001, Glaab et al. 2005,
Verheijden et al. 2014). Hamelmann et al. have also shown that Penh was not affected by
changes in respiratory rate alone as neither avertin nor increased CO; concentration affected
Penh (Hamelmann et al. 1997a). Although animal movement may affect the respiratory
waveform and subsequently Penh, Quindry et al. have obtained reproducible respiratory data
when allowing experimental animals to acclimatise to FWBP chambers (Quindry et al. 2016).
Rodents are obligatory nasal breathers and an increase in Penh has been shown to partially
reflect an increase in nasal cavity resistance during methacholine challenge due to increased

mucus production or mucosal swelling (Hamelmann et al. 19974, Irvin and Bates 2003).

We acknowledge the limitations of FWBP as a lung function assessment technique and
appreciate that it cannot be used to directly measure airway resistance. However, we and
others have shown that it can be repeatedly used to evaluate airway responses in animal
models of AAD (Hamelmann et al. 1997a, Underwood et al. 2002, Raemdonck et al. 2012,
Verheijden et al. 2014, Raemdonck et al. 2016). To limit the effect of upper airway resistance
due to mucus hypersecretion during AHR assessment in our murine AAD model, 5-HT rather
than methacholine was used as a bronchoconstrictor (Raemdonck et al. 2016). More

importantly, this is the only technique available to assess lung function in conscious,
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unrestrained animals under physiological conditions as direct measurement of airway
resistance and dynamic compliance such as forced oscillometry are only performed on
anaesthetised animals (Bates and Irvin 2003, Verheijden et al. 2014). Allergen-provoked
airway responses such as LAR are driven by nerve reflexes and our laboratory has previously
established that OVA-induced LAR is lost in anaesthetised rats (Raemdonck et al. 2012),
demonstrating that invasive lung function techniques are inappropriate for LAR assessment.
Similarly, the mechanisms behind AHR are complex and not yet fully understood, and nervous
system is thought to contribute to the regulation of airway tone and airway responsiveness
(Pincus et al. 2021). TRPV4 has been implicated in airway nerve reflexes and responses such
as cough and LAR (Birrell et al. 2016, Bonvini et al. 2016, Flajolet 2021), thus FWBP is better
suited to study the role of TRPV4 in AHR as well. Moreover, FWBP had been previously used
for the assessment of LAR and AHR in our rat and murine AAD models, respectively
(Underwood et al. 2002, Raemdonck et al. 2012, Birrell et al. 2016, Raemdonck et al. 2016,
Flajolet 2021), hence FWBP was chosen as a technique to evaluate allergen-associated airway

responses in this thesis.

2.2.2. Murine HDM-induced model of AAD
An established model of AAD with distinct sensitisation and challenge phases (Raemdonck et
al. 2016) was used in this thesis to study the role TRPV4 in allergic airway inflammation and

AHR.

2.2.2.1. HDM preparation
Lyophilised HDM (Greer Laboratories, catalogue number XPB82D3A25, lot number 185637,
Derpl content 1019.3 pg/vial) was reconstituted with saline (Baymed, UK) to obtain 10 pug/ml
Derpl stock solution. Stock solution was aliquoted and stored at -80 °C. An aliquot was

defrosted and further diluted in saline on the day of the experiment.

2.2.2.2.  Study protocol
During sensitisation phase mice were administered 0.5 pug/kg Derpl HDM extract prepared in
saline by intraperitoneal injection on days 0 and 14. Mice were anaesthetised with isoflurane
(Abbott Laboratories, UK) and administered HDM (1.25 pg/kg Derp1) or saline (intranasally

(i.n.), 50 pul dosing volume) on days 24, 25 and 26. Assessment of airway inflammation and
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AHR was performed on day 29 unless stated otherwise in individual result chapters (Figure

2.2).

SENSITISATION CHALLENGE

i.p. HDM (0.5 pg/kg) i.n. Sal/HDM (1.25 pg/kg)
Assessment of

lung function and

/'.__ /'.._
y/ f/ airway inflammation

0 14 24 25 26 29

Time (days) I—L ________________ | | | | | |

Figure 2.2: Murine house dust mite (HDM)-induced allergic airway disease (AAD) model protocol.
Mice were intraperitoneally (i.p.) sensitised to HDM on days 0 and 14. Mice were administered saline or HDM
intranasally (i.n.) once daily on days 24, 25 and 26. Typically, airway inflammation and airway

hyperresponsiveness were assessed on day 29.

2.2.2.3. AHR assessment
Conscious, unrestrained mice were placed into FWBP chambers connected to bias flow pumps
(Buxco Electronics, UK) and allowed to acclimatise for 2 minutes. Mice were then challenged
with saline followed by increasing concentrations of serotonin (5-HT, Sigma-Aldrich, UK) (1, 3
and 10 mg/ml made in saline) by nebulising 50 ul per chamber of each concentration. A
response to each challenge was monitored for 15 minutes. Mice were being observed for the
duration of the entire assessment. Penh was derived from the respiratory waveform by Buxco
Finepointe Software (Buxco Electronics). Area under curve (AUC) was calculated for each

challenge and used for statistical analysis.

2.2.3. Rat OVA-induced model of AAD
An established rat model of OVA-induced AAD (Underwood et al. 2002) was used to

investigate the role of TRPV4 signalling in LAR.

2.2.3.1.  Study protocol
Rats were sensitised with OVA (Sigma-Aldrich, 100 pg/rat) and Alum™ adjuvant (Thermo
Fisher Scientific, UK, 20 mg aluminium hydroxide and 20 mg magnesium hydroxide per rat,
diluted 1:1 in saline) by i.p. injection on days 0, 14 and 21. On day 28 rats were placed in
Perspex chambers connected to bias flow pumps and challenged with either saline or OVA (1

% w/Vv in saline) for 30 min. Rats were placed in FWBP chambers one hour after the challenge
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and LAR monitored for 5 hours. 24 hours after the challenge rats were sacrificed for the

assessment of airway inflammation (Figure 2.3).

SENSITISATION CHALLENGE
i.p. OVA + Alum Aerosol saline or OVA Assessment of
0 14 21 28 29  airway
. | | | | | inflammation
Time {(days)
LAR
assessment

Figure 2.3: Rat ovalbumin (OVA)-induced allergic airway disease model protocol.

Rats were intraperitoneally (i.p.) administered OVA with aluminium hydroxide (Alum) on days 0, 14 and 21. On
day 28 rats were challenged with aerosolised saline or OVA for 30 minutes. One hour later late asthmatic
response (LAR) was monitored for 5 hours. On the next day (day 29), rats were sacrificed to evaluate airway

inflammation.

2.2.3.2. LAR assessment
Conscious and unrestrained rats were placed in FWBP chambers one hour after OVA or saline
challenge and their respiratory responses were recorded for 5 hours. Food and water were
freely available during the assessment. Penh was derived from the respiratory waveform by
Buxco Finepointe Software (Buxco Electronics). Average Penh was calculated every 10 min by
the software over the duration of the recording. Average Penh over time was used to calculate

AUC which was then used for further statistical analysis.

2.2.4. NLRP3 inflammasome activation model
NLRP3 inflammasome activation model was used for validation of P2X77/" mice. WT and
P2X77/mice were placed in Perspex chambers and were challenged with aerosolised saline or
LPS (Sigma-Aldrich, 1 mg/ml in saline) for 30 minutes. Five hours after the start of the study
mice were briefly anaesthetised with isoflurane and intranasally administered phosphate
buffered saline (PBS) (Gibco, UK, 50 ul) or ATP (Sigma-Aldrich, 100 pug/mouse in PBS). Mice
were sacrificed 90 minutes later with an overdose of Pentobarbitone (200 mg/kg, i.p.) for the

assessment of inflammatory markers (Figure 2.4).
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Figure 2.4: A study protocol for NLRP3 inflammasome activation model.
Mice were exposed to aerosolised saline or lipopolysaccharide (LPS) for 30 minutes. 5 hours after the start of
the study mice were intranasally (i.n.) challenged with phosphate buffered saline (PBS) or adenosine

triphosphate (ATP). Mice were sacrificed and airway inflammation assessed 1.5 hours after ATP/PBS challenge.

2.2.5. Pharmacokinetic (PK) studies
PK studies to determine PK profile or plasma concentration of TRPV4 antagonists
GSK2798745 (GSK279) (Brooks et al. 2019) and GSK2193874 (GSK219) (Thorneloe et al. 2012,
Cheung et al. 2017) in mice and rats, respectively were performed AstraZeneca (Research &
Early Development, Respiratory & Immunology, BioPharmaceuticals R&D) using mass

spectrometry.

2.2.6. TRPV4 pharmacodynamic (PD) models
Mice or rats, respectively, were paced in FWBP chambers and allowed to acclimatise for 5
minutes. Animals were initially monitored for 20 minutes to obtain a baseline recording and
were then exposed to nebulised vehicle (1 % ethanol (Fisher Scientific, UK) + 1 % Tween 80
(Sigma-Aldrich) in saline) or a selective TRPV4 agonist GSK1016790A (GSK101, Sigma-Aldrich)
(Thorneloe et al. 2008) for 10 minutes. Mice were monitored throughout the challenge for a
total of 20 minutes (Figure 2.5). Penh was derived from the respiratory waveform and AUC
calculated by Buxco Finepointe Software (Buxco Electronics). Baseline Penh AUC was

subtracted from Challenge Penh AUC and used for statistical analysis.

10 pg/ml GSK101 was chosen for the rat studies based on the previous characterisation in our
laboratory demonstrating 10 pg/ml to be a submaximal concentration provoking

bronchospasm in rats (Flajolet 2021).

GSK101 concentration for murine studies was based on the extensive in-house

characterisation of GSK101 responses in rat and GP in vitro and in vivo models (Bonvini et al.
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2016, Flajolet 2021). 30 ug/ml GSK101 was the submaximal concentration triggering cough in

GP cough model and was thus selected for the murine TRPV4 PD studies (Bonvini et al. 2016).

GSK101 or vehicle
challenge

0 5 25 45

Acc. Baseline recording 1. Challenge recording

Time {min)

Figure 2.5: A protocol for TRPV4 pharmacodynamic model.
Experimental animals were placed into whole body plethysmography chambers and allowed to acclimatise (Acc.)
for 5 minutes before determining 20-minute baseline. GSK1016790A (GSK101) or vehicle were then nebulised

for 10 minutes and responses monitored for 20 minutes.

2.3.Sample collection and processing

2.3.1. Blood
Upon sacrifice, cardiac puncture using a heparinised syringe was performed to collect blood.
Samples were kept on ice until centrifugation (10 minutes at 1200 g, 4°C). Plasma was

collected and stored at -80 °C for further analyses.

2.3.2. Airway lumen cells
Trachea was exposed and a blunt-ended cannula inserted in caudal direction and secured
with a suture thread. Mice were injected 300 ul of RPMI medium (RPMI 1640 Glutamax,
Thermo Fisher Scientific) into the airways and recovered after 30 seconds using a 1 ml syringe
(BD Biosciences, UK). The process was repeated 3 times and volume pooled. Rats were
lavaged twice with 3 ml of RPMI. The medium was recovered after 30 seconds and volume
pooled. The recovered BAL fluid was kept on ice until it was centrifuged at 800 xg for 10

minutes at 4 °C. The supernatant was collected and stored at -80°C.

The cell pellet was resuspended in RPMI medium. Total leukocyte numbers were determined
by an automated cell counter Sysmex XP-300 (Sysmex Ltd, UK). BAL cells were mounted onto
slides by spinning at 807 xg for 5 min at room temperature in a cytospin centrifuge (Shandon,

Runcom, UK). Slides were stained with a Hematek modified Wright stain (Siemens
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Heathineers, Germany) using a Hematek 2000 automated slide strainer (Ames Co., Elkhart,
USA). Cytospins were used for differential counts as specified in individual results chapters.
Differential cell counts were performed, counting 200 cells per slide under 40-times
magnification on a light microscope by a blinded operator based of morphological criteria.
Percentages of eosinophils, neutrophils, macrophages/monocytes and lymphocytes were
determined and total numbers of each distinct cell type were determined based on total
leukocyte numbers. As detailed in the individual results chapters, in some studies the
remainder of BAL cells were kept on ice and stained for extracellular and intracellular markers

for subsequent analysis by flow cytometry.

2.3.3. Lungtissue

2.3.3.1. Isolation of lung cells
The left lung lobe was isolated into R10F medium (RPMI 1640 Glutamax, supplemented with
10 % fetal calf serum (FCS; Gibco) and 1000 U/ml Penicillin-Streptomycin (Gibco)) and kept on
ice (4°C) until it was finely chopped into 2 mm or smaller pieces using scissors. Samples were
then incubated in 600 U/ml collagenase IV (Worthington Biochemicals, USA), 12 mg/ml
Dispase Il (Roche, UK) and 25 pug/ml DNase | (Roche) for 30 min at 37 °C in a shaking water
bath. After incubation lungs were mashed through 70 um cell strainers (Corning incorporated,
USA) using a bat of a 2 ml syringe and centrifuged at 800 xg for 5 minutes at 4 °C. Supernatant
was discarded and cells incubated for 3 minutes in 2 ml ammonium chloride based red blood
cell lysing solution (155 mM NH4Cl, 10 mM KHCOs3, 0.1 mM Na2EDTA made in distilled water
with pH adjusted to 7.2-7.4). The reaction was stopped by addition of 3 ml R10F medium.
Cells were centrifuged again and after discarding the supernatant, resuspended in 500 ul PBF
(PBS supplemented with 2 % FCS (Gibco), 2 mM EDTA (Promega, USA), and 0.05 % sodium
azide (Sigma-Aldrich)) and filtered through 70 um cell strainers. Total leukocyte numbers
were determined by the automated cell counter Sysmex XP-300. 50,000 cells were used to
prepare cytospins as described in section 2.3.2. The rest of the lung cell suspension was kept

on ice until stained for extracellular and intracellular markers.

2.3.3.2.  Isolation of lung lobes for protein and gene expression assays

The right lobes were isolated and flash frozen in liquid nitrogen and stored at -80 °C.
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2.3.4. Mediastinal lymph nodes (MLN)
Tracheobronchial lymph node was identified in the proximity of the tracheal bifurcation. In
healthy mice it was recognized as a 1 to 2 mm long ellipsoid pearly white structures, often
surrounded with fat tissue (Kawashima et al. 1964, Van den Broeck et al. 2006). In mice with
airway inflammation lymph nodes were enlarged, measuring around 3 to 5 mm, and were

thus easier to identify.

MLNs were cleaned and teased apart in R10F medium and then incubated in R10F containing
collagenase D (0.5 mg/ml, Roche) and DNAse | (0.25 pg/ml) at 37 °C for 30 minutes in a shaking
water bath. Tissues were mashed through 70 um strainers and centrifuged (400 g, 4 °C, 5

minutes). Supernatants were removed and cells resuspended in PBF.

2.4.Gel based genotyping

2.4.1. Crude DNA extraction
Extracta DNA prep for polymerase chain reaction (PCR) kit (Quanta Biosciences, USA) was
used to extract DNA from ear punches or tail tips in accordance with the manufacturer’s
instructions. Briefly, tissues were incubated in 75 pl of extraction buffer at 95 °C for 30 min.
After cooling to room temperature, 75 ul of stabilisation buffer was added. Absorbance at
260 nm and 280 nm was measured using a spectrophotometer PowerWave™ XS Microplate
Reader (BioTek Instruments, UK) to determine DNA concentration and purity. DNA
concentration was adjusted to 10 ng/ul with nuclease free water (Promega) before amplified

in polymerase chain reaction (PCR).

2.4.1. Polymerase chain reaction
GoTaq Flexi DNA Polymerase kit (Promega) was used accordingly to manufacturer’s
instructions. A reaction mix containing 1x Green Go Taq Flexi Buffer, 0.4 mM dNTP, 2 mM
MgCl, 0.04 U/ul GoTag DNA polymerase, 0.4 pmol/ul primers (Table 2.) and 50 ng genomic
DNA was prepared with nuclease free water in a total volume of 25pl. A single multiplex PCR
was performed for genotyping of P2X4, P2X7 and PAR2 strains. Two singleplex PCRs (WT
reaction with WT-FWD and WT-REV primers and knockout (KO) reaction with NEO-FWD and
NEO-REV primers) were performed for genotyping of P2X1 mice. PCR was run using
StepOnePlus™ Real-Time PCR System (Applied Biosystems, USA) under the following

conditions: step 1 —95 °C for 2 minutes, step 2 — 40 cycles of 95 °C for 30 sec, 60 °C for 30 sec
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and 72 °Cfor 30 sec, step 3 —75 °C for 10 min. Samples were then cooled to room temperature

and loaded onto agarose gels.

2.4.2. Gel electrophoresis
2 % agarose (Sigma-Aldrich) gels were prepared in Tris/Borate/EDTA (TBE) buffer (89 mM Tris
(Sigma-Aldrich), 89 mM Borate (Sigma-Aldrich), 2 mM EDTA) containing SafeView Nucleic Acid
Stain (50 pl/l, NBS Biologicals, UK). 5 pul 1 kb DNA ladder (100 bp resolution, Hyperladder,
Bioline, UK) and 20 ul samples were loaded to the gel. Gels were run for 1 hour at 100 mV

and were visualised under UV light with Odyssey Fc (LI-COR Biosciences, Germany).

Table 2.1: Forward (FWD) and reverse (REV) primer sequences used in PCR for genotyping of P2X17/-, P2X4",
P2X77/- and PAR2”" mice, respectively.
WT — wild type, NEO — mutant, bp — base pair.

Strain Primer name Primer sequence Product size (bp)
P2X1 WT-FWD TCACCCAATGACGTAGACCAGAAC ~300

WT-REV AACCCAGATCCCACCAACGAAC

NEO-FWD CACCGATCGCCCTTCCCAACAGT ~500

NEO-REV TGCCGCTCATCCGCCACAT
P2X47  WT-REV AGCTCCAGGAGATGCACAGT 259

NEO-REV GAACTTCGGAATAGGAACTTCG 127

FWD (common) GGCTGGCTTAACCATTCTTT

P2X77/-  WT-FWD TCA CCACCTCCAAGCTCTTC 246
NEO-FWD GCCAGAGGCCACTTG TGT AG 200

REV (common) TAT ACT GCCCCT CGG TCT TG

PAR27-  WT-FWD TCA AAG ACT GCT GGT GGT TG 345
NEO-FWD GCCAGAGGCCACTTG TGT AG 196

REV (common) GGT CCA ACA GTAAGG CTG CT
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2.5.Flow cytometry

2.5.1. General extracellular staining protocol
Up to 2 million cells were loaded onto V-bottom 96-well plate (Thermo Fisher Scientific) and
centrifuged at 800 g for 3 minutes. To identify live cells, cells were resuspended in 50 pl of
LIVE/DEAD fixable near-IR (Invitrogen, UK) dead cell stain kit dye (1:1000 dilution in PBS) and
incubated at 4 °C for 15 minutes. Cells were washed with 150 ul PBS and centrifuged to
remove the supernatant. Next, cells were incubated in 30 pl anti-CD16/32 antibody (1:200
dilution in PBF, BD Bioscience) at 4 °C for 15 minutes to prevent any non-specific binding.
After a wash with 180 ul of PBF (PBS supplemented with 10 % FCS), cells were incubated with
a combination of fluorophore-labelled primary antibodies prepared in PBF at 4 °C for 30
minutes (30 pl/well). The antibodies used for extracellular staining are detailed in Table 2.2.
Following the incubation, cells were washed 3 times with 200 pl PBF and fixed with 100 ul of
2 % formaldehyde (Sigma-Aldrich) in PBS for 15 minutes at room temperature. After a wash
with PBF, cells were resuspended in 200ul PBF and stored at 4 °C until analysed with Fortessa

(BD Bioscience, UK) flow cytometer.

2.5.2. General intracellular transcription factor staining protocol
Cells were stained for extracellular markers as described in the above section 2.5.1. After the
incubation with extracellular antibodies, cells were washed 3 times with PBF and fixed with
Fix/Perm buffer (Invitrogen, USA) and left overnight at 4 °C. Next day, cells were resuspended
in permeabilization buffer (Invitrogen) and stained with fluorophore-labelled primary
antibodies (50 ul/well) (Table 2.2) prepared in permeabilization buffer at 4°C for 30 minutes.
After incubation, cells were washed twice with permeabilization buffer before the final wash
with PBF. Cells were then resuspended in 200 ul PBF and stored at 4°C until the flow

cytometric analysis on Fortessa flow cytometer.

2.5.3. Fluorescence activated cell sorting (FACS)
Mouse lungs were isolated and single cell suspension obtained as described in 2.3.3.1.1. Cells
were plated onto 96 V-bottom plate at 2 million cells per well. Cells were incubated with
anti-CD16/32 antibody to prevent non-specific binding, followed by incubation with
fluorophore-labelled primary surface antibodies as specified in Table 2.2 at 4 °C for 30

minutes. Live-and-dead marker 4',6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich) was

80



added to each sample prior to the sorting to allow for isolation of live cells. FACS was
performed on Aria cell sorter (BD Bioscience) using BD FACSDiva™ Software (BD Biosciences,
USA) by Flow Cytometry Facility at Imperial College London. Cell sorting was performed with
> 95 % purity. Cells were sorted into PBS and immediately centrifuged at 160 g for 5 min at 4
°C. Cell pellets were resuspended in 350 pl RLT buffer (Qiagen, UK) containing 1 %

B-mercaptoethanol (Sigma-Aldrich) for subsequent RNA extraction.

2.5.4. Compensation controls
VersaComp Antibody Capture Kit (Beckmam Coulter, USA) was used to prepare single
fluorophore controls for each experiment to allow for the correction of fluorophores’ spectral
overlap. Briefly, a drop of negative and a drop of positive beads were combined in a 2 ml tube
(StarLab, UK). 1 ul of a single antibody used in an experiment was added to the beads and
briefly vortexed. Beads were incubated with antibodies for 20 minutes at room temperature
in the dark. Beads were washed with 2 ml PBF and centrifuged at 6000 g for 3 minutes. For
live-and-dead single colour control, two cell samples were prepared, one unstained and one
stained with live-and-dead dye only. The supernatant was decanted and beads were
resuspended in 1 ml PBF. Single colour controls were acquired on Fortessa flow cytometer or
Aria cell sorter prior to analysing or sorting samples, respectively. Fluorescence compensation

was performed BD FACSDiva™ Software.

2.5.5. Gating strategy

2.55.1.  Gating strategy for identification of T cells, NK cells and B cells
A previously established strategy was used to identify T cells, NK cells and B cells (Patel et al.
2019) and is presented on Figure 2.6. Initially, clumped cells were excluded from the analysis
by plotting the height (FSC-H) against the area (FSC-A) for forward scatter (FSC) (Figure 2.6A).
Dead cells were excluded from the analysis based on the positive staining with a live-and-dead
dye ((Figure 2.6B). A “lymphocyte gate” was defined next based on characteristic cell size
(FSC-A) and cell granularity (side scatter SSC-A) and was used for the subsequent analysis of
lymphocyte markers’ expression ((Figure 2.6C). Cells positive for CD19 were recorded as B
cells ((Figure 2.6D). Cells positive for CD3 and CD4 markers were recorded as CD4* T cells while
cells positive for CD3 and CD8 markers were recorded as CD8* T cells ((Figure 2.6E).

CD3  CD19 NKp46* cells were recorded as NK cells ((Figure 2.6F). Fluorescence minus one

81



(FMO; cells stained with all but one marker) controls were prepared the gating strategy. The

analysis was performed by FlowJo™ version 10.6.2 (BD Biosciences).
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Figure 2.6: Gating strategy for the identification of CD4*T cells, CD8*T cells, B cells and natural killer (NK) cells.
A) Single cell gate. B) Live cell gate. C) Lymphocyte gate. D) B cell, T cell and CD3 CD19 gate. E) CD4*and CD8* T

cell gate. F) NK gate.

2.5.5.2.  Gating strategy for identification of ILCs
A previously established and characterised strategy was used to identify ILCs subgroups
(Dutton et al. 2017) and is presented in Figure 2.7. Clumped cells were excluded from the
analysis based on the FSC-A/FSC-H profile (Figure 2.7A). Dead cells were excluded based on a
positive staining with live-and-dead dye and haematopoietic cells were recognised based on
the expression of CD45 marker (Figure 2.7B). A “lymphocyte gate” was determined for the
subsequent analysis of extracellular and intracellular marker expression (Figure 2.7C). ILCs
were recognised based on the lack of expression of lymphocyte, NK, myeloid lineage markers
(see Table 2.2) and expression of CD127 (Figure 2.7D). Any contaminating T cells were

excluded based on the expression of intracellular CD3 (Figure 2.7E) and ILCs subgroups were
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identified based on the expression of transcription factors. Gata3 positive cells were recorded

as ILC2s (Figure 2.7G), Tbet positive cells as ILC1s (Figure 2.7G) and RORyt positive cells as

ILC3s (Figure 2.7F). The gating was determined by respective FMO controls. The analysis was

performed by FlowJo™ version 10.6.2.
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Figure 2.7: Gating strategy for the identification of innate lymphoid cell (ILC) populations.

FSC-H

A) Single cell gate. B) Live CD45* gate. C) Lymphocyte gate. D) Lineage (Lin)" CD127* gate. E) Intracellular

CD3 cells. F) RORyt" cells were identified as ILC3s. G) RORyt cells positive for Tbet were recorded as ILC1s and

GATA3* cells as ILC2s.
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2.5.5.3.  Gating strategy for isolation of ILC2s, CD4+ T cells and CD8+ T cells
Lymphocytes were gated on based on their FSC-A/SSC-A profiles (Figure 2.8A). Single cells
were included in the analysis based on the FSC-A/FSC-H profile(Figure 2.8B). Live cells
(negative for live-and-dead dye) expressing CD45 marker were identified (Figure 2.8C). Next,
CD127 was plotted against a combination of lymphocyte, NK and myeloid lineage markers (as
detailed in Table 2.2) (Figure 2.8D). Lin™ cells expressing CD127 marker were checked for
expression of KLRG1 and ICOS. Lin- CD127* KLRG1* ICOS* cells were sorted as ILC2s (Figure
2.8E). Lin* cells were analysed for expression of CD4 and CD8 markers. Lin* CD4* cells were
sorted as CD4* T cells and Lin* CD8* cells were sorted as CD8* T cells (Figure 2.8F). FMO
controls were used to determine the respective gates. BD FACSDiva™ Software was used for

the analysis and setting of the gates.
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Figure 2.8: Gating strategy for isolation of group 2 innate lymphoid cells (ILC2s), CD4* T cells and CD8* T cells.
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A) Lymphocyte gate. B) Single cell gate. C) Live CD45"* cells. D) Lineage (Lin) was plotted versus CD127 expression
to identify Lin- CD127* cells and Lin* cells. E) Lin- CD127* ICOS* KLRG1* cells were sorted as ILC2s. F) Lin* CD4

expressing cells were sorted as CD4* T cells and Lin* CD8 expressing cells as DC8*T cells.

2.5.5.4.  Gating strategy for identification of myeloid cells
A previously established strategy was used to identify myeloid cells (Patel et al. 2019) and is
depicted on Figure 2.9. Single cells were identified based on the FSC-A/FSC-H profile (Figure
2.9A). Dead cells were excluded from the analysis based on the positive staining with
live-and-dead dye (Figure 2.9B). CD11c was plotted against CD11b and CD11c* and CD11b*
CD11c gates were drawn (Figure 2.9C). CD11c* positive cells were analysed for the expression
of Siglec F and F4/80 and cells positive for both markers were recorded as alveolar
macrophages (AMs) (Figure 2.9D). CD11b* CD11c cells were also analysed for expression of
Siglec-F and F4/80 and CD11b* CD11c Siglec F* cells were recorded as eosinophils (Figure
2.9E). CD11b* CD11c Siglec-F cells were further analysed for expression of Ly6C and F4/80.
CD11b* CD11c Siglec-F~ F4/80* cells expressing low levels of Ly6C were defined as Ly6C'*"
monocytes while cells expressing high levels of Ly6C were defined as Ly6C"&" monocytes
(Figure 2.9F). CD11b* CD11c Siglec-F F4/80 cells expressing intermediate levels of Ly6C
(Ly6c'™) were analysed for expression of Ly6G. CD11b* CD11c Siglec-F F4/80° Ly6C™ Ly6G*
cells were recorded as neutrophils (Figure 2.9G). All myeloid cell populations were validated
by characteristic FSC-A and SSC-A profiles (Figure 2.9H). All the gates were determined with

the help of FMO controls. The analysis was performed by FlowJo™ version 10.6.2.
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Figure 2.9: Gating strategy for the identification of myeloid cells.

A) Single cell gate. B) Live cell gate. C) CD11b vs CD11c plot for identification of CD11c* cells and CD11c CD11b*
cells. D) Alveolar macrophages (AM) were gated on CD11c* cells. E) CD11c” CD11b* cells were divided into
Siglec-F* eosinophils and Siglec-F cells. F) Siglec-F* cells wereLy6C"8" monocytes, Ly6C'®" monocytes and
F4/80 Ly6Cntermediate ca||s, G) F4/80° Ly6Cntermediate | y6G* cells were recorded as neutrophils. H) Forward scatter

(FSC) and side scatter (SSC) profiles of the identified populations.
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2.55.5.  Gating strategy for identification and isolation of dendritic cells
A previously established strategy was used to identify DCs (Patel et al. 2019) and is presented
below (Figure 2.10).Single cells were identified based on the FSC-A/FSC-H profile (Figure
2.10A). Dead cells were excluded from the analysis based on the positive staining with
live-and-dead dye (Figure 2.10B). Cells expressing highly expressing CD11c that were negative
for lineage markers (CD3, CD19, CD90.2, NKp46, Siglec-F and Ly6G) (Figure 2.10C) were
analysed for expression of MHC Il and Lin" CD11c* MHC II* cells were defined as DCs (Figure
2.10D). DCs expressing CD103 and lacking the expression of CD11b were defined as cDCls.
DCs expressing CD11b and lacking the expression of CD103 were further analysed for the
expression of CD64 (Figure 2.10E). CD11b*CD103" CD64 cells were defined as cDC2s, while
CD11b* CD103" CD64* cells were identified as moDCs (Figure 2.10F). The gates were

determined with the help of FMO controls. The analysis was performed by FlowJo™ version
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Figure 2.10: Gating strategy for the identification and isolation of lung dendritic cells (DCs).
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A) Single cell gate. B) Live cell gate. C) Lineage (Lin) negative CD11c* gate D) Lin- CD11c* MHC II* cells (DCs). E)
CD11b* CD103 and CD103* CD11b" DCs (identified as group 1 classical DCs (DC1s)). F) CD11b*CD103" DCs were
separated based on expression of CD64 into CD64  ¢DC2s and CD64* monocyte-derived DCs (moDCs).

2.5.6. List of antibodies

Table 2.2: Primary fluorophore conjugated anti-mouse antibodies used for identification and isolation of

mouse immune cell populations.

Conjugated
Antibody Clone Fluorophore Dilution | Manufacturer
Extracellular markers for identification of ILCs
Lineage markers
B220 RA3-6B2 FITC 1:300 eBioscience
CD11b M1/70 FITC 1:300 eBioscience
CD11c N418 FITC 1:300 eBioscience
CD123 5B11 FITC 1:500 eBioscience
CD19 1D3 FITC 1:100 BD Pharmigen
CD3 145-12C11 FITC 1:100 BD Pharmigen
CD49b DX5 FITC 1:200 Biolegend
CD5 53-7.3 FITC 1:100 Biolegend
CD8a 53-6.7 FITC 1:200 BD Pharmigen
F4/80 BMS FITC 1:200 eBioscience
FceRlI MAR-1 FITC 1:200 Biolegend
Grl RB6-8C5 FITC 1:2000 | Biolegend
TCRPB H57-597 FITC 1:100 BD Pharmigen
TCRy& GL3 FITC 1:100 BD Pharmigen
Terll9 TER-119 FITC 1:100 Biolegend
Other markers
CD127 A7R34 Bv421 1:100 Biolegend
CDA45 30-F11 BV510 1:100 Biolegend
Intracellular markers for identification of ILCs
CD3 17A2 AF700 1:100 eBioscience
GATA3 TWAJ PerCP-eFluor710 1:50 eBioscience
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RORyt

AFKJS-9

PE

1:50

eBioscience

Tbet

eBio4B10

eFluor660

1:50

eBioscience

Extracellular ma

rkers for identification of lymphocyte populations

CD19 1D3 Bv421 1:100 BD Pharmigen
CD3 M5-2C11 PE-Cy7 1:100 eBioscience

Cbh4 RM4-5 PerCP-Cy5.5 1:200 BD Pharmigen
CD8a 53-6.7 APC 1:200 BD Pharmigen
NKp46 29A1.4 PE 1:200 BD Pharmigen

Extracellular ma

rkers for sorting of ILC2s, CD4+ and CD8+ T cells

B220 RA3-6B2 FITC 1:300 eBioscience
CD11b M1/70 FITC 1:300 eBioscience
CD11c N418 FITC 1:300 eBioscience
CD123 5B11 FITC 1:500 eBioscience
CD19 1D3 FITC 1:100 BD Pharmigen
CD3 145-12C11 FITC 1:100 BD Pharmigen
CD49b DX5 FITC 1:200 Biolegend
CD5 53-7.3 FITC 1:100 Biolegend
CD8a 53-6.7 FITC 1:200 BD Pharmigen
F4/80 BMS FITC 1:200 eBioscience
FceRlI MAR-1 FITC 1:200 Biolegend
Grl RB6-8C5 FITC 1:200 Biolegend
TCRPB H57-597 FITC 1:100 BD Pharmigen
TCRy& GL3 FITC 1:100 BD Pharmigen
Terll9 TER-119 FITC 1:100 Biolegend
CD127 A7R34 PE 1:100 Biolegend
CD4 RM4-5 APC 1:200 BD Pharmigen
CDA45 30-F11 BV510 1:100 Biolegend
CD8a 53-6.7 BV605 1:200 Biolegend
ICOS C398.4A PE-Cy7 1:200 Biolegend
KLRG1 2F1 PerCP-Cy5.5 1:50 Invitrogen

Extracellular markers for identification of myeloid populations
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CD11b M1/70 PerCP-Cy5.5 1:400 eBioscience
CD11c HL3 APC 1:200 BD Pharmigen
F4/80 BMS8 PE 1:50 eBioscience
Ly6C AL-21 PE-Cy7 1:200 | BD Pharmigen
Ly6G 1A8 FITC 1:100 BD Pharmigen
Siglec-F E50-2440 Bv421 1:100 BD Horizon
Extracellular markers for identification and sorting of dendritic cell populations
CD11b M1/70 PerCP-Cy5.5 1:400 eBioscience
CD11c HL3 FITC 1:200 BD Pharmigen
CD103 2E7 APC 1:100 Invitrogen
CD19 1D3 PE 1:100 BD Pharmigen
CD3 145-2C11 PE 1:200 BD Pharmigen
CDh64 X54-5/7.1 PE-Cy7 1:50 Biolegend
CD90.2 53-2.1 PE 1:100 BD Pharmigen
F4/80 BMS PE-Dazzle 1:50 Biolegend
Ly6C HK1.4 AF700 1:100 Biolegend
Ly6G 1A8 PE 1:200 BD Pharmigen
MHC-II M5/114.15.2 Bv421 1:100 Biolegend
MHC-II M5/114.15.2 APC-Cy7 1:100 Biolegend
NKp46 29A1.4 PE 1:200 BD Pharmigen
Siglec-F E50-2440 PE 1:200 BD Pharmigen

2.6.Assessment of soluble mediators in BAL

2.6.1. General enzyme-linked immunosorbent assay (ELISA) protocol
The concentration of IL-18 (mouse IL-18 ELISA kit, Invitrogen), CCL17 (mouse CCL17/TARC
DuoSet ELISA, R&D Systems, USA) and CXCL11 (Mouse CXCL11/I-TAC DuoSet ELISA, R&D

Systems), in BAL were measured by ELISA per manufacturers’ specific instructions.

Briefly, high binding affinity 96-well plates (Thermo Fisher Scientific) were coated with 100 pl
purified capture antibodies in PBS overnight at room temperature unless coated plates were

provided with the assay (IL-18 ELISA kit). The next day plates were washed three times with
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wash buffer (0.05 % Tween-20 (Sigma-Aldrich) in PBS) and blocked with 300 pl assay diluent
(1% bovine serum albumin (BSA; Sigma-Aldrich) in PBS) for an hour. Plates were washed three
times. 100 ul standards (7 serially diluted standards, run in duplicate), blanks (in duplicate)
and samples were loaded onto the plate and incubated at room temperature for 2 hours.
Plates were washed three times again and incubated in 100 pl biotinylated antibodies
prepared assay diluent at room temperature for 2 hours. Plates were washed three times and
100 pl streptavidin-horseradish peroxidase (HRP; 1:200 dilution in 1% BSA PBS) added to the
plate and incubated at room temperature for 30 minutes. After three washes, 100 ul TMB
substrate (BD OptEIA™, USA) was added to each well and reaction was allowed to develop
for up to half an hour in the dark. Once developed, the reaction was stopped by the addition
of 0.19 N H;SOs. The absorbance was read immediately at 450 nm and at reference

wavelength 620 nm using PowerWave XS Microplate Reader.

Reference wavelength absorbance and absorbance of blank samples were subtracted from
the readings. Seven-point standard curve was generated and target concentration

interpolated for each sample using Prism 9.0 (GraphPad Prism, LLC, USA).

2.6.2. ProcartaPlex Immunoassay protocol
ProcartaPlex immunoassays (Thermo Fisher Scientific) which are based on the principles of a
sandwich ELISA and utilise magnetic microsphere technology were used to quantify
inflammatory mediators in BAL supernatant as specified in the individual result chapters

following manufacturer’s instructions.

Simplex beads were sonicated for 10 sec in ultrasonic water bath and vortexed for another
30 sec. Simplex beads were then combined in wash buffer to obtain 1x multiplex bead
solution and 50 pl of suspension was added to each well on a 96-well flat bottom plate. The
plate was securely inserted into the hand-held magnet (Thermo Fisher Scientific) and beads
were allowed 2 min to accumulate on the bottom of each well. The plate was then inverted
to decant the liquid. To wash the beads, 150 ul of wash buffer was added and after 30 sec
decanted for a total of 3 repeats. Next, the plate was removed from the magnet and 50 pl of
standards, blanks (added in duplicates) and samples were added to the plate and incubated
for 2 hours at room temperature on an orbital plate shaker at 500 rpm (StarLab). After the

incubation the plate was washed three times as previously described. The detection
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antibodies for each target were prepared together in detection antibody diluent and 50 pl
was added to each well. The plate was incubated for 30 min at room temperature on the
orbital plate shaker at 500 rpm. The plate was washed three times again and subsequently
incubated with 50 ul of PE labelled streptavidin for 30 min at room temperature on the orbital
plate shaker at 500 rpm. After three washes 120 ul of reading buffer was added to each plate
and samples were analysed with Magpix® (Luminex Corporation, USA). A minimum of 50
beads per sample were acquired and median fluorescence intensity for each target was used
to interpolate concentrations for all targets from the respective 7-point standard curve (7
serially diluted standards, run in duplicate). The analysis was performed by xPONENT®

Software (Luminex Corporation).

2.6.3. MSD assays
MSD singleplex U-plex assays and multiplex V-plex cytokine assays (Meso Scale Diagnostics,
LLC., USA), based on a sandwich ELISA that utilise electrochemiluminescence to quantify the
target, were used to quantify inflammatory mediators in BAL supernatant. Inflammatory
mediators quantified by MSD assays are detailed in individual results chapters. The assays

were performed in accordance with manufacturer’s instructions.

Prior to the start of the experiment, plates were washed three times with 150 pl wash buffer
(0.01 % Tween-20 in PBS). Plates were coated with 50 pl of biotinylated capture antibody and
incubated at room temperature for an hour on an orbital plate shaker at 500 rpm and washed
three times. This step was omitted in V-plex assays supplied with precoated plates. 25 ul of
Diluent 41 was added to each well, followed by addition of 25 pl standards (7 serially diluted
standards, run in duplicate), blank (in duplicates) and samples. The plate and incubated
shaking for 1 (U-plex assays) or 2 hours (V-plex assays) hours at room temperature. After
three washes, 50 pl of detection antibody solution was added to each well and incubated
shaking for 1 (U-plex assays) or 2 hours (V-plex assays) at room temperature. The plate was
washed three times and 150 ul of Read Buffer was added to each well. The plate was
immediately analysed with MESO QuickPlex SQ 120 (MesoScale Diagnostic, LLC). Target
concentrations were interpolated from the standard curve by MSD Discovery Workbench

software version 4.0.12 (Meso Scale Diagnostics, LLC.)
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2.6.4. Tryptase-like activity assay
Mast Cell Degranulation Assay Kit (Merck Millipore, USA) based on spectrophotometric
detection of the chromophore p-nitroaniline (pNA) nm after cleavage from the labelled
substrate Tosyl-Gly-Pro-Lys-pNA (Schwartz et al. 1987), was used to determine tryptase-like
activity in BAL accordingly to the manufacturer’s protocol. Briefly, 180 ul of BAL supernatant
was mixed with 20 pl substrate solution in a 96-well plate. Provided tryptase standards were
used as a positive control. 7-point pNA standard curve (run in duplicates) was performed to
guantify pNA concentration in BAL samples as a proxy for tryptase-like activity. RPMI medium
was used instead of BAL samples as a negative control. The plate was incubated at 37 °C for
2.5 hours protected from light. Absorbance was measured at 405 nm and 602 nm with a
PowerWave XS Microplate reader. Seven-point standard curve was generated and pNA

concentration was interpolated for each sample with Prism 9.0.

2.7.Assessment of plasma IgE levels

2.7.1. Total IgE ELISA
The BD OptEIA™ Set for mouse IgE (BD Bioscience) was used as per manufacturer’s
instructions to determine the concentration of total IgE in plasma. Briefly, high binding affinity
96 well plates were coated with 100 pl IgE capture antibody (1:250 dilution) prepared in 0.1
M sodium carbonate (Sigma-Aldrich; pH=9.5)) and incubated overnight at 4 °C. Plates were
washed at least 3 times and incubated in assay diluent (10 % FCS (Gibco) in PBS (Gibco)) for
an hour at room temperature to prevent non-specific binding. 100 pul of standards (7 serially
diluted standards, run in duplicate), samples (1:100 dilution in assay diluent) and controls
were then added to the plate and incubated overnight at 4 °C. Guinea pig plasma was used as
a negative control. After washing, a detection antibody (1:500 dilution) and an enzyme
reagent (1:250 dilution) were prepared in assay diluent and 100 ul was added to each well.
Following an hour incubation at room temperature, the plate was washed and incubated with
100 pl TMB substrate for 20 min in the dark. The reaction was then stopped with the addition
of 50 ul of 0.19 N H;SO4. Absorbance was read immediately at 450 nm and reference

wavelength 570 nm on PowerWave XS Microplate reader.
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Reference wavelength absorbance and absorbance of blank samples were subtracted from
the readings. Seven-point standard curve was generated and IgE concentration was

interpolated for each sample Prism 9.0.

2.7.2. HDM specific IgE ELISA
A general ELISA protocol described in section 2.6.1. was adapted to detect HDM-specific IgE.
High binding affinity 96 well plates were coated overnight at 4 °C with 100 pl of HDM (50 ng/pl
of total protein) made up in 0.1 M NaHCOs3 (pH=9.6). The next day, the plate was washed and
50 pl of neat plasma samples were added to the plate and incubated overnight at room
temperature. Guinea pig plasma was used as a negative control. The next day, the plate was
washed and 100 ul of the detection Biotin rat anti-mouse IgE antibody (clone R35-118; BD
Bioscience) diluted 1:250 in assay diluent was added to the plate. Following an hour
incubation at room temperature, the plate was washed and 100 pl of HRP was added (1:200
dilution in assay diluent) for 30 min incubation at room temperature. Lastly, after a wash, 100
ul of the TMB substrate was added to the plate and reaction was allowed to develop in the
dark at room temperature and stopped with 50 pl of 0.19 N H,SOa4. Absorbance was read
immediately at 450 nm and reference wavelength 570 nm on PowerWave XS Microplate
reader. As no standard curve could be generated, data is presented as absorbance at 450 nm

minus absorbance at 570 nm.

2.8.Assessment of pSTAT5a,b

MSD Phospho-STAT Panel Kit (MesoScale Diagnostic, LLC) was used to measure levels of

phosphorylated STAT5a and 5b in lung whole cell lysate.

2.8.1. Sample preparation
Lungs frozen in liquid nitrogen were powdered using a mortar and a pestle. 20 —30 mg of lung
powder was resuspended in ice cold Complete Lysis Buffer (1X Tris lysis buffer containing 1X
Protease Inhibitor Solution, 1X Phosphatase Inhibitor | and 1X Phosphatase Inhibitor II,
Mesoscale Diagnostic). Samples were briefly vortexed and incubated on ice for 30 minutes.
Samples were then centrifuged at 15 000 xg for 10 minutes at 4 °C and cell lysates transferred

to a fresh tube. Protein concentration was determined using Bradford assay.
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2.8.2. Bradford assay
10 pl of BSA (Sigma-Aldrich) standards (7 point standard curve, 1:2 serial dilution prepared in
saline), samples (1:50 dilution in saline) or blanks were added to a 96-well plate. 190 pl of
Bio-Rad Protein Assay Dye Reagent (Bio-Rad, UK) were added to the wells and gently mixed.
The plate was incubated at room temperature for at least 5 minutes and the absorbance was
measured at 595 nm with PowerWave XS Microplate reader. Protein concentration was
interpolated from a standard curve using Prism 9.0. The concentration of all samples was

adjusted to 0.4 pg/ul with the Complete Lysis Buffer.

2.8.3. MSD assay
The MSD assay was carried out accordingly to manufacturer’s instructions. A 96-well
precoated plate was blocked with Blocker A solution for one hour at room temperature on an
orbital plate shaker at 500 rpm. The plate was washed three times with Tris Wash Buffer. 50
ul of samples (10 pg of protein/sample) and blanks were added to the plate and incubated
on the orbital plate shaker at 500 rpm and room temperature for 1 hour. The plate was then
washed 3 times and 25 pl of detection antibody solution was added to each well. Following
one hour incubation at room temperature with shaking, the plate was washed three times
and 150 ul of 1X Read Buffer T was added to the plate prior to the analysis on MESO QuickPlex
SQ 120 (Meso Scale Diagnostics, LLC.). Target concentrations were interpolated from the
standard curve by MSD Discovery Workbench software version 4.0.12 (Meso Scale

Diagnostics, LLC.)

2.9.Assessment of gene expression

2.9.1. FACS isolated immune cell RNA isolation and reverse transcription (RT)

2.9.1.1. RNA isolation with RNeasy Plus Micro Kit
RNA was purified from isolated immune cells using RNeasy Plus Micro Kit (Qiagen, Germany)
accordingly to manufacturer’s protocol. Cell pellets were resuspended in 350 ul RLT buffer
containing 1 % B-mercaptoethanol (Sigma-Aldrich) and cell lysate was transferred to
QlAshredder (Qiagen) columns and centrifuged for 30 seconds at > 8000 xg to homogenise
the lysate. The lysate was then transferred to a gDNA Eliminator spin column and centrifuged
for 30 seconds at > 8000 xg. The flow-through was mixed with 350 ul 70 % ethanol,

transferred to a RNeasy MinElute spin column and span for 15 sec at > 8000 xg. The
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flow-through was discarded and the RNeasy MinElute spin column was washed with 700 pl
RW1 buffer. After a 15 second spin at > 8000 xg, the flow-through was discarded and the
column was washed with 500 pl RPE buffer and span again for 15 seconds at > 8000 xg. The
flow-through was discarded and the column washed with 500 pl 80 % ethanol and centrifuged
for 2 min at > 8000 g. The column was placed into a new 2 ml collection tube and centrifuged
at full speed for 5 min to fully dry the membrane. The column was then transferred to a new
1.5 ml collection tube and 14 pl nuclease-free water was added to the centre of the spin
column membrane and centrifuged for 1 min at full speed to elute the RNA. RNA
concentration was determined using automated electrophoresis with TapeStation 2200

(Agilent, USA).

2.9.1.2. Reverse transcription
Due to low RNA concentration, all RNA was reverse transcribed to cDNA by SuperScript™ Vilo
IVIM Master mix (ThermoFisher) following the manufacturer’s protocol on StepOnePlus™
(Applied Biosystems, USA) thermal cycler. 4 pl SuperScript™ IV VILO™ Master Mix was mixed
with 4 pl nuclease-free water and 12 pl RNA and gently mixed. After 10-minute incubation at
25 °C, samples were incubated at 50 °C for 10 minutes, followed by a 5-minute incubation at
85 °C. The concentration of cDNA was determined in a quantitative real-time PCR (QRT-PCR)
amplifying 18S along a 12-point cDNA standard curve ran in triplicates. All samples were then
diluted to the same concentration using nuclease free water and stored at -80 °C until further

use.

2.9.2. Lung tissue RNA isolation and RT

2.9.2.1. RNA isolation with RNeasy Plus Mini Kit
Lung tissue flash frozen in liquid nitrogen was powdered using a mortar and a pestle. 20 mg
of powder was lysed in 350 pl 1% B-mercaptoethanol RLT buffer. Cell lysate was homogenised
using QlAshredder columns. RNA was then purified using RNeasy Mini Plus Kit (Qiagen)
accordingly to the manufacturer’s instructions. Briefly, cell lysate was transferred to gDNA
spin columns and after centrifugation at > 8000 g for 30 sec the flow-through was mixed with
350 ul 70 % ethanol and transferred to RNeasy spin column. After 15 sec centrifugation at >
8000 g the flow-through was discarded and the column washed with 700 ul Buffer RW1,
followed by two washes with 500 pl Buffer RPE. After the final wash, the spin column was
transferred to a fresh 2 ml collection tube and centrifuged for 1 minute at full speed to fully
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dry the membrane. The RNeasy spin column was then transferred to 1.5 ml collection tube
and 30 pl RNase-free water was added to the centre of the spin membrane. The column was

spined at > 8000 g for 1 minute to elute the RNA.

2.9.2.2. Reverse transcription
RNA concentration and purity were determined by NanoDrop (Thermo Fisher Scientific). RNA
was reverse transcribed to cDNA using TagMan™ Reverse Transcription Reagents (Thermo
Fisher Scientific) on StepOnePlus™ thermal cycler. A master mix for a 50 pl reaction was
prepared by mixing 5 ul 10x RT buffer, 11 pl 25 mM MgClz, 10 pl 10 mM dNTP mix, 2.5 pl 50
UM Random hexamers, 1 pl 20 U/ul RNA inhibitor, 1.25 pl 50 U/ul Multiscribe™ reverse
transcriptase. 1 pg of RNA was added and the volume was adjusted to 50 pl with
nuclease-free water. Samples were incubated at 25 °C for 10 minutes, at 48 °C for 30 minutes
and 95 °C for 2 minutes using StepOne™ thermocycler. All samples were diluted 1:4 in

nuclease free water and stored at -80 °C until further use.

2.9.3. Quantitative real time polymerase chain reaction
Expression of target genes was quantified by gRT-PCR using Tagman® Gene Expression Assays

(Thermo Fisher Scientific) relative to the housekeeping gene ribosomal 18S.

2.9.3.1. Tagman® Gene Expression Assay principle
Tagman® Gene Expression Assays are based on 5’ nuclease chemistry that uses a fluorogenic
probe. A non-fluorescent quencher is also bound to the probe and inhibits emission of a
fluorescent signal by the dye. A probe anneals to its specific target sequence along with
unlabelled primers during annealing PCR phase. In the next phase Tag DNA polymerase
synthesizes a new strand along a DNA template using the unlabelled primers. When a probe
is reached, the Tag DNA polymerase 5’ nuclease activity cleaves the probe and separates the
dye from the quencher. The released dye molecule starts emitting fluorescent signals which
are detected by real-time PCR systems. With each cycle more dye molecules are released,
resulting in an increased fluorescence intensity. The use of probes with different dyes (FAM™
and VIC™, for example) allows for a combination of two Tagman Primer sets, resulting in the
amplification of a target gene and a housekeeping control in the same, multiplex reaction,
which reduces normalisation errors due to the inter-well variability and improves the

precision of the assay.
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2.9.3.2. Tagman® Gene Expression Assay protocol
20 pl reaction was prepared by mixing 10 pl 2x Tagman™ Universal Master Mix (Thermo
Fisher Scientific), 1 ul 20x Tagman® Gene Expression Assay (Table 2.3) and 2.4 ul cDNA. The
volume was adjusted to 20 ul with nuclease-free water. 1 pl 20x 185 Tagman® Gene
Expression Assay was added to the mix if target Tagman® Gene expression Assays were
validated for multiplex reaction. Alternatively, a singleplex 18S reaction was alongside
singleplex target gene reaction. To control for contamination of the reagents, PCR mix without

added cDNA was set up for each target gene reaction.

The gRT-PCR was run on StepOnePlus™ Real-Time PCR System under the following
conditions: step 1 — 50 °C for 2 minutes, step 2 — 95 °C for 10 minutes, step 3 — 40 cycles of 95

°C for 15 sec and 60 °C for 1 min. Fluorescence intensity was measured after each cycle.

2.9.3.3.  gRT-PCR data analysis
Fluorescence intensity, emitted by the reporter dye, was normalised to ROX passive reference
and plotted against the corresponding PCR cycle number. A threshold was set in the middle
of the linear phase of the amplification plot and the number of cycles needed for the signal
to overshoot the threshold (threshold cycle, Ct) was calculated by StepOne™ Software
version 2.3 (Applied Biosystems). The threshold was identical for all samples on the same

plate, enabling comparison between the samples.

Target gene expression was normalised to the gene expression of the housekeeping gene 18S
by calculating ACt, a difference between Ctiarget and Ctiss. Relative gene expression was then
calculated as 22 to account for the exponential doubling of cDNA with each cycle. The results

were multiplied by 10° to allow for better discrimination between samples:

Relative gene expression = 274t x 10°,where ACt = Ctyqrget — Cligs.

2.9.3.4. Tagman® Gene Expression Assay multiplex validation
In a multiplex reaction, both amplification processes compete for the same reagents, such as
Tag DNA polymerase and dNTPs, and can inhibit each other via primer, probe or amplicon
interactions, resulting in the inhibition of one or both amplification processes. To ensure that
the target gene expression and 18S expression can be evaluated simultaneously in a multiplex
reaction, all Tagman® Gene Expression Assays were validated for multiplexing with 18S

Tagman® Gene Expression Assay. RNA was isolated from a tissue with high target gene
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expression and RT to cDNA as described in 2.9.2. A serial cDNA dilution was prepared and
assayed in a multiplex reaction with a target gene and 18S Tagman® Gene Expression Assays.
Ct values for the target gene and 18S were plotted against the corresponding cDNA
concentrations. If the multiplex requirements were not met, the target gene and 18S were
assayed in singleplex reactions along one another. Primers were suitable for multiplexing if

the following criteria were met:

1) The efficiency of each reaction was linear in whole cDNA range (R? > 0.98 in linear
regression analysis).

2) Both reactions displayed high efficiency (90 — 105 % amplification), corresponding to
a slope of linear regression around 3.3.

3) Both reactions displayed similar efficiencies, reflected by parallel linear regression

curves, corresponding to a difference in linear regression slopes less than +0.1.

The examples of multiplex reactions that passed and did not pass the multiplex validation are

presented on Figure 2.11.
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Figure 2.11: Examples of Tagman® Gene Expression Assay multiplex validation.

A, B) P2rx5 assay was multiplexed with 18S assay. A) Reaction efficiencies with linear regression demonstrated
linear efficiency for both reactions (R? > 0.98), high efficiency of both reactions (slopes of linear regression ~ 3.3)
and similar efficiencies of both reactions (slope difference < 0.1). B) ACt was maintained constant for all cDNA
concentrations, validating the primers for multiplexing. C, D) Gata3 assay was multiplexed with 18S assay. C) The
efficiency of both reactions was linear (R? > 0.98), however Gata3 assay demonstrated poor reaction efficiency
(slope of linear regression < 3) and the reaction efficiencies were considerably different (slope difference > 0.1).
D) ACt was not linear across cDNA concentration range, demonstrating that Gata3 and 18S assays were not

suitable for multiplexing.
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2.9.3.5.  List of Tagman® Gene Expression Assays

Table 2.3: List of Tagman® Gene Expression Assays.

All assays were purchased from ThermoFisher Scientific, UK.

Gene Assay ID Gene Assay ID
Eukaryotic 18S rRNA

4310893E P2x1 MmO00435460_m1
endogenous control
Cd3e Mm01179194 _m1 pP2x2 Mm00462952_m1
Cd4 Mm00442754_m1 P2x3 MmO00523699_m1
Cd8a Mm01182107_gl P2x4 MmO00501787_m1
Gata3 Mm00484683_m1 P2x5 MmO00473677_m1
1113 MmO00434204_m1 P2x6 MmO00440591_m1
II-17a Mm00439618 _m1 P2x7 Mm01199500_m1
11-25 Mm00499822_m1 Panx-1 Mm00450900_m1
11-33 MmO00505403 m1 Par2 MmO00433160 _m1
-4 MmO00445259_m1 St2 MmO00516117_m1
-5 MmO00439646_m1 Trpv4 MmO00499025 m1
Itagx MmO00498701_m1 Tslp MmO00498739 m1

2.10. In vitro isolated vagus preparation

In vitro isolated vagus preparation was used to assess sensory nerve activity and as a positive
control to determine loss of receptor phenotype in response to various pharmacological

stimuli in WT and PAR27- mice. All the experiments were performed by Dr Sara Bonvini.

Mice were sacrificed with an overdose of pentobarbitone (200 mg/kg, i.p.). Skin, muscles,
connective tissue and the rib cage were removed to expose the vagal trunks running alongside
the trachea from the base of the skull to the heart. Both vagal trunks were removed, cleaned
of connective tissue and desheathed from the epineurium. The trunks were cut into 15 mm
long segments and maintained in Krebs-Henseleit (KH) solution (118 mM NaCl, 5.9 mM KCl,
1.2 mM MgCly, 2.5 mM CaCl;, 23.5 mM NaH,P04, 5.6 mM glucose) at physiological pH (7.4)
and 37 °C whilst supplied with 95 % 0,/ 5 % CO,.
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The dissected vagus nerve segments were mounted into a custom-made grease-gap recording
chamber and the two ends were chemically and electrically isolated with petroleum jelly as
previously described (Birrell et al. 2002). One end was maintained in KH solution throughout
the experiment, while the other end was perfused with various stimuli/test solutions made
up in KH. Each end was connected to an electrode (glass pipettes filled with Ag/AgCl pellets
(Mere 2 Flexible reference electrodes, WPI, UK)), which were able to detect membrane
depolarisation. Electrodes were connected to a DAM50 differential amplifier (WPI, UK) which
measured, amplified (x 10 gain) and filtered (high cut-off 1 kHz, sample rate 5 Hz) the potential
difference between the two electrodes and converted it into a digital signal. The signal was
visualised and analysed by LabScribe 3 software (iWorx) and analysed using Clampfit Software

(pClamp 10).

2.11. Statistical analysis

Statistical analysis was performed using Prism version 9.0 (GraphPad, USA) and is detailed in
figure legends within the results chapters. In general, non-parametric tests were employed to
assess the differences between study groups as no assumptions about normal distribution or
and equal variance was required. Mann-Whitney test was used when comparing two groups
and Kruskal-Wallis with post hoc Dunn’s multiple comparison test when comparing three or
more groups. Repeated measures ANOVA with Sidak’s multiple comparison test was used to
analyse AHR data in HDM studies. Parametric t-test was used to compare vagal nerve
depolarisation between WT and PAR27-mice. Group sizes for initial exploratory studies were
guided by in-house experience with the models used in this thesis. Group sizes for the follow
up studies were chosen based on sample size calculation using the data from the pilot studies

and technical feasibility.
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3. ldentification of downstream targets in TRPV4

signalling pathway
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3.1.Introduction

TRPV4 is a non-selective cation channel that has been implicated in the pathogenesis of
chronic respiratory disease, including asthma, COPD, chronic cough and IPF (Zhu et al. 2009,
Baxter et al. 2014, Rahaman et al. 2014, Birrell et al. 2016, Bonvini et al. 2016, Naumov et al.
2016, Gombedza et al. 2017, Grace et al. 2017, Duan et al. 2020, Wiesner et al. 2020). TRPV4
is present in various tissues but is most abundantly expressed on airway epithelial cells,
airway smooth muscle cells, fibroblasts and alveolar macrophages. TRPV4 can be activated
by exposure to a variety of stimuli such as hypo-osmolar solutions, low pH, change in
temperature, arachidonic acid metabolites as well as downstream of PAR2 activation (Liedtke
et al. 2000, Suzuki et al. 2003, Watanabe et al. 2003, Jia et al. 2004, Grant et al. 2007,
Fernandez-Fernandez et al. 2008, Lorenzo et al. 2008, Groot-Kormelink et al. 2012, Poole et
al. 2013, Rahaman et al. 2014, Zhao et al. 2014, Zhao et al. 2015, Rayees et al. 2019). TRPV4
activation evokes an intracellular influx of calcium ions and subsequent opening of Panx-1
pores, leading to ATP release into the extracellular milieu (Seminario-Vidal et al. 2011, Dahl
2015, Rahman et al. 2018). Upon release, ATP then acts on purinergic receptors from

predominantly P2X family in the vicinity of the release (Silva-Vilches et al. 2018).

In homeostatic conditions, TRPV4-induced ATP signalling in the airway epithelium regulates
mucocilliary clearance (Lorenzo et al. 2008). However, aberrant activation of TRPV4 can
contribute to respiratory disease and symptoms such as cough or bronchospasm. More
specifically, activation of TRPV4 on sensory nerves has been demonstrated to trigger cough
via P2X3 receptors, which have been implicated in chronic cough (Abdulgawi et al. 2015,
Bonvini et al. 2016). ATP release from airway smooth muscle cells upon TRPV4 activation
triggers P2X4 receptors activation on mast cells which then release leukotrienes and cause
bronchoconstriction (McAlexander et al. 2014, Bonvini et al. 2020). In addition, TRPV4
activation has been linked to the development of airway inflammation. In a murine COPD
model, for example, smoke exposure triggered TRPV4 activation on macrophages which
resulted in ATP release (Baxter et al. 2014). Subsequent autocrine activation of P2X7 resulted

in IL-1PB release and neutrophilic airway inflammation (Baxter et al. 2014).

The importance of ATP signalling in asthma in the context of airway inflammation as well as
lung function has been demonstrated by a substantial body of literature (Pellegrino et al.

1996b, Idzko et al. 2007, Muller et al. 2011, Chavez et al. 2013, Idzko et al. 2013, Amison et
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al. 2015, Zhang et al. 2017, Pelleg et al. 2019). Bronchoprovocation studies have
demonstrated the bronchoconstrictor properties of ATP in human and revealed increased
sensitivity to ATP-induced bronchoconstriction in asthmatic patients (Pellegrino et al. 1996b,
Basoglu et al. 2005, Basoglu et al. 2017). Allergen challenge studies have later showed that in
comparison to saline challenge allergen challenge was associated with increased ATP levels in
BAL of mild asthmatics (Idzko et al. 2007). This has been recapitulated in animal models of
allergic airway disease which further demonstrated that elimination of ATP by exogenous
ATPases ameliorated airway inflammation and AHR (ldzko et al. 2007, Chavez et al. 2013,
Idzko et al. 2013, Amison et al. 2015, Zhang et al. 2017). Similar outcomes were observed
when ATP signalling on P2X receptors was inhibited using non-selective P2 receptor
antagonists as well as using selective inhibition of P2X4 or P2X7, respectively (Muller et al.

2011, Chen et al. 2016, Shi et al. 2016, Zech et al. 2016, Yin et al. 2017, Wang et al. 2018b).

The mechanism of ATP release is not yet fully understood, however our preliminary
observations have suggested that TRPV4 may be involved in the process. Targeting TRPV4 by
genetic disruption in mice (TRPV4”" mice) or pharmacological inhibition in rat, our laboratory
has demonstrated a detrimental role of TRPV4 in the pathogenesis of AAD (Birrell et al. 2016).
In both models the inhibition of TRPV4 signalling abolished airway inflammation and allergen
triggered changes in lung function (Birrell et al. 2016). Other groups have recently also
demonstrated the involvement of TRPV4 in allergic airway inflammation, as well as airway
remodelling (Gombedza et al. 2017, Duan et al. 2020, Wiesner et al. 2020). An amelioration
of the disease was similarly observed in Panx-1 deficient mice (unpublished data), suggesting
ATP was released downstream of TRPV4 activation. However, it remains unclear which cells
are responsible for inducing aberrant TRPV4 activation in the context of asthma, or which P2X

receptors are activated downstream.

Among T cells, DCs and ILC2s, the key players in type 2 immune responses in asthma (Vroman
et al. 2017, Lloyd and Snelgrove 2018), T cells and DCs have been reported to express
functional TRPV4 receptors (Bertin et al. 2014, Majhi et al. 2015, Naert et al. 2019) and ATP is
important regulator of their functions (Schenk et al. 2008, Woehrle et al. 20104, Silva-Vilches
et al. 2018). We have previously demonstrated that CD4*and CD8* T cells were indispensable
for the development of allergic airway inflammation and AHR in our murine model of AAD

(Raemdonck et al. 2016). Yet, the role of DCs or ILC2s in the development of allergic airway
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inflammation in our model remains uncertain as does the potential of T cells, ILC2s or DCs to

drive pathogenic TRPV4 signalling in asthma.

3.2.Hypothesis and aims

We hypothesised that immune cells, key for the development of allergic airway inflammation,

are the drivers of TRPV4 signalling in allergic airway disease via P2X receptors.
To address this hypothesis, we aimed to

- ldentify immune cells central to the initiation of allergic airway inflammation,
- Investigate TRPV4 expression in the key immune cell populations, and

- ldentify candidate P2X receptors involved in TRPV4 signalling pathway.

3.3.Methods

This section outlines and summarises the main methods used in this chapter. All the

methodology and experimental protocols are presented in detail in Chapter Methods.

3.3.1. Murine HDM time course study
Female C57BL/6J mice were i.p. sensitised to house dust mite (HDM). Mice were then
challenged with saline or HDM once daily on one (1) (day 24), two (2) (days 24 and 25) or
three (3) consecutive days (days 24, 25 and 26). Mice were sacrificed 2 hours post-challenge
as well as 24, 48 or 72 hours after the third and final challenge to collect bronchoalveolar

lavage (BAL), lung and MLNs (Figure 3.1).

SENSITISATION CHALLENGE
i.p. HDM (0.5pg/kg) i.n. Saline or HDM (1.25pg/kg)

A

L

24 25 26 27 28 29

Time (days)
Zh[l)zh‘z ] [ I

of S

SACRIFICE and SAMPLE COLLECTION

Figure 3.1: Time course study design.

Female C57BL/6 mice were sensitised to house dust mite (HDM; 0.5pg/kg) by intraperitoneal injection (i.p.) on
days 0 and 14. Mice were administered saline or HDM (1.25ug/kg) intranasally (i.n.) on one, two or three
consecutive days (days 24-26). Mice were sacrificed and samples collected for the assessment of inflammatory

status 2 hours after each challenge as well as 24, 48 and 72 hours after the third challenge.
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BAL cells were isolated and total leukocyte numbers determined by an automated cell counter
(Sysmex XT-300) and leukocyte populations differentiated using flow cytometry (Fortessa).
BAL supernatant was stored for subsequent analysis of inflammatory mediators. MSD V-plex
kits were used to determine concentration of IL-1B, IL-2, IL-4, IL-5, IL-12, IL-17A, 1L-22, IL-25,
IL-33, IFNy, CXCL1, CXCL10, CCL2 and MIP-1a. ProcartaPlex Simplex kits were used to
determine concentration of IL-13, Eotaxin-1 and TSLP and R&D DuoSet ELISA was performed

to measure concentrations of CCL17.

Lungs were enzymatically digested and then total leukocyte numbers determined by an
automated cell counter (Sysmex XT-300). Flow cytometry was utilised to differentiate
leukocyte populations (Fortessa). From a parallel set of animals, lungs were flash frozen in
liquid nitrogen for subsequent protein and gene expression analyses. Nuclear proteins were
extracted (Activ Motif) for determination of STAT5A,B levels (MSD U-plex assay). mRNA was
isolated for the determination of /-4, II-5, 1I-13, 1I-17, 1I-25, 1I-33, Tslp, P2rx1, P2rx2, P2rx3,
P2rx4, P2rx5, P2rx6 and P2rx7 expression.

MLNs were collected and enzymatically digested to obtain single cell suspension. Total
leukocyte numbers were determined using an automated cell counter (Sysmex XT-300) while

flow cytometry was used for differentiation of leukocyte populations (analysed on Fortessa).

3.3.2. Isolation of key immune cell populations

Female C57BL/6J mice were systemically sensitised to HDM and challenged once daily with
saline or HDM intranasally on three consecutive days. Three days after the final challenge,
mice were sacrificed and lungs collected. Lungs were enzymatically digested to obtain single
cell suspension. Cells were then stained with fluorophore labelled primary antibodies to
isolate CD4* T cells, CD8* T cells, ILC2s, moDCs, cDC1s and cDC2s using FACS. mRNA was
isolated from sorted cells and used to determine the expression of Cd3, Cd4, Cd8, Gata-3, St2,
11-4, 1I-13, II-5, Trpv4, Panx-1, P2rx1, P2rx2, P2rx3, P2rx4, P2rx5, P2rx6, and P2rx7.

3.3.3. Gene expression
Expression of Cd3, Cd4, Cd8, Gata-3, Il-4, 1I-13, II-5, 1I-17, 1I-25, 1I-33, P2rx1, P2rx2, P2rx3,
P2rx4, P2rx5, P2rx6, P2rx7, Panx-1, St2, Trpv4 and Tslp was determined by qRT-PCR with

eukaryotic 18s used as an internal control. All target primers were initially validated for use
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in multiplex reactions with 18s primers in tissues or cells with high target expression (Table

1). Linear regression (>0.98), slope of linear regression (around 3.3) and reaction efficiency

(difference in slopes of linear regression between 18s and target; <0.1) were evaluated and

only targets meeting all the described criteria were assayed in multiplex reactions. All other

targets were assayed in singleplex reactions beside 18s.

Table 3.1: Results of primer multiplex validation.

Target Primer | Linear Slope of | Reaction | Suitability | Sample used for
regression | linear efficiency | for validation
regression multiplex

CD3 18s >0.99 -3.309 0.009 YES CD4*T cells

Cd3 >0.99 -3.300
CD4 18s >0.99 -3.176 0.039 YES CD4*T cells

Cd4 >0.99 -3.215
CD8 18s >0.99 -3.504 0.124 NO CD8*T cells

Cd8 >0.99 -3.380
GATA3 18s >0.99 -3.274 0.034 YES ILC2

Gata-3 | >0.99 -3.240
IL-4 18s >0.99 -3.920 0.660 NO lung

-4 >0.99 -3.259 (HDM challenged)
IL-5 18s 0.97 -3.831 0.768 NO lung

1-5 0.98 -3.064 (HDM challenged)
IL-13 18s >0.99 -3.720 0.306 NO lung

11-13 >0.99 -3.414 (HDM challenged)
IL-17A 18s >0.99 -3.052 0.223 NO lung

11-17a >0.99 -2.829 (HDM challenged)
IL-25 18s >0.99 -3.460 0.010 YES brain

11-25 >0.99 -3.450
IL-33 18s >0.99 -3.727 0.623 NO lung

11-33 >0.99 -3.104 (HDM challenged)
P2X1 18s 0.99 -3.466 0.238 NO thymus
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P2rx1 0.98 -3.228

P2X2 18s >0.99 -3.279 0.220 NO testis
P2rx2 >0.99 -3.059

P2X3 18s >0.99 -3.558 0.136 NO testis
P2rx3 >0.99 -3.422

P2X4 18s >0.99 -3.299 0.187 NO spleen
P2rx4 0.99 -3.486

P2X5 18s >0.99 -3.367 0.023 YES heart
P2rx5 >0.99 -3.344

P2X6 18s >0.99 -3.141 0.373 NO lung
P2rx6 >0.99 -3.514

P2X7 18s >0.99 -3.153 0.197 NO spleen
P2rx7 >0.99 -3.350

Panx-1 18s >0.99 -3.501 0.391 NO thymus
Panx-1 | >0.99 -3.110

ST2 18s >0.99 -3.246 0.061 YES ILC2
St2 >0.99 -3.307

TRPV4 18s >0.99 -3.223 0.571 NO kidney
Trpv4 >0.99 -2.652

TSLP 18s >0.99 -3.463 0.497 NO lung
Tslp >0.99 -2.966

Multiplex >0.98 ~-3.3 <0.1

requirements

3.4 .Results
3.4.1. The development of early immune responses upon in the murine HDM
model

3.4.1.1. HDM challenge induced Th2 immune responses
A murine model of AAD, previously used to demonstrate the role of TRPV4 in the development

of allergic airway inflammation and AHR (Birrell et al. 2016), was chosen to study the initiation
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and the development of early immune responses upon an allergen challenge. Mice sensitised to
HDM were exposed to saline or HDM once a day and airway inflammation was assessed 2 hours
after a single, two or three consecutive challenges as well as 24, 48 and 72 hours after the third
and final challenge (Figure 3.2). Compared to saline challenge, HDM exposure was associated
with an increase in expression of type 2 cytokines //-4, /-5 and /I-13 in lung 2 hours post initial
challenge as well as during the later time points (Figure 3.2A-C). In BAL, the concentrations of
IL-4, IL-5 and IL-13 were elevated in HDM challenged mice compared to saline controls from the
second time point (2h(2)) and throughout the study (Figure 3.2D-F). The initiation of type 2
immune responses in HDM challenged mice immediately resulted in increased BAL eotaxin-1
levels which remained elevated until 72h(3) time point at the end of the experiment (Figure
3.2G). Subsequently, eosinophil infiltration into the airways and lungs of HDM but not saline
challenged mice was observed from the second time point onwards (Figure 3.2H,1). In addition
to type 2 cytokines, HDM challenge was associated with increased proinflammatory TNFa (Figure
3.2J) and IL-1B (Figure 3.2K) in BAL from the second time point and until the end of the study in
comparison to saline challenge. Increased TNFa were observed in saline challenged mice 2 hours
after the first, second and third challenge in comparison to the saline challenge at 72(3) time

point (Figure 3.2J).
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Figure 3.2: House dust mite (HDM) challenge evoked type 2 inflammation.
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Female C57BL/6J mice were sensitised to HDM and then challenged with saline or HDM on one, two or three

consecutive days. Mice were sacrificed 2 hours after the first (2h(1)), second (2h(2)), or third challenge (2h(3)),

as well as 24, 48 and 72 hours after the third and final challenge (24h(3), 48h(3), and 72h(3), respectively). A)

1I-4, B) II-13 and C) II-5 gene expression was determined in lung by qRT-PCR. D) IL-4, E) IL-13, F) IL-5 and G)

Eotaxin-1 were determined in bronchoalveolar lavage (BAL) by MSD or ProcartaPlex assays. H) BAL and 1) lung

eosinophil numbers were enumerated by flow cytometry. J) TNFa, K) IL-1 in BAL determined by MSD assays.

Data from a single experiment presented as mean + S.E.M (N=6 per group). * denotes p<0.05 and ** p<0.01

comparing time matched saline and HDM challenged groups with Mann-Whitney U test. ## denotes p<0.01 and

### p<0.001 comparing saline challenged groups with saline control at 72(3) time point with Kruskal-Wallis test

with post hoc Dunn’s multiple comparison test.
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Type 1, 17 and 22 immune responses were evaluated next to confirm whether type 2 immune
responses were the preferred immune response triggered by HDM exposure. HDM challenge
was associated with an increase in the type one cytokines IFNy and CXCL10 (Figure 3.3A,B).
After the initial increase 2 hours after the second and third HDM challenge their levels
substantially dropped at the later time points. Compared to saline challenged animals, a small
increase in IL-17A BAL levels was observed in HDM challenged mice which peaked at 2 hours
after the third and final challenge (Figure 3.3C). This was associated with increased neutrophil
chemokine CXCL1 two hours after each challenge and BAL neutrophilia 2 hours after the third
HDM challenge, but not at other time points (Figure 3.3D,E). In the lung, neutrophil numbers
remained comparable between saline and HDM challenged mice until 48 and 72 hours after
the third HDM challenge when HDM exposure was associated with a reduction in lung

neutrophils (Figure 3.3F). No IL-22 could be detected in BAL in any of the samples.
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Figure 3.3: Type 1 and type 17 immune responses upon house dust mite (HDM) challenge.

Female C57BL/6J mice were sensitised to HDM and then challenged with saline or HDM on one, two or three
consecutive days. Mice were sacrificed 2 hours after the first (2h(1)), second (2h(2)), or third challenge (2h(3)),
as well as 24, 48 and 72 hours after the third and final challenge (24h(3), 48h(3), and 72h(3), respectively). A)
IFNy, B) CXCL10, C) IL-17A and D) CXCL1 were determined in bronchoalveolar lavage (BAL) by MSD assays. E) BAL
and F) lung neutrophil populations were enumerated with the help of flow cytometry. Data from a single
experiment presented as mean + S.E.M (N=6 mice per group). Mann-Whitney U test was used to analyse

differences between saline and HDM groups. * denotes p<0.05 and ** p<0.01.
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3.4.1.2. CD4+ T cells and ILC2s as drivers of type two immune responses
We next investigated the dynamics of CD4* T cell responses as our laboratory has previously
demonstrated the crucial role of CD4* T cells for the development of HDM-induced pathology
in this model (Raemdonck et al. 2016). CD8* T cells were similarly important and were
investigated alongside (Raemdonck et al. 2016). HDM challenge was associated with an
increase in BAL IL-2 concentration 2 hours after each HDM challenge and falling to control
levels later in the time course and was associated with increased phosphorylation of STAT5A,B
in the lung (Figure 3.4A,B). Compared to saline challenged mice increased CD4*and CD8* T
cell numbers were detected in BAL 2 hours after the second HDM challenge, peaked at 2 hours
after the third and final HDM challenge and remained elevated for the rest of the time course
(Figure 3.4C,D). In the lung, an increase in CD4* T cells was observed 72 hours after the third
and final HDM challenge compared to saline challenge controls (Figure 3.4E), while CD8* T cell
population remained unchanged by HDM challenge throughout the experiment (Figure 3.4F).
To elucidate whether CD4* or CD8* T cells were a source of type 2 cytokines upon HDM
challenge, CD4*and CD8"* T cells were isolated from lung of saline and HDM challenged mice
three days after three HDM challenges and expression of type 2 cytokines expressed. This
time point was chosen as at this time point the effects of HDM exposure on lung T-cell
numbers were the greatest. As expected, CD4* T cells expressed high levels of Cd3 and Cd4
and lacked the expression of Cd8 (Figure 3.4G). Upon HDM challenge CD4*T cells upregulated
Gata-3 and St2 as well as /-4, II-5 and //-13 (Figure 3.4G). /l-17a remained unchanged with
HDM challenge in CD4*T cells (Figure 3.4). CD8*T cells were characterised by high expression
of Cd3 and Cd8 and a lack of Cd4 expression (Figure 3.4H). No //-4, II-5 or /I-13 was detected
in CD8*T cells after saline challenge, however upregulation of //-13, but not /-4 or /I-5 was

induced by HDM challenge (Figure 3.4H).
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Figure 3.4: House dust mite (HDM) challenge was associated with Th2 polarisation of CD4* T cells.
Female C57BL/6J mice were sensitised to HDM and then challenged with saline or HDM on one, two or three

consecutive days. Mice were sacrificed 2 hours after the first (2h(1)), second (2h(2)), or third challenge (2h(3)),

114



as well as 24, 48 and 72 hours after the third and final challenge (24h(3), 48h(3), and 72h(3), respectively). A)
IL-2 levels in BAL and B) phosphorylated STATSA,B levels in lung whole cell protein extract. C) CD4*and D) CD8*
T cell numbers in bronchoalveolar lavage (BAL), as well as E) CD4* and F) CD8* T cell numbers in lung were
enumerated utilising flow cytometry. G, H) Female C57BL/6J mice sensitised to HDM were challenge with saline
or HDM on three consecutive days and sacrificed 72 hours after the final challenge. G) CD4*and H) CD8* T cells
were isolated from lungs using fluorescence-activated cell sorting (FACS) and mRNA extracted for determination
of gene expression by qRT-PCR. Representative data from a single (A-F) or two independent experiments (G, H)
presented as mean + S.E.M (N=5-6 mice per group). Mann-Whitney U test was used to analyse differences

between saline and HDM groups. * denotes p<0.05 and ** p<0.01.

Next, we characterised the dynamics of ILC2 responses as ILC2s can induce type 2 immune
responses upon activation by epithelium derived cytokines such as IL-33, TSLP and IL-25 (Lloyd
and Snelgrove 2018). In the time course study HDM challenge was associated with anincrease
in BAL IL-33 concentration 2 hours after the second and third HDM challenge, respectively,
compared to saline challenged controls (Figure 3.5A). Simultaneously, HDM challenged
animals had increased expression of //-33 in the lung from the second time point over the
duration of the study (Figure 3.5B). In contrast, TSLP was detectable in BAL 2 hours after each
challenge and was significantly reduced in HDM challenged mice compared to saline controls
after second and third challenge (Figure 3.5C). Compared to respective saline controls, HDM
challenge was associated with downregulation of lung Tslp expression 2 hours after the
second as well as 48 and 72 hours after the third HDM challenge (Figure 3.5D). No IL-25 could
be detected in BAL or /I-25 in lung in any of the experimental groups. Nevertheless, an
increase in BAL and lung ILC2 numbers was observed 24, 48 and 72 hours after the third and
final HDM challenge, but not earlier in the time course (Figure 3.5E,F). To evaluate ILC2s as a
source of type 2 cytokines, ILC2s were also sorted from lung of saline and HDM challenged
mice three days after three HDM challenges and were characterised by a lack of Cd3, Cd4 and
Cd8 expression and high Gata-3 and St2 expression (Figure 3.5G). Under control conditions,
ILC2s expressed /-5 and /I-13 and low levels of /l-4, however no change in type 2 cytokine

expression was detected upon HDM challenge (Figure 3.5).
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Figure 3.5: House dust mite (HDM) challenge was associated with dysregulation of alarmins, but triggered no
changes in type 2 cytokine expression in ILC2s.

Female C57BL/6J mice were sensitised to HDM and then challenged with saline or HDM on one, two or three
consecutive days. Mice were sacrificed 2 hours after the first (2h(1)), second (2h(2)), or third challenge (2h(3)),
as well as 24, 48 and 72 hours after the third and final challenge (24h(3), 48h(3), and 72h(3), respectively). A)
IL-33 concentration in bronchoalveolar lavage (BAL) determined by MSD assays. B) Lung //-33 gene expression
determined by gRT-PCR, C) TSLP levels in BAL measured by ProcartaPlex assays. D) Lung Tslp gene expression
assessed by qRT-PCR. Innate lymphoid cells type 2 (ILC2) numbers in E) BAL and F) lung were enumerated with

a help of flow cytometry. G) Female C57BL/6J mice sensitised to HDM were challenge with saline or HDM on

116



three consecutive days and sacrificed 72 hours after the final challenge. CD4* T cells were isolated from lungs
using flow cytometry assisted cell sorting (FACS) and mRNA extracted for determination of gene expression by
gRT-PCR. Representative data from a single (A-F) or two independent experiments (G) presented as mean *
S.E.M (N=5-6 mice per group). Mann-Whitney U test was used to analyse differences between saline and HDM

groups. * denotes p<0.05 and ** p<0.01.

3.4.1.3. The role of dendritic cells in HDM-induced airway inflammation
Lastly, we evaluated the role of dendritic cells in HDM-induced responses. HDM challenge
resulted in a significant increase in moDCs from the second time point onwards (Figure 3.6A),
compared to saline challenged controls. HDM exposure triggered an expansion of classical
dendritic cell populations cDC2s and cDC1s, respectively, towards the end of the time course
(from 24 and 48 hours after the third and final HDM challenge, respectively) (Figure 3.6B,C).
The recruitment of moDCs was accompanied with increased concentrations of CCL2, MIP-1a
and CCL17 in BAL of HDM challenged mice compared to saline controls (Figure 3.6D-F). The
exposure to HDM, but not saline, triggered migration of all DC populations into the regional
lymph nodes (LNs) as suggested by increased numbers of moDCs, cDC2s and cDC1s in MLNs

at 2 hours after the second HDM challenge and all subsequent time points (Figure 3.6G-l).
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Figure 3.6: Dendritic cell (DC) dynamics upon house dust mite (HDM) challenge.

Female C57BL/6J mice were sensitised to HDM and then challenged with saline or HDM on one, two or three
consecutive days. Mice were sacrificed 2 hours after the first (2h(1)), second (2h(2)), or third challenge (2h(3)),
as well as 24, 48 and 72 hours after the third and final challenge (24h(3), 48h(3), and 72h(3), respectively). A)
monocyte-derived moDCs, B) classical DC type 2 (cDC2s) and C) cDC1s were enumerated in lung utilising flow
cytometry. D) CCL2, and E) MIP-1a were determined in bronchoalveolar lavage (BAL) by MSD assays. F) CCL17
was measured in BAL by ELISA. G) moDCs, H) cDC2s and 1) cDC1s were enumerated in mediastinal lymph nodes
(MLN) with a help of flow cytometry. Data from a single experiment presented as mean + S.E.M (N=6 mice per
group). Mann-Whitney U test was used to analyse differences between saline and HDM groups. * denotes

p<0.05 and ** p<0.01.

3.4.2. TRPV4 signalling pathway in the key immune cells
Having identified immune cells possibly involved in HDM-induced type 2 immune responses,
we next investigated whether CD4* T cells, CD8* T cells, ILC2s, moDCs, cDC2s or cDC1s could
be responsible for the activation of TRPV4 signalling axis upon HDM exposure. To do so, we

studied Trpv4 and Panx-1 gene expression in individual populations, isolated from saline and
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HDM challenged mice, respectively, three days after the third and final challenge. The
phenotype of CD4* T cells, CD8* T cells and ILC2s was confirmed the previous section (Figure
3.4G,H, Figure 3.5Figure 3.7G), and /tagx expression was verified for DCs (Figure 3.7A). Trpv4
was expressed in CD4* T cells, ILC2s and DC subsets from saline challenged mice, and was
downregulated upon HDM challenge (Figure 3.7B,D-G). Trpv4 mRNA could not be reliably
detected in CD8* T cells in this experimental setup (Figure 3.7C). Panx-1 was expressed in all
isolated populations from saline and HDM challenged mice, respectively (Figure 3.7). While
no change in Panx-1 expression upon HDM challenge was observed in CD4* and CD8* T cells
(Figure 3.7B,C), HDM exposure was associated with Panx-1 downregulation in ILC2s, cDC2s
and moDCs (Figure 3.7D,F,G) and upregulation in cDC1s (Figure 3.7E). These results confirmed

that CD4*T cells, ILC2s or DCs could be involved in the detrimental TRPV4 activation.
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Figure 3.7: Trpv4 and Panx-1 expression in key immune cells.

C57BL/6 mice were sensitised to HDM and then challenged on three consecutive days with saline or HDM. Three
days later immune cells were isolated from lung using fluorescence assisted cell sorting and mRNA extracted.
Gene expression relative to eukaryotic 18s internal control was determined by gRT-PCR. A) Cd3, Cd8 and Cd4
expression in CD8" T cells. B) Itagx expression in monocyte-derived dendritic cells (moDCs), classical DC type 2
(cDC2s) and cDC1s. C-H) Trpv4 and Panx-1 gene expression in C) CD4* T cells, D) CD8* T cells, E) group 2 innate
immune cells (ILC2s), F) moDCs, G) cDC2s and H) cDC1s. Representative data from one of two (A,C-E) or from
single experiment (B,D-F) presented as mean * S.E.M (N=5-6 mice per group). Mann-Whitney U test was used

to analyse differences between saline and HDM groups. * denotes p<0.05 and ** p<0.01.

We then moved on to the identification of P2X receptors that could be activated downstream
of TRPV4 by studying P2X receptors expression. The analysis of gene expression in lung tissue
revealed that P2x4 receptor was the most highly expressed P2X receptor which was
upregulated upon HDM challenge (1.92 + 0.13-fold upregulation at 72h(3) time point) (Figure
3.8C,G). Among other P2X receptors P2rx1, P2rx2, P2rx5, P2rx6 and P2rx7 but not P2rx3
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mMRNA was also detected in the lungs of saline challenged mice (Figure 3.8). HDM challenge
triggered up to 4.49 + 0.37-fold upregulation of P2rx1 expression at 48h(3) time point (Figure
3.8A,G), 3.32 + 0.41-fold upregulation of P2rx2 at 72h(3) time point (Figure 3.8B,G) and 1.82
+ 0.24-fold upregulation of P2rx7 at 48h(3) time point (Figure 3.8F,G). P2rx5 gene expression
remained unmodulated by HDM challenge (Figure 3.8D,G), while 0.5 % 0.06-fold

downregulation was observed in P2rx6 mRNA levels (Figure 3.8E,G).

Next, we addressed gene expression of P2X receptors in the immune cells key for the
development of allergic airway inflammation. In CD4*and CD8* T cells P2rx1, P2rx4, P2rx5 and
P2rx7 transcripts were detected (Figure 3.9A,B). HDM challenge was associated with an
upregulation of P2rx7 as well as P2rx1, which was otherwise hardly detectable in cells isolated
from saline challenge mice. In CD8* T cells, P2rx5 expression also could not be detected after
saline challenge, but was increased after HDM exposure, while comparable levels between
saline and HDM challenge were observed in CD4* T cells. No change in P2rx4 expression was
observed in neither of the T cell populations. ILC2s expressed P2rx1, P2rx4 and P2rx7 with no
effect of HDM challenge on their expression (Figure 3.9C). In all DC subset P2rx4, P2rx5 and
P2rx7 were highly expressed channels. HDM challenge was associated with downregulation
of P2rx7 in all populations, as well as P2rx4 in moDCs, and P2rx5 in cDCls, respectively.
Additionally, low expression of P2rx1 was noted on moDCs and cDC2s which remained
unchanged with HDM challenge, as well as P2rx6, which could be reliably detected in moDCs

and cDC2s upon HDM challenge (Figure 3.9D-E).
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Figure 3.8: P2XR expression in the HDM time course study.

HDM-sensitised C57BL/6 mice were challenged with saline or HDM once a day on one (1) occasion, two (2) or
three (3) consecutive days and lung samples collected 2 after each challenge and 24, 48 or 72h after the third
and final challenges. Lung expression of A) P2rx1, B) P2rx2, C) P2rx4, D) P2rx5, E) P2rx6 and F) P2rx7 relative to
eukaryotic 18s expression at various time points after challenge. G) HDM-induced fold change from respective
vehicle control in lung P2rx expression. Data from a single experiment are presented as mean + S.E.M with N=6

mice per group. Mann-Whitney U test was used to analyse differences between saline and HDM groups for each

time point. * denotes p<0.05 and ** p<0.01.
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Figure 3.9: Gene expression of P2X receptors on key immune cells.

C57BL/6 mice were sensitised to HDM and then challenged on three consecutive days with saline or HDM. Three
days after the last challenge immune cells were isolated from lung using fluorescence assisted cell sorting and
mRNA extracted. P2rx gene expression relative to eukaryotic 18s internal control was determined gRT-PCR in A)
CD4*T cells, B) CD8* T cells, C) group 2 innate immune cells (ILC2s), D) monocyte-derived dendritic cells (moDCs),
E) classical DC type 2 (cDC2s) and F) cDC1s. Representative data from one of two (A-C) or from single experiment
(D-F) presented as mean = S.E.M (N=5-6 mice per group). Mann-Whitney U test was used to analyse differences

between saline and HDM groups. * denotes p<0.05 and ** p<0.01.

3.5.Discussion
Despite the advances in the treatment and management of asthma, current therapies are not
sufficient to achieve optimal disease control in a substantial proportion of patients (Gonzalez
Barcala et al. 2010, Kuruvilla et al. 2019, Beasley et al. 2020). To address this unmet need and

find novel therapeutic options, further understanding of mechanism driving airway
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inflammation and lung function changes in asthma are needed. TRPV4, a member of transient
receptor channels, has been recently implicated in the pathogenesis of asthma and has been
proposed as a new therapeutic target (Cantero-Recasens et al. 2010, Birrell et al. 2016,
Naumov et al. 2016, Gombedza et al. 2017, Bonvini et al. 2020, Duan et al. 2020, Wiesner et
al. 2020). We have demonstrated that TRPV4 deficiency abolished hallmark features of
HDM-induced AAD in a murine model, as well the protective effect of TRPV4 selective
antagonist GSK2193874 on OVA-induced LAR and eosinophilic airway inflammation (Birrell et
al. 2016). Panx-1 deficient mice were similarly protected against HDM-induced airway
pathology, proposing TRPV4 actions were mediated by ATP release as previously suggested
(Seminario-Vidal et al. 2011, Baxter et al. 2014, Dahl 2015, Bonvini et al. 2016, Rahman et al.
2018, Bonvini et al. 2020).

We therefore hypothesised that TRPV4-ATP signalling was pivotal in asthma pathogenesis and
this thesis aimed to elucidate TRPV4 signalling cascade in the context of allergic asthma. The
first aim of my thesis and the primary aim of this chapter was to investigate which cells could
be involved in TRPV4 signalling as well as to identify receptors that could be activated
downstream of TRPV4 activation. Upon TRPV4 activation ATP released into extracellular
space is short-lived due to the rapid inactivation by extracellular ATPases. Thus, released ATP
can only activate purinergic receptors, predominantly ionotropic P2X receptors, in the vicinity
of the release (Silva-Vilches et al. 2018). We postulated that the immune cells orchestrating
allergen-induced inflammation were thus the drivers of TRPV4 signalling cascade. To address
this hypothesis, we turned to a previously established murine HDM model of AAD to keep in
line with the initial investigations into the role of TRPV4 in allergic asthma (Birrell et al. 2016,
Raemdonck et al. 2016). Our initial goal was to investigate in detail the initiation and the
development of allergen-induced airway inflammation in a time course study to identify key
immune cells involved in the process. We then aimed to isolate the individual populations of
key immune cells and study expression of Trpv4 and Panx-1 to establish whether they could
be responsible for TRPV4 signalling in the context of allergic airway inflammation. Lastly, our
final aim was to determine gene expression profile of P2X receptors in those key immune cells

to identify which P2X receptors could be implicated downstream of TRPV4 signalling.

To address the first aim, we conducted a time course assessing airway inflammation at various

times after a challenge. Typically, mice would be challenged with saline or HDM once daily on
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three consecutive days and airway inflammation and AHR assessed 72 hours after the last
challenge (Raemdonck et al. 2016). However, to gain an insight into the initiation as well as
the progression of allergic airway inflammation, the time course study was conducted in such
a way that inflammation was assessed 2 hours after the first, second and third challenge,
respectively, as well as 24, 48 and the typical 72 hours after the third and final HDM challenge.
First, we wanted to confirm that HDM challenge triggered characteristic type 2 immune
responses as previously reported (Raemdonck et al. 2016). Indeed, HDM exposure was
associated with an imminent induction of type 2 cytokines. /I-4, II-13 and [/I-5 were
upregulated in the lungs of HDM challenged mice compared to saline challenged controls
from the first time point and throughout the entire study and were followed by an increase
inIL-4, IL-13 and IL-5 concentrations in BAL from the second time point onwards. Upregulation
of type 2 cytokines upon HDM exposure resulted in a gradual increase of BAL eotaxin-1 levels
from the first challenge onwards, and was followed by a propagation of eosinophilic airway
and lung inflammation from the second time point and over the duration of the study. At first,
HDM challenge was also associated with upregulation of IFNy and IL-17A, however the
responses were short-lived and resulted in a transient neutrophilia only 2 hours after the
second and third HDM challenge. These data confirmed the predominance of type 2 immune
responses after HDM exposure and successfully recapitulated allergen-provoked responses
in allergic asthma (Metzger et al. 1987, Aalbers et al. 1993, Bradding et al. 1994, Truyen et al.
2006, Kuruvilla et al. 2019). In asthmatic patients, allergen challenge has been similarly
associated with eosinophilic and neutrophilic responses early after a challenge, however late
responses were dominated by type 2 immune responses, which were characterised by
pronounced airway eosinophilia and recruitment of T helper cells (Metzger et al. 1987,
Kuruvilla et al. 2019). In our model HDM challenge was also associated with upregulated BAL
TNFa and IL-1B. Upregulation of TNFa has been reported in asthmatic patients (Ying et al.
1991, Bradding et al. 1994, Baines et al. 2011) and TNFa genetic polymorphisms have been
associated with increased risk of asthma in children and adults (Kang et al. 2019, Zhu et al.
2020). TNFa has been proposed to regulate various aspects of the development of allergic
airway inflammation (Berry et al. 2007), including eosinophil chemotaxis and their cytotoxic
effects as well as T cell activation and cytokine release (Scheurich et al. 1987, Slungaard et al.

1990, Lukacs et al. 1995a). IL-1B is also upregulated in asthmatic patients (Mattoli et al. 1991,
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Borish et al. 1992, Baines et al. 2011) and is vital for the induction of Th2 immune responses

(Besnard et al. 20114, Bruchard et al. 2015).

In addition to the analysis of type 1, 2 and 17 cytokines, ATP levels were measured in BAL to
confirm the proposed TRPV4-induced ATP release in this model. A standard luciferase based
assay which exploits luciferin oxidation by luciferase in the presence of ATP and subsequent
generation of unstable, light emitting oxyluciferin was used for this purpose (McElroy 1947,
Inouye 2010). However, we were unable to reliably detect ATP in any of the experimental
groups using this method, even though increased ATP levels were reported in BAL of
asthmatic patients after allergen challenge as well as allergen challenged mice (Idzko et al.
2007, Vanderstocken et al. 2010, Chavez et al. 2013, Idzko et al. 2013, Zhang et al. 2017).
However, ATP levels in BAL are rapidly and tightly regulated by extracellular ATPases (Pelleg
et al. 2016) and indeed, whilst trying to optimise and improve ATP detection assay we have
observed intrinsic ATPase activity of BAL supernatants from naive as well as diseased
laboratory animals (unpublished data). Analysis of ATP in fresh samples or addition of Ca?*
chelators, such as EDTA, have been utilised by some groups to minimise the effects of ATPase
activity (Idzko et al. 2007, Idzko et al. 2013). In our hands EDTA did not improve the sensitivity
and interfered with the luciferase assay (unpublished data). Instead, alternative approaches
to ATP detection, such cell-reporting assay (Muller et al. 2017) as well as detection of ATP and
its breakdown products by high performance liquid chromatography (Esther et al. 2008,

Graven et al. 2014) are currently being established in our laboratory.

Nevertheless, our next aim was to clarify the initiation of type 2 immune responses. CD4* and
CD8* T cell responses were characterised first as both T cell subsets have been proposed as
indispensable in our HDM model as well as other AAD models (Gavett et al. 1994, Hamelmann
et al. 1996, Foster et al. 2002, Isogai et al. 2004, Miyahara et al. 2004, Sawicka et al. 2004,
Joetham et al. 2005, Koya et al. 2007, Raemdonck et al. 2016). Interestingly, among more than
30 inflammatory mediators evaluated in the time course study, IL-2 was the only cytokine
selectively upregulated in BAL 2 hour after the initial HDM challenge and was also elevated 2
hours after each subsequent HDM challenge, but not later in the time course. As IL-2 triggers
STATS5 phosphorylation (Doganci et al. 2008, Liao et al. 2008), we determined the levels of
pPSTATS5A,B in the lung and found that pSTATS was indeed upregulated simultaneously with

IL-2 after each HDM challenge. HDM-evoked IL-2 signalling was suggestive of activation of
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memory T cells that had been generated during the systemic allergen sensitisation phase,
although it is also essential for ILC2 function and proliferation (London et al. 2000, Masopust
et al. 2001, Reinhardt et al. 2001, Mojtabavi et al. 2002, Cote-Sierra et al. 2004, Masopust et
al. 2004, Doganci et al. 2008, Liao et al. 2008, Wilhelm et al. 2011, Mirchandani et al. 2014,
Oliphant et al. 2014, Hondowicz et al. 2016, Turner et al. 2018, Bosnjak et al. 2019). Indeed,
in the time course study we observed heightened numbers of CD4+ and CD8+ T cells in BAL
from the second HDM challenge onwards, although proliferative responses of T cells were
slower compared to the cytokine production as previously reported (London et al. 2000).
CD4+ and CD8+ T cell numbers in BAL peaked at 2 hours after the third HDM challenge and
while CD8+ T cells plateaued afterwards, CD4+ T cells peaked again 72 hours after the third
HDM challenge. This coincided with the expansion of lung CD4+ T cell population, a
consequence of an additional CD4+ T cell recruitment from the regional lymph nodes and
circulation and further amplification of type 2 immune responses (Bosnjak et al. 2019). Gene
expression studies on isolated CD4* T cells confirmed that CD4* T cells acquired a Th2
phenotype upon HDM challenge as characterised by an upregulation of master Th2
transcription factor Gata3, IL-33 receptor St2 as well as type 2 cytokines /I-4, II-5 and //-13
(Robinson et al. 1992, Robinson et al. 1993a, Zheng and Flavell 1997, Lohning et al. 1998, Xu
et al. 1998, Kuruvilla et al. 2019). Our findings recapitulate elevated CD4* and CD8* T cell
numbers in the airways of asthmatic patients and the contribution of Th2 cells to type 2
cytokine production upon allergen challenge (Metzger et al. 1987, Gerblich et al. 1991, Walker
et al. 1991, Robinson et al. 1992, Robinson et al. 19933, Lee et al. 2001, Muehling et al. 2017).
Furthermore, T cells recruited into the airways of asthmatic patients appeared activated and
exhibited a memory phenotype (Marathias et al. 1991, Walker et al. 1991, Robinson et al.
1993b). Simultaneously, increased levels of IL-2 in BAL or exhaled breath condensate have
been measured in asthmatic patients, especially when symptomatic (Marathias et al. 1991,
Robinson et al. 1992, Robinson et al. 1993b, Park et al. 1994, Boonpiyathad et al. 2013).
IL-2/STATS signalling has been deemed critical for type 2 cytokine production, migration and
proliferation of activated CD4* T cells (Ben-Sasson et al. 1990, Le Gros et al. 1990, Cote-Sierra
et al. 2004, Hashimoto et al. 2006, Doganci et al. 2008, Liao et al. 2008, Hondowicz et al. 2016).
Inhibition of IL-2 signalling has been associated with improved airway function and dampened

eosinophilic airway inflammation in both preclinical models of AAD as well as asthmatic
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patients, while treatment with IL-2 during an allergen challenge exacerbated the disease

(Renzi et al. 1999, Busse et al. 2008, Doganci et al. 2008).

While the pivotal role of CD4* T in allergic airway inflammation has been extensively
established (Gavett et al. 1994, Foster et al. 2002, Joetham et al. 2005, Raemdonck et al.
2016), the role of CD8* T cells is more controversial. A plethora of studies have demonstrated
a protective role of CD8* T cells during sensitisation and allergen challenge and were
associated with dampened of Th2 inflammation (Hansen et al. 1999, Huang et al. 1999, Stock
et al. 2004, Takeda et al. 2009). Nevertheless, several research groups, including ours, have
provided evidence for an indispensable role of CD8" T cells in the development of airway
inflammation as well as AHR in animal models of AAD (Hamelmann et al. 1996, Isogai et al.
2004, Miyahara et al. 2004, Sawicka et al. 2004, Joetham et al. 2005, Koya et al. 2007, Koya
et al. 2009, Raemdonck et al. 2016). CD8* T cells have been recognised as a source of type 2
cytokines in patients as well as animal models (Coyle et al. 1995b, Lee et al. 2001, Sawicka et
al. 2004, Stock et al. 2004, Cho et al. 2005). Sawicka et al have further demonstrated a
formation of CD8* Tc2 memory cells upon allergen encounter which were sufficient for
induction of type 2 inflammation during subsequent allergen challenge (Sawicka et al. 2004).
The contribution of CD8* T cells in human disease is not as clear, however CD8* T cell numbers
in BAL have been associated with long-term lung function decline in asthmatic patients and

asthma related deaths (O'Sullivan et al. 2001, van Rensen et al. 2005, den Otter et al. 2016).

An increasing body of literature has demonstrated allergens can evoke type 2 airway
inflammation independently of T cells (Lloyd and Snelgrove 2018). ILC2s, a Th2 innate cell
counterpart, have been recognised as an important source of type 2 cytokines and can initiate
type 2 immune responses independently of adaptive immunity (Lloyd and Snelgrove 2018).
To evaluate their contribution to the HDM-evoked pathology in our model, we characterised
the kinetics of ILC2 responses upon HDM challenge. IL-33, IL-25 and TSLP were initially
guantified in BAL and their gene expression determined in lung as they are the main cytokines
responsible for ILC2 activation (Mitchell and O'Byrne 2017b). In our model we could detect
no IL-25 in BAL or /I-25 in lung. Interestingly, intranasal challenges triggered an increase in BAL
TSLP concentration and from the second challenge onwards the responses were smaller in
HDM challenged mice, coinciding with downregulated lung Tslp. Nevertheless, HDM

challenge was associated with increased BAL IL-33 concentration 2 hours after the second and
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third allergen challenge, respectively, and upregulated //-33 in lung from the second HDM
challenge onwards. These data are in agreement with clinical findings demonstrating an
increased expression of IL-33 in BAL, sputum as well as biopsy specimens in asthmatic patients
compared to controls (Préfontaine et al. 2010, Hamzaoui et al. 2013, Saglani et al. 2013, Guo
et al. 2014, Chauhan et al. 2015, Christianson et al. 2015, Kaur et al. 2015, Li et al. 2018b,
Wang et al. 2018a). However, dysregulation of TSLP and IL-25 signalling was not recapitulated
in our model. TSLP levels in BAL, serum and exhaled breath condensates as well as increased
expression in bronchial biopsies has been found elevated in asthmatic patients (Ying et al.
2005, Gluck et al. 2016, Li et al. 2018b, Wang et al. 2018b). Allergen challenge has also evoked
upregulation of IL-25 in submucosa of asthmatic patients, although no change in IL-25 levels
in BAL could be measured (Cheng et al. 2014, Li et al. 2018b, Wang et al. 2018b). All three
cytokines have been shown to regulate various aspects of type 2 immunity, including T cell,
ILC2 and dendritic cell functions, as well as airway remodelling, and are now being evaluated
as treatments of severe asthma (Mitchell and O'Byrne 2017a, Matera et al. 2020). For
instance, tezepelumab, an anti-TSLP mAb, has been successful in reducing AHR and markers
of systemic and airway inflammation upon allergen challenge in a proof-of-concept study, as
well as exacerbation rates and blood eosinophilia in phase 2b clinical trials (Gauvreau et al.
2014, Corren et al. 2017, Matera et al. 2020). The beneficial effect of tezepelumab on
exacerbation rate, asthma control and lung function in severe asthmatics has been confirmed
in a phase 3 multicentre clinical trial NAVIGATOR (Menzies-Gow et al. 2021) and Tezspire has
been approved by U.S. Food and Drug Administration as an add-on maintenance therapy in
with severe asthma aged 12 years and older (2021). Results of first clinical trials testing the
efficacy of anti-IL-33 or anti-ST2 therapies are as promising. Itepekimab, an anti-IL-33 mAb,
was associated with improved asthma control and lung function in patients with
moderate-to-severe asthma in a phase 2 trial (Wechsler et al. 2021). Astegolimab, an anti-ST2
mAb, similarly reduced exacerbation rate in patients with severe inadequately controlled

asthma (Kelsen et al. 2021).

Upregulation of IL-33 as well as IL-2 upon HDM challenge demonstrated a presence of cues
needed for ILC2 activation and proliferation in the presented HDM model. Indeed, HDM
exposure triggered an expansion of ILC2s in BAL and lung, although with a delay, as an

increase in ILC2s numbers was observed no earlier than 24 hours after the third HDM
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challenge. Subsequent gene expression studies on isolated ILC2s which were characterised by
a lack of T cell markers and high expression of Gata3 as well as St2, confirmed expression of
1I-5, 1I-13 and relatively lower levels of /-4 by ILC2s as previously reported (Halim et al. 2012,
Li et al. 2017, Halim et al. 2018, Starkey et al. 2019). Interestingly, ILC2s expression profile
remained unchanged upon HDM challenge, contradicting the proposed HDM-induced
activation. ILC2s have been demonstrated to upregulate type 2 cytokines when activated,
although variable effects on ST2 expression have been reported (Halim et al. 2012, Klein
Wolterink et al. 2012, Li et al. 2017). Studies utilising AAD models with mucosal sensitisation
to aeroallergens have established a vital role of ILC2s for the initiation of type 2 immunity,
even in the absence of adaptive immunity (Halim et al. 2012, Klein Wolterink et al. 2012, Gold
et al. 2014, Halim et al. 2014, Lloyd and Snelgrove 2018). Even so, ILC2-driven immune
responses have been accompanied by heightened CD4* T cell numbers and ILC2s have been
demonstrated to promote Th2 recruitment, differentiation and activation of Th2 cells directly
or indirectly via DCs (Drake et al. 2014, Halim et al. 2014, Mirchandani et al. 2014, Oliphant et
al. 2014, Bouchery et al. 2015, Halim et al. 2016, Halim et al. 2018). Although CD4* T cells
might be dispensable during the initiation ILC2-driven responses, CD4* T cells have been
crucial for the maintenance of type 2 pathology or robust inflammatory responses after
subsequent re-exposures and T-cell derived IL-2 has been shown to regulate ILC2 function
(Neill et al. 2010, Wilhelm et al. 2011, Drake et al. 2014, Halim et al. 2014, Mirchandani et al.
2014, Oliphant et al. 2014, Bouchery et al. 2015). In AAD models with systemic sensitisation
phase (like Ovalbumin-induced AAD models) ILC2s have appeared dispensable for
allergen-evoked airway pathology (Klein Wolterink et al. 2012, Tjota et al. 2013, Gold et al.
2014). In a Th2 driven murine Aspergillus model, Wiesner et al. have observed an early
expansion of CD4* T cells followed by a delayed expansion of ILC2 (Wiesner et al. 2020). In
OVA model, Tjota et al. have described an increase in ILC2 numbers upon OVA challenge,
although allergen-primed CD4* T cells were sufficient for the reconstitution of OVA-induced
airway pathology in Rag”1l2ra”’" mice (Tjota et al. 2013). Moreover, we have data to suggest
that administration of low dose HDM alone was not sufficient for ILC2 expansion in
non-sensitised animals or in mice lacking mature T and B lymphocytes (Rag”" mice)
(unpublished data). Therefore, we postulated that ILC2s were not required for the
establishment of airway inflammation upon HDM exposure, however we have not yet fully

elucidated the role of ILC2s in this model. The possibility exists that with escalating lung
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inflammation airway epithelial damage worsened (Oddera et al. 1996, Wilson et al. 2013) and
was reflected by upregulation of lung //-33 (Mitchell and O'Byrne 2017b). Activation of ILC2s
at this later stage could either contribute to the loss of epithelial barrier integrity, promote
airway remodelling or wound healing via the secretion of EGF cytokine family member
amphiregulin (Monticelli et al. 2011, Saglani et al. 2013, Monticelli et al. 2015, Lloyd and
Snelgrove 2018, Sugita et al. 2018). Follow up studies using mice engineered to target ILC2s
(Starkey et al. 2019), would be required to delineate the role of ILC2s in the development of

allergic airway inflammation as well as airway remodelling and repair phase.

Lastly, APCs are another vital player in the induction of type 2 immunity (Vroman et al. 2017).
The pivotal role of DCs during allergen sensitisation in Th2 priming and differentiation has
been long known (Vroman et al. 2017). However, their function extends well beyond
sensitisation as cDC2s and moDCs have been demonstrated to be indispensable for the
reactivation of memory Th2 cells during allergen challenge (Lambrecht et al. 1998, Lambrecht
et al. 1999, Julia et al. 2002, van Rijt et al. 2005, Medoff et al. 2009, Plantinga et al. 2013).
Here, we demonstrated that HDM challenge was associated with a marked recruitment of
moDCs into the lung 2 hours after the second HDM challenge and an expansion of lung
classical CD103* and CD11b* DC populations toward the end of the study. A rapid recruitment
of moDCs into the lung as well as expansion of cDC subsets upon allergen challenge have been
described before in the context of rodent models of AAD as well as clinical observations and
were shown to occur within few hours after allergen encounter (Moller et al. 1996, Jahnsen
et al. 2001, Huh et al. 2003, van Rijt et al. 2005, Plantinga et al. 2013, Wiesner et al. 2020).
Studies into DC airway network have demonstrated a close contact between submucosal DCs
and T cells which was further strengthened by allergen exposure (Huh et al. 2003, van Rijt et
al. 2005). Monocyte-derived DCs have been described as highly proinflammatory and as
potent simulators of CD4* and CD8* T cells due to their high expression of co-stimulatory
molecules on their surface (Masten et al. 1997, Huh et al. 2003, van Rijt et al. 2005, Kopf et
al. 2015). Upon allergen challenge lung DCs have been shown to produce lymphocyte and DC
attracting chemokines such as MIP-1a, MIP3a, TARC and MDC (CCL22), CCL2 and CCL17 and
promote airway inflammation (Vissers et al. 2001, van Rijt et al. 2005, Plantinga et al. 2013).
In line with this notion, we measured increased levels of MIP1a, TARC and CCL2 in BAL upon

HDM exposure in a similar fashion to moDC dynamics. Furthermore, heightened numbers of
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all three DC subsets were found in the regional LN from the second time point onwards,
suggestive of their migration after encountering allergens, similar to previous reports
(Plantinga et al. 2013). Interestingly, all three DC subsets were equally present in the MLN at
first, although moDCs have been previously described as poorly migratory compared to cDCs
(Nakano et al. 2013, Plantinga et al. 2013). However, at the end of the time course study
CD11b* cDC2 population remained the predominant subset as previously suggested (Nakano
et al. 2013, Plantinga et al. 2013). Antigen presentation by other APCs, such as AMs and B
cells, does not appear relevant for the initiation of type 2 immune responses during allergen
challenge phase. AMs have been demonstrated to uptake inhaled allergens, but were
incapable of migrating to draining lymph nodes (Plantinga et al. 2013, Schneider et al. 2014).
Moreover, selective depletion of AM has worsened rather than ameliorated allergic airway
inflammation (Plantinga et al. 2013, Schneider et al. 2014, Mathie et al. 2015, Lambrecht et
al. 2017). B cells on the other hand, are poor up-takers of inhaled allergens and are
indispensable of the development of allergic airway inflammation in various AAD models,
including the HDM model used in this thesis (Hamelmann et al. 1997b, Mehlhop et al. 1997,
Corry et al. 1998, Plantinga et al. 2013, Raemdonck et al. 2016). However, additional studies
are warranted to undoubtedly establish the importance of DCs (and particular subsets) in

this model.

Taken together, we postulated that CD4* T cells, CD8* T cells and moDCs were the key immune
cell populations required for the initiation of type 2 immune responses during HDM challenge
phase and were hence considered as the most probable players in the TRPV4 signalling
cascade in this model. As the role of ILC2s and DC subsets has not been delineated fully, the
possibility exists that ILC2s as well as cDC1s and cDC2s contribute to the development and
maintenance of allergic airway inflammation. Therefore, to address the second aim of this
chapter, CD4* T cells, CD8* T cells, ILC2s, and all three lung DC populations were investigated
for being a part of the TRPV4 axis. All those populations were isolated from lungs of saline or
HDM challenged mice using FACS. Trpv4 was found to be expressed on CD4*T cells, ILC2s, and
all DC populations, and inconsistently on CD8* T cells, in line with previous reports of TRPV4
expression in human leukocytes, including monocytes, dendritic cells and lymphocytes (Inada
et al. 2006, Spinsanti et al. 2008, Szollosi et al. 2013, Bertin et al. 2014, Majhi et al. 2015, Naert

etal. 2019). In our model, HDM challenge triggered a suppression of Trpv4 expression in CD4*
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T cells, ILC2s and DC subsets. This is in contrast to observations from murine OVA-induced,
AAD models which have suggested an upregulation of lung TRPV4 after OVA exposure,
although no change in TRPV4 expression was observed in murine ragweed model (Groot-
Kormelink et al. 2012, Duan et al. 2020, Kim et al. 2020, Wiesner et al. 2020). The effects of
allergen exposure on lymphocyte- or DC-specific TRPV4 expression have not been reported
elsewhere, however the activation of T cells and maturation of DCs have been linked with
increased TRPV4 expression (Szollosi et al. 2013, Majhi et al. 2015). The implications of TRPV4
signalling for lymphocyte and DC function have also not been extensively investigated. Naert
et al. have demonstrated that while TRPV4 was dispensable for DC maturation and expression
of costimulatory molecules upon LPS stimulation, it was crucial for FcR-dependent
phagocytosis (Naert et al. 2019). They postulated that phospholipase C (PLC)-y, activated
upon FcR ligation, induced the production of inositol triphosphate (IP3) which sensitised
TRPV4 to mechanical stimuliin the vicinity of the engulfing membranes (Fernandes et al. 2008,
White et al. 2016, Naert et al. 2019). FcyRIll signalling on DCs has been shown vital for the
development of allergic airway inflammation in a murine OVA model (Tjota et al. 2013) and
could lead to activation of TRPV4 signalling in allergic airway activation. Majhi et al. have
demonstrated the presence of functional TRPV4 receptors on human and murine primary T
cells which regulated T cell migration and cytokine production upon activation (Majhi et al.
2015). The mechanism of TRPV4 activation upon TCR stimulation in T cells is yet to be
elucidated. TCR activation triggered activation of a structurally close TRP channel TRPV1 via
phosphorylation by Src kinase (Bertin et al. 2014, White et al. 2016). Src kinases have been
demonstrated to modulate the activity of TRPV4 as well (Xu et al. 2003, White et al. 2016).
Additionally, TRC signalling is complex and involves activation PKC as well as PLCyl and
generation of IP3, which have been implicated in TRPV4 sensitisation/activation (Fernandes
et al. 2008, White et al. 2016, Naert et al. 2019), however further research into the

mechanism of TRPV4 activation in lymphocytes and dendritic cells are warranted.

TRPV4 activation has been linked to ATP release via Panx-1 channels space (Seminario-Vidal
et al. 2011, Baxter et al. 2014, Dahl 2015, Bonvini et al. 2016, Rahman et al. 2018, Bonvini et
al. 2020), thus Panx-1 expression was studied in those populations as well. Panx-1 was
detected in all populations and was downregulated upon HDM challenge in ILC2s, cDC2s and

moDCs and upregulated in cDC1s. No change in Panx-1 expression was observed in CD4* or
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CD8*T cells. CD4*and CD8* T cells have been demonstrated to express and rely on Panx-1 for
ATP release into extracellular space which controls T cell effector function, migration as well
as survival (Schenk et al. 2008, Woehrle et al. 2010a, Woehrle et al. 2010b, Shoji et al. 2014,
Ledderose et al. 2018, Wanhainen et al. 2019). Although the importance of ATP for DC
migration, priming function and survival has been previously established, the presence of
functional Panx-1 channels on dendritic cells have recently demonstrated and implicated in

DC migration (Saez et al. 2017, Silva-Vilches et al. 2018).

One limitation to this approach to studying TRPV4/ATP signalling in immune cells is that the
function and role of TRPV4 had not been investigated. Additionally, the validation of our
findings on cells isolated from human and relevance for asthma would be in place. Focusing
solely on immune cells we had not addressed the potential involvement of airway epithelium
in HDM-triggered TRPV4 signalling. Airway epithelium has been recognised as a primary
source of IL-33, TSLP and IL-25 and actively regulates allergen-evoked type 2 immune
responses (Mitchell and O'Byrne 2017a). Airway epithelial cells abundantly express TRPV4 on
their apical surface and release ATP upon TRPV4 activation (Fernandez-Fernandez et al. 2008,
Seminario-Vidal et al. 2011, Baxter et al. 2014). Wiesner et al. have recently demonstrated
that conditional knockdown of TRPV4 in club cells was protective against the development of
allergic airway inflammation in an alkaline protease 1 (AP1) model of AAD (Wiesner et al.
2020). However, AP1 model relies on mucosal sensitisation to allergens (Wiesner et al. 2020)
and the contribution of epithelial TRPV4 during allergen challenge phase remains to be

elucidated.

Nevertheless, having demonstrated that key immune cells could be driving TRPV4 signalling
in allergic airway inflammation, the last aim of this chapter was to identify P2X receptors that
could be activated by ATP downstream of TRPV4. We analysed gene expression of all seven
P2X receptors in the key immune cells postulated to drive TRPV4 axis in AAD. We detected
P2rx1, P2rx4, P2rx5 and P2rx7, but no P2rx2, P2rx3 and P2rx6 mRNA in CD4*and CD8* T cells
as previously reported (Schenk et al. 2008, Yip et al. 2009, Woehrle et al. 2010a, Woehrle et
al. 2010b, Wang et al. 2014, Stark et al. 2018). Purinergic signalling, especially via P2X1, P2X4
and P2X7 receptors, is pivotal for T cell function, migration and survival (Mizumoto et al. 2002,
Schenk et al. 2008, Yip et al. 2009, Woehrle et al. 2010a). T cells depend on ATP signalling for

successful communication; they maintain ATP halo surrounding their plasma membrane to
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sustain P2X1 signalling necessary for antigen recognition (Mizumoto et al. 2002, Ledderose et
al. 2016). TCR stimulation triggers an additional release or ATP as well as translocation of
Panx-1, P2X1 and P2X4 into the immune synapse (Schenk et al. 2008, Yip et al. 2009, Woehrle
et al. 2010a, Ledderose et al. 2014, Ledderose et al. 2016). Subsequent autocrine and
paracrine activation of P2X4 as well as P2X7 induces IL-2 production as well as proliferation,
while P2X5 receptor has been implicated in IL-10 production (Baricordi et al. 1996, Schenk et
al. 2008, Yip et al. 2009, Woehrle et al. 2010a, Abramowski et al. 2014, Ledderose et al. 2014,
Wang et al. 2014, Ledderose et al. 2016). On the other hand, the absence of ATP signals during
maturation or activation induces anergy of CD4* T cells (Schenk et al. 2008). P2X7 has been
additionally recognised as the main receptor regulating ATP-induced cell death (Tsukimoto et
al. 2006, Shoji et al. 2014, Stark et al. 2018). Detailed analysis of P2X7 expression on CD8* T
cell subsets revealed a particularly high expression in resident memory population compared
to low expression on naive and central memory subsets (Stark et al. 2018). However,
TCR-mediated activation triggered downregulation of P2X7 and was postulated to promote
survival of tissue resident populations upon activation (Stark et al. 2018). In our studies HDM
challenge was associated with upregulation of P2rx1 and P2rx7 in CD4* and CD8* T cells and
P2rx5 on CD8* T cells, while gene expression of other channels remained unchanged.
Upregulation of P2X5 has been previously associated with T cell activation (Abramowski et al.
2014), however there is lack of information on the transcriptional regulation of P2X receptors
in T cell during allergic airway inflammation. Less specifically, though, upregulation of P2X4
has been noted on BAL cells isolated from asthmatic patients compared to controls, and
animals studies have reported upregulation of lung P2rx4 and P2rx7 upon allergen challenge
(Muller et al. 2011, Chen et al. 2016, Zech et al. 2016, Ochoa-Amaya et al. 2018, Kim et al.
2020). Our P2X gene expression studies in the time course study have not only confirmed the
upregulation of P2rx4 and P2rx7 in lung upon HDM challenge, but have also demonstrated
upregulation of P2rx1, P2rx2 and downregulation of P2rx6, similar to changes in liver P2X

expression during sepsis (Csoka et al. 2018).

ILC2s expressed P2rx1, P2rx4, and P2rx7 but no other P2X channels, with HDM challenge
exerting no effect on their expression. The role of ATP signalling as well as specific function of
each of the individual P2X receptors for ILC2 function and the contribution of each of the

receptors is not yet clear and warrants further investigations.
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Analysis of P2X receptor expression in DC subpopulations revealed an abundant expression
of P2rx4, P2rx5 and P2rx7 and low expression of P2rx1 and P2rx6, but no P2rx2 or P2rx3
similar to published data (Berchtold et al. 1999, Saez et al. 2017). In contrast to T cell
expression data, HDM challenge was associated with reduced expression of P2rx7 in all DC
subpopulations, as well as downregulation of P2rx4 and P2rx5 in moDCs and cDCls,
respectively. There is a lack of information on regulation of P2X receptor expression in DCs in
asthma as well the roles of P2X5 and P2X6 in DC functions (Jacob et al. 2013). Expression
studies performed on moDCs from asthmatic patients found no change in P2x7 expression
compared to healthy controls (Muller et al. 2011), however the genetic profile of moDCs
cultured and differentiated in vitro from blood monocytes might not reflect that of lung
resident DCs or in vivo recruited moDCs. A similar study performed on mouse bone marrow
derived DCs (BMDCs) demonstrated an enhanced P2rx4 expression 24 hours ATP stimulation,
but have not investigate the effect of allergen challenge on P2X receptor expression in vivo
(Zech et al. 2016). The importance of ATP signalling for DC function, cytokine production,
migration and survival has been well established (Silva-Vilches et al. 2018). ATP does not
appear to affect maturation, but is critical for their T cell priming ability and the capacity to
attract lymphocytes (Mutini et al. 1999, Idzko et al. 2007, Saez et al. 2017). Additionally,
migration of naive but not mature DCs is also regulated by ATP, however it does not appear
to be mediated via P2X4 or P2X7 (la Sala et al. 2002, Li et al. 2014, Zech et al. 2016, Saez et al.
2017). P2X4 and P2X7 are the main purinergic receptors implicated in ATP-induced responses
and death and their activation has been associated with NLRP3 inflammasome activation and
IL-1B release (Mutini et al. 1999, Sakaki et al. 2013, Englezou et al. 2015, Zech et al. 2016, Saez
et al. 2017). NLRP3 inflammasome/IL-1B signalling appears critical for the induction of Th2
immune responses in animal models of AAD (Besnard et al. 2011a, Bruchard et al. 2015), and
both, P2X4 and P2X7 have both been implicated in regulation of Th cell priming and the
development of type 2 immune responses (Muller et al. 2011, Zech et al. 2016). P2X4”7- and
P2X77/- DCs, respectively, have been demonstrated to be IL-1B insufficient and exhibited
impaired priming capabilities after allergen exposure in vitro and invivo (Lucattelli et al. 2011,
Zech et al. 2016). In our HDM model increased IL-1B were associated with HDM challenge
concurrently with type 2 inflammatory response which support the involvement of P2X4 and

P2X7 in the pathogenesis of allergic airway inflammation.
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These data suggested several P2X receptors could be activated downstream of TRPV4
activation. Considering published literature and the presented expression data, we
postulated that P2X1, P2X4 and P2X7 were the most likely targets in TRPV4/ATP signalling axis

and their role in AAD was studied in the successive chapter.
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4. P2X receptors as downstream targets in TRPV4
signalling in HDM-induced model of allergic airway

disease
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4.1.Introduction

The aim of the thesis is to elucidate TRPV4 signalling cascade in allergic asthma. Our
laboratory has previously suggested the central role of TRPV4 signalling in the development
of allergic airway inflammation and allergen-induced airway responses in rodent models of
AAD as inhibition of TRPV4 signalling abolished the development of allergic airway
inflammation and allergen-induced changes in lung function (Birrell et al. 2016). In the murine
HDM AAD model, Panx-1 deficient mice were similarly protected from the development of
allergen-induced hallmark features of AAD (unpublished data), which has implicated a release
of ATP into extracellular space upon TRPV4 activation as previously suggested (Seminario-
Vidal et al. 2011, Baxter et al. 2014, Bonvini et al. 2020). In extracellular milieu ATP acts in an
autocrine and paracrine fashion on predominantly ATP-gated P2X ion channels, although
several P2Y G-protein coupled receptors have an ability to respond to ATP in addition to other

purines (llles et al. 2020).

Extracellular ATP has been increasingly implicated in the pathogenesis of chronic respiratory
disease. Increased ATP levels have been measured in the airways of COPD, IPF as well as
asthma patients (Lommatzsch et al. 2010, Riteau et al. 2010, Muller et al. 2011, Lazar et al.
2016). In relevance to asthma, preclinical studies have demonstrated that breakdown of ATP
or inhibition of purinergic P2 receptors, P2X4 or P2X7 for example, alleviated allergic airway
inflammation as well as AHR (Idzko et al. 2007, Muller et al. 2011, Ledderose et al. 2014,
Amison et al. 2015, Chen et al. 2016, Zech et al. 2016, Li et al. 2018a). While a link between
TRPV4 and activation of P2X3, P2X4 or P2X7 has been established in cough, bronchospasm
and smoke-induced airway inflammation, respectively (Baxter et al. 2014, Bonvini et al. 2016,
Bonvini et al. 2020), it remains unclear which P2X receptors mediate the effects of TRPV4

activation in asthma.

In the previous chapter, we characterised P2X gene expression profiles in the immune cells
most critical for the development of allergic airway inflammation, namely CD4 * and CD8" T
cells, ILC2s and dendritic cells, to identify candidate P2X receptors that could be implicated in
TRPV4 signalling in our murine HDM model of AAD. We hypothesised that P2X1, P2X4 and
P2X7 receptors were the most likely downstream targets in TRPV4 signalling cascade due to
their high expression and importance for T cell and DC functions (Chapter 3, (Schenk et al.

2008, Yip et al. 2009, Woehrle et al. 2010b, Ledderose et al. 2014, Wang et al. 2014, Ledderose
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et al. 2016). Moreover, both receptors appear to be upregulated in asthmatic patients and
promote the development of allergic airway inflammation and AHR in animals models of AAD
(Muller et al. 2011, Chen et al. 2016, Zech et al. 2016, Li et al. 2018a, Wang et al. 2018a). Less
in known about the role of P2X1 in asthma pathogenesis, however a recent study has

suggested P2X1 receptors to be desensitised in asthmatic patients (Wright et al. 2016).

4.2 .Hypothesis and aims

We hypothesised that P2X4 or P2X7 receptors, activated downstream of TRPV4, were critical
for the development of allergic airway inflammation and AHR in our established HDM-induced

model of AAD.
To investigate this hypothesis, we aimed to

e Investigate the role of P2X7 in vivo in the murine HDM model of AAD utilising P2X7

deficient mice.

e [Investigate the role of P2X4 in vivo in the murine HDM model of AAD utilising P2X4
deficient mice,

e Investigate the role of P2X1 in vivo in the murine HDM model of AAD utilising P2X1

deficient mice.

4.3.Methods

This section outlines and summarises the main methods used in this chapter. All the

methodology and experimental protocols are presented in detail in Chapter Methods.

4.3.1. P2X77 in the HDM model
4.3.1.1. Validation of P2X77 mice

4.3.1.1.1. Gel electrophoresis based genotyping

DNA was extracted from tail tips from WT and P2X77- mice and amplified by PCR. Products
were then loaded onto agarose gels, separated by electrophoresis and visualised under UV

light.
43.1.1.2. Functional validation — NLRP3 inflammasome activation model

The absence of functional P2X7 receptors was confirmed in vivo in NLRP3 inflammasome

activation model, developed by Early Respiratory and Immunology Bioscience team,
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AstraZeneca. WT and P2X77 mice were exposed to nebulised saline or LPS for 30 minutes.
Five hours after the start of the study mice were intranasally administered PBS or ATP and
sacrificed 90 minutes later. BAL was collected for subsequent assessment of airway
inflammation. BAL total leukocyte numbers were determined by an automated cell counter
(Sysmex) while leukocytes were differentiated based on a histological assessment. BAL IL-13

and TNFa levels were measured by MSD U-plex assays, and BAL IL-18 by ELISA (Invitrogen).

43.1.2.  P2X77"HDM study
P2X77-and WT (C57BL/J6) mice were sensitised to HDM on days 0 and 14 and intranasally
administered saline or HDM on days 24, 25 and 26. On day 29, AHR to increasing
concentrations of 5-HT was assessed using whole body plethysmography (Buxco). Mice were
then sacrificed and blood, BAL and lung samples collected for the assessment of HDM-induced

inflammatory responses.

Briefly, total IgE and HDM-specific IgE were determined in plasma by ELISA. Lungs underwent
enzymatic digestion to obtain single cell solution. Total leukocyte numbers in lung and BAL
were quantified by an automated cell counter (Sysmex) while flow cytometry was utilised to
differentiate leukocyte populations based on their expression of surface and transcription
factors (analysed with Fortessa). BAL concentration of IL-1B, IL-4, IL-5, IL-10, IL-13, Eotaxin-1,
CCL2 and MIP-1a were determined by ProcartaPlex assays, and CCL17 concentration was

determined by ELISA (R&D).

4.3.2. P2X47 in the HDM model
4.3.2.1. Validation of P2X4” mice

43.2.1.1. Genotyping of P2X47" mice

To confirm the genotype of P2X47", P2X4*-and P2X4*/* mice, DNA was extracted from tail tips
and P2X4 alleles amplified by PCR. Products were loaded onto agarose gels, separated by

electrophoresis and visualised under UV light.
43.2.1.2. P2rx4 and P2rx7 expression in P2X47 mice

Lungs were collected from littermate female P2X47-, P2X4*- and P2X4*/* mice and mRNA
isolated. Expression of P2rx4 and P2rx7 was determined by RT-gPCR with eukaryotic 18s used

as an internal control.
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43.2.2. P2X47"HDM study
Littermate male and female P2X47" (P2rx4tmibEUCOMMWEs)) © poxA+/- and P2X4** mice were
sensitised to HDM on days 0 and 14. On days 24, 25 and 26 mice were anaesthetised with
isoflurane and intranasally administered saline or HDM. Three days after the last challenge
AHR was evaluated by assessing Penh responses to increasing concentrations of 5-HT by
whole body plethysmography (Buxco). Mice were then sacrificed and blood, BAL and lung

samples collected for the subsequent analysis of HDM-induced immune responses.

Briefly, blood samples were used for assessment of total IgE and HDM-specific IgE by ELISA.
ProcartaPlex assays were used to determine concentration of IL-18, IL-4, IL-5, IL-13, Eotaxin-1,
CCL2 and MIP-1a, and ELISA (R&D) was performed to quantify CCL17 concentration. BAL cells
were isolated and an automated cell counter (Sysmex) was used to determine total leukocyte
numbers. Flow cytometry was used to differentiate and enumerate BAL leukocyte
populations based on their expression of surface and transcription factors (analysed with
Fortessa). Upon enzymatic digestion of lung, total leukocyte numbers were quantified by an
automated cell counter while flow cytometry was utilised for the differential assessment of

leukocyte populations (analysed with Fortessa).

4.3.3. P2X17 in the HDM model

43.3.1. Genotyping of P2X17" mice
To confirm the genotype of P2X17-, P2X1*-and P2X1*/* mice, DNA was extracted from tail tips
and P2X1 alleles amplified by PCR. Initially, DNA was extracted in house and products were
loaded onto agarose gels, separated by electrophoresis and visualised under UV light. For
routine determination of the P2X1 genetic status ear tissue or tail tips were sent and analysed

by Transnetyx, Inc.

433.2. P2X17/"HDM study
Littermate female P2X17, P2X1*- and P2X1*/* mice were sensitised to HDM on days 0 and 14.
On days 24, 25 and 26 mice were anaesthetised with isoflurane and intranasally administered
saline or HDM. Three days after the last challenge AHR was evaluated by assessing Penh
responses to increasing concentrations of serotonin (5-HT) by whole body plethysmography
(Buxco). Mice were then sacrificed and blood, BAL and lung samples collected for the

subsequent analysis of HDM-induced immune responses.
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BAL cells were isolated and an automated cell counter (Sysmex) was used to determine total
leukocyte numbers. Flow cytometry was used to differentiate and enumerate BAL leukocyte
populations based on their expression of surface and transcription factors (analysed with
Fortessa). Upon enzymatic digestion of lung, total leukocyte numbers were quantified by an
automated cell counter while flow cytometry was utilised for the differential assessment of

leukocyte populations (analysed with Fortessa).

4.4 Results

4.4.1. Therole of P2X7 in allergic airway disease
To determine the role of P2X7 in the development of allergic airway disease P2X77- mice were
used in our murine HDM-induced model of allergic airway disease. The lack of functional P2X7

receptors was confirmed before the effect of P2X7 deficiency was studied in the HDM model.

4.4.1.1.  The validation of P2X77"mice
Genotyping by PCR followed by gel electrophoresis was performed to confirm genotype s of
P2X77/-and WT mice. The amplification of the normal P2X7 allele produced a 246bp long band,
while 200bp long band was characteristic of the mutated P2X7 allele. WT mice were thus
identified based on a presence of a single 246bp band and P2X77-mice based on a presence

of a single 200bp band (Figure 4.1A).

The lack of functional P2X7 receptors in P2X77- mice was confirmed in in vivo model of NLRP3
inflammasome activation. In WT mice, LPS exposure triggered an increase in BAL IL-1B
concentration in comparison to saline exposure, but had no effect on BAL IL-18 levels. ATP
challenge of LPS exposed WT mice further stimulated the release of IL-1 and IL-18 compared
to LPS exposure. LPS-induced responses in P2X77- mice were no different to WT controls.
However, P2X77- mice were protected from ATP-induced IL-1B and IL-18 release after LPS
challenge in comparison to WT controls. ATP challenge in saline exposed WT or P2X77- mice

induced no IL-1B or IL-18 release as compared to PBS challenge (Figure 4.1B,C).
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Figure 4.1: Validation of P2X7 deficient (P2X77/") mice.

A) Representative genotyping results confirming the presence of P2X7 mutation in P2X77 (knockout; KO) mice.
DNA extracted from mouse tail tips was amplified in PCR and products separated by gel electrophoresis. B,C)
Functional validation of P2X77" in lipopolysaccharide (LPS)- adenosine-triphosphate (ATP) model. Wild type (WT)
and P2X77 mice were exposed to saline or LPS and after 4.5h challenged with vehicle (PBS) or ATP. Mice were
sacrificed 1.5h after the challenge and bronchoalveolar lavage (BAL) collected. B) IL-1B and C) IL-18 BAL
concentration as determined by MSD assays (B) or ELISA (C). Mann-Whitney U test was used to analyse

differences between experimental groups. * denotes p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001.

4.4.1.2. Therole of P2X7 deficiency in the allergic airway inflammation
HDM challenge provoked an increased in total BAL leukocytes in WT mice, characterised by
increased eosinophils, CD4* T cell, CD8" T cell, B cell and ILC2 numbers relative to saline
challenged WT mice. NK cells and ILC1s also expanded, while neutrophil and AM populations
remained unchanged upon HDM challenge. P2X7”-HDM challenged mice had reduced total
leukocyte numbers, eosinophil, B cell, NK and ILC1 numbers compared to their WT controls.
A trend towards reduced CD4* and CD8*T cells was additionally noted in P2X77- HDM
challenged mice compared to WT controls, however the differences were not statistically
significant. Neutrophil, AM and ILC2 numbers were identical between P2X77- and WT HDM

challenged mice (Figure 4.2).
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Figure 4.2: The effect of P2X7 deficiency (P2X7”/) on house dust mite (HDM)-induced allergic airway
inflammation.

Wild type (WT) and P2X77" mice were sensitised to HDM and subjected to intranasal saline or HDM challenge on
three consecutive days. Three days later mice were sacrificed and bronchoalveolar lavage (BAL) collected. A)
Total leukocyte numbers as determined by an automated cell counter. B) Eosinophil, C) neutrophil, D) alveolar
macrophage (AM), E) CD4* T cell, F) CD8* T cell, G) B cell, H) natural killer (NK) cells, 1) group 2 innate lymphoid
cells (ILC2) and J) ILC1 numbers as determined by flow cytometry. Representative data from one of two
independent experiments are presented as mean = S.E.M. with N=16-17/group. Mann-Whitney U test was used

to analyse difference between respective experimental groups. * denotes p<0.05, ** p<0.01, **** p<0.0001.

4.4.1.3. The effect of P2X7 deficiency on HDM-induced lung inflammation
HDM challenge was associated with increased total leukocytes in the lungs of WT mice
compared to their saline challenged controls. More specifically, HDM challenge was
associated with an in increase in eosinophils, AM, CD4* T cells, CD8* T cells, B cells, natural
killer (NK) cells, B cells, ILC2s as well as DCs (moDCs, cDC2s and cDC1s) in WT mice relative to

their saline challenged controls. Lung neutrophil population remained unaffected upon HDM
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challenge. HDM-triggered lung inflammation in P2X77/ mice was comparable to that of HDM
challenged WT mice. Apart from a significant reduction in lung moDCs, no differences were
noted in total or differential cell counts (including eosinophils, B cells, NK cells and ILC1s)

between P2X77- and WT mice upon HDM exposure (Figure 4.3).
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Figure 4.3: The effect of P2X7 deficiency (P2X77") on house dust mite (HDM)-induced lung inflammation.

WT and P2X77 littermate mice were sensitised to HDM and administered saline or HDM intranasally on three
consecutive days. Three days later mice were sacrificed, lungs collected and enzymatically digested. A) Total
leukocyte numbers as determined by an automated cell counter. B) Eosinophil, C) neutrophil, D) alveolar
macrophage (AM), E) CD4* T cell, F) CD8* T cell, G) B cell, H) natural killer (NK) cells, I) group 1 innate lymphoid
cells (ILC1), J) ILC2s, K) monocyte-derived dendritic cell (moDC), L) classical DC 2 (cDC2) and M) cDC1 numbers
as determined by flow cytometry. Representative data from one of two independent experiments are presented
as mean + S.E.M. with N=15-16/group. Mann-Whitney U test was used to analyse difference between selected

experimental groups. *** denotes p<0.001, **** p<0.0001.
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4.4.1.4. The effect of P2X7 deficiency on cytokine and chemokine production
HDM challenge triggered an increase in IL-4, IL-5, IL-13, eotaxin-1, CCL2, MIP-1a, CCL17 and
IL-1B concentration in BAL in WT mice compared to saline challenge. In P2X7- mice reduced
concentration of BAL MIP-1a and IL-13 were measured upon HDM challenge relative to WT
controls. However, [L-4, IL-5, IL-13, Eotaxin-1, CCL2 and CCL17 levels in HDM challenged

P2X77 mice remained identical to those determined in WT mice (Figure 4.4).
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Figure 4.4: The effect of P2X7 deficiency (P2X77") on cytokine and chemokine production.

WT and P2X77 littermate mice were sensitised to house dust mite (HDM) and challenged with saline or HDM
intranasally on three consecutive days. Mice were sacrificed after 3 days and bronchoalveolar lavage (BAL)
collected for cytokine and chemokine assessment. BAL concentration of A) IL-4, B) IL-13, C) IL-5, D) Eotaxin-1, E)
MCP-1, F) MIP-1a, G) CCL17 and H) IL-1B. Representative data from one of two independent experiments are

presented as mean + S.E.M. with N=16/group. Mann-Whitney U test was used to analyse differences between

selected experimental groups. * denotes p<0.05, *** p<0.001 and **** p<0.0001.
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4.4.1.5. The role of P2X7 deficiency on IgE antibody production
In WT mice HDM challenge resulted in an increase in plasma total IgE plasma levels as well as
HDM-specific IgE relative to saline controls. HDM challenged P2X77-mice had identical plasma

IgE and HDM-specific IgE levels as their respective WT controls (Figure 4.5).
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Figure 4.5: The effect of P2X7 deficiency (P2X77") on IgE antibody production.

WT and P2X77 littermate mice were sensitised to house dust mite (HDM) and challenged with saline or HDM
intranasally on three consecutive days. After 3 days mice were sacrificed and blood collected. Plasma levels of
A) total IgE and B) HDM-specific IgE. Representative data from one of two independent experiments are
presented as mean + S.E.M. with N=16/group. Mann-Whitney U test was used to analyse differences between

experimental groups. **** denotes p<0.0001.
4416. The role of P2X7 deficiency in allergen-induced airway
hyper-responsiveness
Lastly, 5-HT challenge provoked pronounced Penh responses in HDM challenged WT and

P2X77/" mice in comparison to the respective saline control groups. Penh responses of

P2X77/- HDM challenged mice were no different to WT HDM challenged controls (Figure 4.6).
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Figure 4.6: The effect of P2X7 deficiency (P2X77) on house dust mite (HDM) induced airway
hyper-responsiveness.

WT and P2X77" mice were sensitised to house dust mite (HDM) and challenged with saline or HDM intranasally
on three consecutive days. After 3 days whole body plethysmography was utilised to assess airway responses to
nebulised saline, followed by escalating concentrations of serotonin (5-HT; 1-10mg/ml). Each exposure was
monitored for 15 minutes and Penh determined (presented as area under the curve (AUC)). Representative data
from one of two independent experiments are presented as mean + S.E.M. with N=10-14/group. * denotes

p<0.05, ** p<0.01 and *** p<0.001 in repeated measures ANOVA with Sidak’s multiple comparison test.

4.4.2. Therole of P2X4 in allergic airway disease
To determine the role of P2X4 in the development of AAD, P2X47- mice were used in HDM

model alongside P2X4*/* and P2X4*/" littermate controls.

4.4.2.1.  Validation of P2X4" mice
Genotyping by PCR with subsequent gel electrophoresis was routinely carried out to confirm
genotypes of P2X47", P2X4*/- and P2X4** mice. The amplification of the normal P2X4 allele
produced a 250bp band, while the amplification of the mutated P2X4 gene a resulted in the
presence of a 120bp band. The presence of a single 250bp band was indicative of P2X4*/*
genotype, a single 120bp band was indicative of P2X4”/" genotype, and both bands were
present in P2X4*/- mice (Figure 4.7A).
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Additionally, we confirmed the absence of P2rx4 gene transcription in the lungs of
P2X47- mice as drastically reduced P2rx4 levels were noted in P2X47 mice compared to
P2X4** controls. In P2X4*mice P2rx4 expression was reduced by half (Figure 4.7Figure 4.B).
Expression of P2rx7 in P2X4”7 mice was identical to the expression levels in P2X4** mice,
although a small reduction in P2rx7 expression was seen in P2X4* mice in comparison to
P2X4** mice (Figure 4.7Figure 4.C).
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Figure 4.7: Validation of P2X4 mice.
A) A representative genotyping gel. PCR was run with DNA isolated from mouse tail tips and products were
separated by agarose gel electrophoresis. B) P2rx4 and C) P2rx7 gene expression levels relative to eukaryotic

18s control in lung. +/+— P2X4*", +/- — P2X4*", -/-—P2X4", bp — base pairs, NTC — no DNA template control.

4.42.2. The effect of P2X47 on HDM-induced airway inflammation
HDM challenge triggered an increase in BAL leukocytes in P2X4*/* mice relative to saline
challenged controls. HDM-induced airway inflammation in P2X4** was characterised by
infiltration of eosinophils, neutrophils, CD4* T cells, CD8* T cells and ILC2s, and no change in
AM as compared to saline challenged controls. In P2X47-and P2X4*/- mice, HDM challenge

provoked airway inflammation identical to that of P2X4*/* mice (Figure 4.8).
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Figure 4.8: The effect of P2X4 deficiency (P2X47") on house dust mite (HDM)-induced allergic airway
inflammation.

P2X4**, P2X4*"- and P2X47" littermate mice were sensitised to HDM and subsequently challenged with HDM or
saline for three consecutive days. Three days later mice were sacrificed and bronchoalveolar lavage (BAL)
collected. A) Total leukocyte numbers were determined by an automated cell counter. B) Eosinophil, C)
neutrophil, D) alveolar macrophage (AM), E) CD4*T cell, F) CD8* T cell and G) group 2 innate lymphoid cells (ILC2)
numbers as determined by flow cytometry. Representative data from one of two independent experiments are
presented as mean + S.E.M. with N=9-15/group. Mann-Whitney U test was used to analyse difference between
saline and HDM challenged P2X4** mice and Kruskal-Wallis with Dunn’s multiple comparison post hoc test was

used to analyse differences between P2X4**, P2X4*", P2X4"- groups. ** denotes p<0.01, **** p<0.0001.

4.42.3. The effect of P2X47 on HDM-induced lung inflammation
HDM challenge was associated with increased total leukocytes, eosinophils, CD4*T cells, CD8*
T cells, ILC2s as well as DCs (moDCs, cDC2s and cDC1s) in lungs of P2X4** mice in comparison
to saline challenged controls. AM decreased while neutrophil numbers remained unaffected
by HDM challenge in P2X4** mice. In P2X4* as well as P2X47/- mice HDM challenge triggered

responses identical to that of P2X4*/* mice (Figure 4.9).
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Figure 4.9: The effect of P2X4 deficiency (P2X4”") on house dust mite (HDM)-induced lung inflammation.

P2X4**, P2X4*- and P2X47" littermate mice were sensitised to HDM and subsequently challenged with HDM or
saline for three consecutive days. Three days later mice were sacrificed, lungs collected and enzymatically
digested. A) Total leukocyte numbers as determined by an automated cell counter. B) Eosinophil, C) neutrophil,
D) alveolar macrophage (AM), E) CD4* T cell, F) CD8* T cell, G) B cell, H) group 2 innate lymphoid cells (ILC2), 1)
monocyte-derived dendritic cell (moDC), J) classical DC 2 (cDC2) and K) cDC1 numbers as determined by flow
cytometry. Representative data from one of two independent experiments are presented as mean * S.E.M. with
N=9-15/group. Mann-Whitney U test was used to analyse difference between saline and HDM challenge P2X4**
mice. Kruskal-Wallis with Dunn’s multiple comparison post hoc test was used to analyse differences between

P2X4**, P2X4*, P2X47 groups. ** denotes p<0.01, **** p<0.0001.

4.42.4. The effect of P2X47 on type 2 cytokine and chemokine production
HDM challenge provoked an increased in BAL IL-4, IL-13, Eotaxin-1, CCL2, MIP-1a, CCL17 and

IL-1B P2X4** mice in comparison to saline challenge. BAL IL-5 levels remained unchanged
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upon HDM challenge. In P2X4*- and P2X47- HDM challenge with cytokine and chemokine

responses identical to those of P2X4*/* mice (Figure 4.10).
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Figure 4.10: The effect of P2X4 deficiency (P2X47") on cytokine and chemokine production.

P2X4**, P2X4*" and P2X47 littermate mice were sensitised to house dust mite (HDM) and intranasally
challenged with saline or HDM on three consecutive days. Three days later mice were sacrificed and
bronchoalveolar lavage (BAL) collected for cytokine and chemokine assessment. BAL concentration of A) IL-4, B)
IL-13, C) IL-5, D) Eotaxin-1, E) MCP-1, F) MIP-1a, G) CCL17 and H) IL-1B. Representative data from one of two
independent experiments are presented as mean + S.E.M. with N=9-15/group. Mann-Whitney U test was used
to analyse differences between saline and HDM challenged P2X4** mice while Kruskal-Wallis with Dunn’s

multiple comparison post hoc test was used to analyse differences between P2X4**, P2X4*", P2X4" groups. **

denotes p<0.01, **** p<0.0001.
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4.425. The effect of P2X47" on antibody production
HDM exposure was associated with an increase in plasma total IgE as well as HDM-specific
IgE in P2X4*"* mice compared to their saline challenged controls. In P2X4*/- and P2X47- mice
HDM challenge induced an increase in total Ige and HDM-specific IgE identical to that

measured in P2X4** littermates (Figure 4.11).
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Figure 4.11: The effect of P2X4 deficiency (P2X47") on IgE antibody production.

P2X4**, P2X4*- and P2X4™" littermate mice were sensitised to house dust mite (HDM) and subjected to intranasal
saline or HDM challenge on three consecutive days. Three days later mice were sacrificed and blood collected.
Plasma levels of A) total IgE and B) HDM-specific IgE. Representative data from one of two independent
experiments are presented as mean = S.E.M. with N=9-15/group. Mann-Whitney U test was used to analyse
differences between saline and HDM challenge P2X4** mice while Kruskal-Wallis with Dunn’s multiple
comparison post hoc test was used to analyse differences between P2X4*/*, P2X4*", P2X47 groups. ** denotes

p<0.01, **** p<0.0001.

4.4.2.6. Therole of P2X4 in allergen-induced airway hyper-responsiveness
Lastly, in HDM challenged P2X4**, P2X4*/- as well as P2X47 mice the administration of
increasing concentrations of 5-HT led to pronounced Penh responses, most noticeable at 10
mg/ml, compared to the respective saline challenged controls. No differences in Penh
responses could be observed between P2X4**, P2X4*/-and P2X47- HDM challenged groups
(Figure 4.12).
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Figure 4.12: The effect of P2X4 deficiency (P2X47) on house dust mite (HDM) induced airway
hyper-responsiveness.

P2X4**, P2X4*- and P2X4™" littermate mice were sensitised to house dust mite (HDM) and subjected to intranasal
saline or HDM challenge on three consecutive days. Three days later whole body plethysmography was utilised
to assess airway responses to nebulised saline and increasing concentrations of serotonin (5-HT; 1-10mg/ml).
Each exposure was monitored for 15 minutes and enhanced pause (Penh) determined (presented as area under
the curve (AUC)). Representative data from one of two independent experiments are presented as mean +
S.E.M. with N=9-15/group. ** denotes p<0.01 and *** p<0.001 in repeated measures ANOVA with Sidak’s

multiple comparison test.

4.4.3. Therole of P2X1 in allergic airway disease
To determine the role of P2X1 in the development of AAD, P2X17- mice were used in HDM

model alongside P2X1**and P2X1*/" littermate controls.

4.43.1. Genotyping of P2X17 mice
Genotyping by PCR with subsequent gel electrophoresis was initially carried out to confirm
genotypes of P2X17-, P2X1*- and P2X1** mice. The amplification of the normal P2X1 allele in
a wild type reaction produced a 300bp long band (Figure 4.13A), while the amplification of
the mutated P2X1 gene in a knockout reaction resulted in a 500bp long band (Figure 4.13B).
P2X1*/* mice were characterised by the presence of 300bp long band in the wild type reaction,
P2X17- mice by the presence of 500bp long band in the knockout reaction, and P2X1*/- mice
by the presence of 300bp long band in the wild type reaction and 500bp long band in the

knockout reaction (Figure 4.13).
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Figure 4.13: Representative genotyping gel of P2X1 mice.

PCR was run with DNA isolated from mouse ear tissue and products were separated by agarose gel
electrophoresis. A) Wild type reaction amplifying normal P2X1 allele. B) Knockout reaction amplifying mutated
P2X1 allele. Mice #2, #3, #8, #11 had P2X1** genotype, mice #1, #6, #7, #10 had P2X17 genotype and mice #4,
#5, #9 had P2X1*" genotype. H,0 — negative (water) control.

443.2. The effect of P2X17 on HDM-induced airway inflammation
In P2X1** mice HDM challenge triggered an increase in BAL total leukocyte numbers relative
to saline challenged controls. More specifically, an increase in eosinophil, neutrophil, CD4* T
cell, CD8* T cell and ILC2 numbers and no change in AM numbers was observed in P2X1*/*
mice compared to saline challenged P2X1** mice. P2X1*-and P2X1”" mice responded to HDM

challenge in a manner identical to that of P2X1*/* mice (Figure 4.14).
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Figure 4.14: The effect of P2X1 deficiency (P2X17/") on house dust mite (HDM)-induced allergic airway
inflammation.

P2X1**, P2X1*- and P2X17" littermate mice were sensitised to HDM and subsequently challenged with HDM or
saline for three consecutive days. Three days later mice were sacrificed and bronchoalveolar lavage (BAL)
collected. A) Total leukocyte numbers were determined by an automated cell counter. B) Eosinophil, C)
neutrophil, D) alveolar macrophage (AM), E) CD4*T cell, F) CD8* T cell and G) group 2 innate lymphoid cells (ILC2)
numbers as determined by flow cytometry. Representative data from one experiment are presented as mean *
S.E.M. with N=7-10/group. Mann-Whitney U test was used to analyse difference between saline and HDM
challenged P2X1** mice and Kruskal-Wallis with Dunn’s multiple comparison post hoc test was used to analyse

differences in HDM responses between P2X1**, P2X1*", P2X17- groups. ** denotes p<0.01, **** p<0.0001.

4.43.3. The effect of P2X17 on HDM-induced lung inflammation
In the lungs of P2X1*/* mice HDM challenge resulted in increased total leukocytes, eosinophils,
neutrophils, CD4* T cells, CD8* T cells, ILC2s as well as DCs (moDCs, cDC2s and c¢DC1s) in
comparison to saline challenged controls. AM numbers decreased upon HDM challenge. In
P2X4*- as well as P2X4”7- HDM challenged mice numbers of leukocyte populations were no

different to that of P2X1** control group (Figure 4.15).
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Figure 4.15: The effect of P2X1 deficiency (P2X17") on house dust mite (HDM)-induced lung inflammation.

P2X1**, P2X1*- and P2X17" littermate mice were sensitised to HDM and subsequently challenged with HDM or
saline for three consecutive days. Three days later mice were sacrificed, lungs collected and enzymatically
digested. A) Total leukocyte numbers as determined by an automated cell counter. B) Eosinophil, C) neutrophil,
D) alveolar macrophage (AM), E) CD4* T cell, F) CD8"T cell, G) group 2 innate lymphoid cells (ILC2), H)
monocyte-derived dendritic cell (moDC), I) classical DC 2 (cDC2) and J) cDC1 numbers as determined by flow
cytometry. Representative data from one of two independent experiments are presented as mean + S.E.M. with
N=7-10/group. Mann-Whitney U test was used to analyse difference between saline and HDM challenge P2X1**
mice. Kruskal-Wallis with Dunn’s multiple comparison post hoc test was used to analyse differences in HDM

responses between P2X1**, P2X1*", P2X17- groups. *** denotes p<0.001, **** p<0.0001.

4.4.3.4. Therole of P2X1 in allergen-induced airway hyper-responsiveness
In HDM challenged P2X1**, P2X1*- as well as P2X17- mice the administration of increasing
concentrations of 5-HT led to pronounced Penh responses compared to the respective saline
challenged controls, most noticeable at 3 and 10 mg/ml. No differences in Penh responses

could be observed between P2X1*/*, P2X1*-and P2X17-HDM challenged groups (Figure 4.16).
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Figure 4.16: The effect of P2X1 deficiency (P2X17) on house dust mite (HDM) induced airway
hyper-responsiveness.

P2X1**, P2X1*- and P2X17" littermate mice were sensitised to house dust mite (HDM) and subjected to intranasal
saline or HDM challenge on three consecutive days. Three days later whole body plethysmography was utilised
to assess airway responses to nebulised saline and increasing concentrations of serotonin (5-HT; 1-10mg/ml).
Each exposure was monitored for 15 minutes and enhanced pause (Penh) determined (presented as area under
the curve (AUC)). Representative data from one of two independent experiments are presented as mean +
S.E.M. with N=7-10/group. * denotes p<0.05 in repeated measures ANOVA with Sidak’s multiple comparison

test
4.5.Discussion

We have previously demonstrated the central role of TRPV4 in the development of AAD in
rodent models (Birrell et al. 2016). Data from murine studies had further established the
involvement of Panx-1 in the signalling cascade and suggested that TRPV4 activation in AAD
models was mediated by ATP release as Panx1 deficiency ameliorated eosinophilic airway
inflammation as well as AHR (unpublished data). In Chapter 3, we have demonstrated the
expression of Trpv4 and Panx-1 on CD4* T cells, ILC2s and DC populations. As those immune
cells have been deemed vital for the development of allergen induced immune responses
(Raemdonck et al. 2016, Lloyd and Snelgrove 2018), we postulated that those cells were
responsible for TRPV4 signalling upon allergen challenge. Furthermore, characterisation of
P2X gene expression profiles revealed the presence of P2rx1, P2rx4, P2rx5 and P2rx7 on CD4*
T cells, ILC2s and lung DC subsets. Previous reports have demonstrated the involvement of
P2X4 and P2X7 in allergic airway inflammation and allergen-induced changes in lung function

(Muller et al. 2011, Chen et al. 2016, Zech et al. 2016, Li et al. 2018a) and low P2X7 pore
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activity has been associated with a reduced risk of developing asthma (Manthei et al. 2012).
In our model HDM challenge triggered upregulation of P2rx7 in CD4* T cells, downregulation
of P2rx7 in DCs and downregulation of P2rx4 in moDCs (Chapter 3). Based on these
observations, existing literature and availability of tools, the role of P2X1, P2X4 and P2X7 in

the HDM-induced AAD was investigated further utilising genetically modified mice.

Firstly, a lack of functional P2X7 receptors in P2X77- mice was confirmed in NLRP3
inflammasome-induced model of airway inflammation. NLRP3 activation and subsequent
IL-1B signalling is pivotal for the induction of Th2 immune responses in AAD models, as
NLRP37 as well as IL-1B7" abolished eosinophilic airway inflammation and type 2 cytokine
production by CD4* T cells (Besnard et al. 2011a, Bruchard et al. 2015, Li et al. 2018a).
Bruchard et al. have further proposed a critical role of NLRP3 inflammasome in Th2
differentiation (Bruchard et al. 2015). The link between ATP-induced P2X7 activation and
activation of NLRP3 inflammasome with a subsequent release of IL-1B and IL-18 has been
extensively demonstrated in vitro and in vivo (Griffiths et al. 1995, Perregaux et al. 2000,
Mehta et al. 2001, Solle et al. 2001, Franchi et al. 2007, Myrtek et al. 2008, Eltom et al. 2011,
Baxter et al. 2014, Englezou et al. 2015, Mishra et al. 2016, Di Virgilio et al. 2017). Thus, NLRP3
inflammasome-induced model of airway inflammation was chosen to validate the lack of
P2X7 receptors in P2X77/ mice. In LPS primed mice, ATP challenge provoked further IL-1B and
IL-18 release in WT mice but not P2X7/"mice as previously suggested (Perregaux et al. 2000,
Solle et al. 2001, Eltom et al. 2011), confirming the lack of functional P2X7 receptors in
P2X77/-mice.

In the HDM model P2X77/" mice exhibited a defect in IL-1B production as BAL IL-1pB levels in
P2X77- mice upon HDM challenged were lower in comparison to WT controls. However, HDM
challenge still triggered IL-1pB release in P2X77- mice compared to saline challenge, supporting
the notion that IL-1B release can also occur independently of P2X7 (He et al. 2013). In our
hands, P2X77/- mice were selectively protected against the HDM-provoked infiltration of
eosinophils, B cells, NK cells and ILC1s into the airways, moDCs into the lung and MIP-1a
release, but had no statistically significant effect on CD4* T cells, ILC2s and type 2 cytokine
production, IgE responses or AHR. This is in contrast to some other publications looking into
the role of P2X7 in AAD, where P2X77- mice exhibited reduced lymphocyte numbers and

impaired production of type 2 cytokines upon allergen challenge (Muller et al. 2011, Li et al.
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2018a). A possible explanation for our results in the involvement of P2X7 in leukocyte
migration. For instance, ATP has been demonstrated to promote eosinophil migration and
adhesion, although P2Y2 has been proposed to mediate these effects (Dichmann et al. 2000,
Idzko et al. 2001, Kobayashi et al. 2015). However, in asthmatic patients P2X7 is upregulated
and apart from association with ATP-induced upregulation of CD11b, little is known about its
function (Idzko et al. 2001, Muller et al. 2011, Ferrari et al. 2020). In addition, in our studies
P2X77/ mice displayed a defect in moDC recruitment into the lung upon HDM challenge, which
was reflected by reduced MIP-1a concentration in BAL (Vissers et al. 2001, van Rijt et al. 2005,
Plantinga et al. 2013). We and others have demonstrated expression of P2X7 on dendritic
cells and P2X7 has been implicated in ATP-induced migration (Chapter 3, (Zech et al. 2015,
Saez et al. 2017)) which might explain the impaired recruitment of moDCs into the lungs upon
HDM exposure. Surprisingly, this did not impair T cell recruitment or type 2 cytokine
production in P2X77- mice, albeit the importance of moDCs in reaction to allergens has been
established before (and is discussed in more detail in Chapter 3) (Vissers et al. 2001, van Rijt
et al. 2005, Plantinga et al. 2013). Surprisingly, in comparison to WT mice, P2X77- mice had
reduced numbers of B cells, NK cells and ILC1s in BAL, but not lung after HDM challenge. B
cells and NK cells have been previously reported to express functional P2X7 receptors (Gu et
al. 2000, Sluyter et al. 2001), however the importance of these observations is unclear,
especially as our group had previously demonstrated the redundancy of B cells during the
development of airway inflammation and AHR in this model (Raemdonck et al. 2016). In
addition, no defects in IgE production were noted in P2X77- mice, suggesting that B cell
function remained intact in P2X77- mice. The role of NK and ILC1s in our model are yet to be

elucidated.

Our results are in partial agreement with some of the existing literature. Clinical studies have
reported upregulation of P2X7 expression on BAL AMs and blood eosinophils in asthmatic
patients compared to healthy controls (Muller et al. 2011) and associated low P2X7 pore
activity with reduced risk of developing asthma in 6-8 years old children or a less severe
disease among 11 year olds (Manthei et al. 2012). However, the involvement of P2X7 in
asthma pathogenesis is not completely clear as attenuated P2X7 pore activity has been

associated with increased the risk of losing asthma control during viral infections (Denlinger
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et al. 2009) as well as earlier exacerbations and more symptoms in adults (Denlinger et al.

2013).

Several preclinical studies investigating the role of P2X7 in AAD models have demonstrated
the protective effect of P2X7 inhibition on airway eosinophilia, although a dispensable role
for P2X7 in allergic airway inflammation and AHR has been reported as well (Kouzaki et al.
2011, Muller et al. 2011, Li et al. 2018a). Similar to our observations, Li et al. have reported
that Brilliant Blue G (BBG), one of the earliest P2X7 antagonists (Jiang et al. 2000), suppressed
OVA-induced eosinophilic inflammation as well as production of type 2 cytokines, but not
AHR (Li et al. 2018a). However, BBG, considered a selective P2X7 antagonist, has been
reported to inhibit other P2X receptors including P2X1 and P2X4, Panx-1 as well as sodium
channels (Jiang et al. 2000, Seyffert et al. 2004, Qiu and Dahl 2009, Jo and Bean 2011),
complicating the interpretation of these results, particularly as Panx-1 and P2X4 could be
involved in the development of allergic airway inflammation (Ram et al. 2009, Chen et al.
2016, Zech et al. 2016, Khan et al. 2020). Using KN62, a selective P2X7 antagonist (Gargett
and Wiley 1997), as well as P2X77" mice (Sikora et al. 1999), Miiller et al. have demonstrated
a reduction in type 2 airway inflammation as well as AHR in OVA model as well as HDM model
with mucosal sensitisation phase (Muller et al. 2011). Utilising bone marrow chimeras, they
established it was the expression of P2X7 on hematopoietic cells, and more specifically DCs,
rather than structural cells that was pathogenic in their models and proposed that the
impaired DC Th2 priming ability as the main mechanism of P2X7 in AAD pathogenesis (Muller
etal. 2011). On contrary, Kouzaki et al. found no role of P2X77" in Alternaria Alternata-induced
airway inflammation or AHR (Kouzaki et al. 2011), suggesting that the implication of P2X7 in
the pathogenesis of AAD might be allergen dependent. Another confounding factor could be
strains of P2X77-and WT mice used in those studies, including ours, due to a lack of littermate
P2X7*/* controls (Kouzaki et al. 2011, Muller et al. 2011). Albeit we have chosen a genetic
background of WT mice to match that of P2X77" mice and bred the colonies alongside one
another to minimise the environmental effects, a possibility exists that the backgrounds of
WT and P2X77 mice were not identical and potentially contributed to the observed
differences in HDM-triggered airway inflammation (Holmdahl and Malissen 2012). In
addition, C57BL/6 genetic background of mice used in all above studies might problematic

due to the presence of an allelic mutation (“loss-of-function” P2X74°t) in C57BL/6 mice which
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confers a drastically reduced sensitivity to ATP-induced pore formation (Adriouch et al. 2002,
Yip et al. 2009). Analysis of P2X77/- mice against a background with naturally defective variant
might thus underestimate the contribution of P2X77 phenotype in disease models (Adriouch
et al. 2002). In order to consolidate our findings and elucidate the role of P2X7 during
sensitisation and challenge phase, respectively, use of mice strains carrying P2X7%*?variant,

like BALB/c for instance, would be more appropriate (Adriouch et al. 2002).

Another consideration in respect to P2X77/- mice is that both of the two commercially available
strains of P2X77- mice, one developed by Pfizer and used by us and Kouzaki et al. (Solle et al.
2001, Kouzaki et al. 2011) and the other developed by GlaxoSmithKline (GSK) and used by
Muller et al. (Sikora et al. 1999, Muller et al. 2011), still express incomplete receptor
transcripts or alternative splice variants, respectively, that are retained in various tissues and
cells, including lung, spleen and T cells (Sanchez-Nogueiro et al. 2005, Nicke et al. 2009, Taylor
et al. 2009, Masin et al. 2012). These result in an incomplete functional knockdown of P2X7
receptor, for instance GSK P2X77- mice have intact T cell responses, and complicate the
interpretation of the findings (Sanchez-Nogueiro et al. 2005, Nicke et al. 2009, Taylor et al.
2009, Masin et al. 2012). Although P2X77/- mice exhibited a lack of P2X7 function in our hands
as validated in NLRP3 inflammasome activation model, we are unsure whether (and to what
extent) the development of allergic airway inflammation in AHR in the HDM model could be
affected by the presence of alternative splice variants. These limitations may be overcome by
a use of pharmacological tools, particularly as number of P2X7 selective antagonists are now

available (llles et al. 2020).

Next, we investigated the role of P2X4 in the established HDM-induced AAD utilising
P2X47" mice (P2rx4tmb(EVCOMMWEs) — ganergted under European Conditional Mouse
Mutagenesis (EUCOMM) program (Skarnes et al. 2011) along with their P2X4** and
P2X4*- littermates. Upon HDM challenge P2X47 mice developed HDM-specific IgE,
eosinophilic inflammation and AHR to the same degree as P2X4** mice. We confirmed the
results in two independent experiments using male and female mice to increase the statistical
power of the studies and comply with 3R principles (Aske and Waugh 2017). Albeit male and
female mice were used in these experiments, data was pooled and analysed together as no

statistically significant differences were observed between the sexes.
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There is a limited clinical and preclinical evidence indicating the importance of P2X4 in asthma
pathogenesis. So far, a single study has investigated and reported upregulation of P2RX4 in
BAL cells, blood mononuclear cells and blood eosinophils isolated from asthmatic patients
compared to healthy controls (Zech et al. 2016). Bonvini et al. have recently implicated P2X4
in TRPV4-induced bronchoconstriction in human and GP ex vivo models via the release of
cysteinyl leukotrienes from mast cells (Bonvini et al. 2020), implicating TRPV4-P2X4 axis could
be responsible for bronchoconstriction in asthmatic patients. Interestingly, our results
indicate a lack of role for P2X4 in HDM-provoked AHR, even though a selective TRPV4 agonist
GSK101 induces bronchoconstriction in conscious mice (Chapter 6). This suggests that TRPV4
causes AHR in a distinct, P2X4 independent mechanism, possibly via activation of airway
sensory neurons rather than direct activation of airway smooth muscle (Blake et al. 2019,
Bonvini et al. 2020, Flajolet 2021). Nevertheless, a few preclinical studies have, in contrast to
our data, demonstrated a pathogenic role for P2X4 in the development of allergic airway
inflammation and AHR (Chen et al. 2016, Zech et al. 2016, Wang et al. 2018a). Chen et al. have
reported that administration of PPADS, a non-specific P2X receptor antagonist, and 5-BDBD,
a selective P2X4 antagonist, reduced eosinophil and lymphocyte infiltration into the airways
in the murine OVA model of AAD, but did not evaluate the effects of P2X4 inhibitors on AHR
(Chen et al. 2016). They demonstrated, though, that P2X4 inhibition reduced OVA-induced
mucus production and collagen deposition in murine as well as rat AAD models (Chen et al.
2016, Wang et al. 2018b). These features of AAD have not been yet investigated and
characterised in our HDM model, thus the protective effect of P2X4 on mucus production and
remodelling in our HDM model remains unclear. Zech et al. have similarly reported that
administration of 5-BDBD as well as P2X47- (P2X4t™IRasss) ameliorated eosinophilic airway
inflammation and AHR in murine OVA model as well as HDM model with mucosal sensitisation
phase (Zech et al. 2016). They established that P2X4 on of hematopoietic cells rather than
structural cells was important in OVA-induced responses and demonstrated that specifically
P2X4 deficiency on DCs was protective against Th2 priming and subsequent development of

type 2 inflammation (Zech et al. 2016).

The use of pharmacological tools in P2X4 research is limited due to the lack of selective and
potent P2X4 antagonists, particularly for rodent P2X4 receptors (Abdelrahman et al. 2017,

Coddou et al. 2019). 5-BDBD is a moderately potent selective allosteric P2X4 antagonist with
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low water solubility which is not easily handled (Abdelrahman et al. 2017, llles et al. 2020). A
recent study has demonstrated additional antagonistic activity of 5-BDBD on P2X1 and P2X3
receptors in rat, questioning its selectivity (Coddou et al. 2019). In addition, by using PPADS,
a non-selective P2X receptor antagonist with limited usability, Chen et al. have suggested that
other P2X receptors could be responsible for OVA-induced allergic airway inflammation
(Lambrecht et al. 1992, Chen et al. 2016, llles et al. 2020). Genetic ablation of P2rx4 poses
another challenge due to the close association between P2X4 and P2X7 channels. P2X4 and
P2X7 genes are located in close proximity on the same chromosome (in various species,
including human and mice) and have emerged from the same ancestral gene by gene
duplication (Hou and Cao 2016). The insertion of neomycin cassette in the P2X4 locus in
conventional P2X4”- mice has thus been speculated to down-modulate the expression of
P2rx7 gene and lead to misleading conclusions as several studies have reported
downregulated P2rx7 expression in P2X47- mice (Besnard et al. 2016, Zech et al. 2016, Suurvali
et al. 2017, Er-Lukowiak et al. 2020). In particular, Zech et al. have noticed drastically
supressed P2rx7 expression in P2X47- DCs along with impaired ATP-induced IL-1pB production,
suggesting a potential disruption of P2X7 signalling in P2X4”- DCs (Zech et al. 2016). This poses
a question whether disrupted P2X7 signalling was responsible for the phenotype exhibited by
P2X47-mice in this study, particularly as they had previously demonstrated the crucial role of
P2X7 in DC mediated Th2 priming and subsequent airway inflammation and AHR in the same
AAD models (Muller et al. 2011). A recent study has confirmed downregulation of P2rx7 gene
expression as well as suppressed P2X7 function in innate immune cells, including peritoneal,
spleen and bone marrow derived-(BM) macrophages, mast cells (MCs), BMMCs and BMDCs
from P2X4tmIRasss mice and postulated the findings to be a consequence of the strategy used
to manipulate P2rx4 locus (Er-Lukowiak et al. 2020). In addition, CD4* and CD8* T cells in
P2X4tmiRasss were shown to carry a passenger “gain of function” P2X74'" variant (compared
to “loss-of-function” P2X7%1t variant that is present in C57BL/6 mice), originating from 129
embryonic stem (ES) cells that were used in the generation of P2X4tmIRasss (Er-Lukowiak et al.
2020). This mutation affects the vitality and function of T cells and might complicate the
interpretation of findings in P2X4tm1Rasss mice (Er-Lukowiak et al. 2020). P2X4tm1b(EUCOMM)Wsi
mice, used in our studies, unlikely carry P2rx7 passenger mutation as C57BL/6N ES cells
(carrying P2X74°1t allele) were used to generate them (Skarnes et al. 2011). Whether P2rx7

was unintentionally disturbed as a side effect of P2rx4 targeting as observed in P2X4tm1Rasss jg
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yet to be excluded. Our data showed that P2X47 mice exhibited no impairment in IL-1B
production upon HDM challenge, albeit reduced in HDM challenged P2X77" mice, suggesting
that P2X7 signalling in P2X47-mice was not affected. Furthermore, we saw that P2X47- mice
had comparable lung P2rx7 gene expression to P2X4** mice despite knockdown of P2rx4 gene
expression. Whether this is also the case for individual innate immune cells, such as DCs, is

yet to be elucidated.

Lastly, we investigated the role of P2X1 in the HDM-induced model of AAD utilising
P2X17 mice (Mulryan et al. 2000, Greve et al. 2017) that were kindly provided by Professor
Praetorius from Aarhus University, Denmark. In P2X17- mice HDM exposure triggered
characteristic eosinophilic airway and lung inflammation as well as AHR indistinguishable
from that observed in P2X1*/* littermate controls. There is very limited literature investigating
the role of P2X1 in asthma pathogenesis. Various cell types relevant in allergic airway
inflammation, such as T cells, macrophages, mast cells, eosinophils and airway epithelial cells
commonly express P2X1 (Ferrari et al. 2000, Mohanty et al. 2001, Bradding et al. 2003, Brone
et al. 2007, Sim et al. 2007, Myrtek et al. 2008, Wareham et al. 2009, Woehrle et al. 2010a,
Kessler et al. 2011, Wang et al. 2014, Wright et al. 2016, Chavez et al. 2019, Winkelmann et
al. 2019). P2X1 is crucial for basal lymphocyte function and immune signalling upon antigen
stimulation in lymphocytes (Woehrle et al. 2010a, Ledderose et al. 2016) and regulates
eosinophil CD11lb expression, adhesion and extravasation (Wright et al. 2016).
Characterisation of P2X1 receptors on eosinophils isolated from asthmatic patients revealed
constitutively reduced P2X1 responses compared to healthy subjects (Wright et al. 2016). To
date there is a single preclinical publication investigating the role of P2X1 in murine OVA
model (Amison et al. 2015). In line with our observations Amison et al. have reported no effect
of P2X1 inhibitor NF-279 in murine OVA-induced allergic airway inflammation (Amison et al.

2015).

The investigations into the role P2X1 in our HDM model have several limitations. Due to time
limitations the loss of functional P2X1 receptors in P2X17- mice has not been yet confirmed in
house. Greves et al. have established reduced cytokine responses in P2X17" mice in
Escherichia coli-induced sepsis (Greve et al. 2017) and a similar model could be used to
validate P2X17 mice. Furthermore, additional independent studies are warranted to confirm

the lack of role of P2X1 in HDM and OVA AAD models as well as to investigate the role of P2X1
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in other AAD models. In addition to P2X17- mice, P2X1 selective antagonists could be used to
disrupt P2X1 signalling, however currently available compounds (such as NF-449 and NF-279)
have short half live time (Hechler et al. 2005, llles et al. 2020) which could limit their use in

AAD models.

Taken together, we have demonstrated that P2X1 and P2X4 receptors were dispensable for
the development of allergic airway inflammation and AHR and thus do not appear to be part
of TRPV4 signalling cascade in this model. On the other hand, P2X7 could be one of the
receptors activated downstream of TRPV4, contributing to eosinophilic airway inflammation,
but not other aspects of the disease, suggesting other purinergic receptors could be involved
as well. Although no studies have addressed the importance of P2X5 or P2X6 functions for
the development of allergic airway inflammation or AHR, both receptors have been found on
leukocytes, including lymphocytes, DCs and macrophages (Berchtold et al. 1999, Myrtek et al.
2008, Woehrle et al. 2010a, Kessler et al. 2011, Abramowski et al. 2014, Wang et al. 2014).
P2X5 appears to be important for T cell function upon activation, and can also present an
alternative way of inflammasome activation and IL-1B release (Abramowski et al. 2014, Kim
et al. 2017, Jeong et al. 2020), however little is known about P2X6 function in leukocytes. In
contrast to other P2X receptors, P2X2 and P2X3 receptors do not appear to be important for
immune cell function, but instead play a major role in mediating the effects of ATP in sensory
neurons. The efficacy of P2X3 inhibitor AF-219 in reducing objective cough frequency in
refractory chronic cough patients has been recently demonstrated (Abdulgawi et al. 2015).
Cough is a burdensome symptom in many patients with asthma and P2X3 as a treatment
target in asthma is yet to be addressed. However, ATP has been shown to trigger
bronchoconstriction in asthmatic patients (Basoglu et al. 2005), and interestingly,
ATP-induced bronchoconstriction in conscious guinea pigs was blocked by P2X3-P2X2/3
antagonist DT-0111 (Pelleg et al. 2019), suggesting that P2X3 or P2X2/3 could be implicated
in allergen-provoked bronchoconstriction or AHR. Our laboratory has recently demonstrated
that AF-353, a selective P2X3 antagonist, suppressed Penh responses during the late
asthmatic response (LAR) and abolished the development of allergic airway inflammation in
the rat OVA-induced model of AAD (Flajolet 2021). Studies looking into neuroimmune
interactions in asthma have similarly linked the disruption of airway sensory neurons to

reduced allergen-induced AHR, LAR as well as airway inflammation (Rogerio et al. 2011,

168



Raemdonck et al. 2012, Trankner et al. 2014, Talbot et al. 2015, Blake et al. 2019). The
neuronal regulation of allergen induced responses in the murine HDM model used in this
thesis has not been yet investigated and P2X3, P2X2/3 might regulate AHR and possibly

allergic airway inflammation downstream of TRPV4.

Although we focused on P2X receptors downstream of TRPV4/ATP axis, P2Y receptors P2Y2
and P2Y11 can also be activated by ATP (Dreisig and Kornum 2016, Silva-Vilches et al. 2018).
Unlike P2Y11 which is only engaged by ATP, P2Y2 can be preferentially activated by other
nucleotides including UTP and UTD, (Dreisig and Kornum 2016, Silva-Vilches et al. 2018).
P2Y11 has been overlooked due to a lack of murine P2Y11 orthologue and a lack of selective
and potent tools (Dreisig and Kornum 2016). P2Y11 expression has been reported in various
immune cells and its activation has resulted in pro-inflammatory response (Dreisig and
Kornum 2016). In T cells, for instance, P2Y11 was required for T cell activation by regulating
mitochondria redistribution to the immune synapse (Ledderose et al. 2021). P2Y11 is also
expressed by airway epithelial cells where it regulates proliferation, migration and wound
repair (Higgins et al. 2014). Yet, the contribution of P2Y11 to airway inflammation and possibly
airway remodelling remains unclear. Nevertheless, much more is known about P2Y2 receptor.
Itis found on macrophages, eosinophils, neutrophils, dendritic cells and airway epithelial cells
(Ferrari et al. 2000, Mohanty et al. 2001, Bowler et al. 2003, Kemp et al. 2004, Lommatzsch et
al. 2010, Kouzaki et al. 2011, Muller et al. 2011, Shishikura et al. 2016). It regulates
ATP-induced migration of DCs, eosinophils and neutrophils and cytokine production by
macrophages (Bowler et al. 2003, Stokes and Surprenant 2007, Lommatzsch et al. 2010,
Muller et al. 2010, Kawamura et al. 2012, Kobayashi et al. 2015). In airway epithelial cells P2Y2
was demonstrated to mediate ATP-induced mucus production as well as IL-33 release upon
allergen challenge (Kemp et al. 2004, Kouzaki et al. 2011, Shishikura et al. 2016). Its expression
is upregulated in asthmatic patients, and this has been mimicked by preclinical studies
demonstrating upregulation of P2ry2 in allergen exposed animals (Li et al. 2015, Zech et al.
2015). Studies utilising mice with non-functional P2Y2 receptors have further demonstrated
a pathogenic role of P2Y2 in AAD, as P2Y2 deficiency ameliorated airway inflammation and
AHR (Muller et al. 2010, Vanderstocken et al. 2010, Kouzaki et al. 2011). This makes P2Y2 a

possible target in the TRPV4 signalling pathway in allergic asthma.

169



In summary, we have demonstrated that P2X7, but not P2X4 or P2X1, might have partially
mediated TRPV4 signalling during allergen challenge phase and regulated airway eosinophilia,
however further work is needed to consolidate the presented findings. Other P2X or P2Y
receptors, individually or in combination, may be activated by ATP released upon TRPV4

activation and modulate not only allergic airway inflammation but also AHR.
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5.PAR2 as a potential activator of TRPV4 signalling in

HDM-induced model of allergic airway disease
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5.1.Introduction

Our laboratory has demonstrated the detrimental effects of TRPV4 activation in the
pathogenesis of AAD (Birrell et al. 2016), however the precise mechanism of TRPV4 activation
remain unclear. The activation and opening of TRPV4 channel pores can be triggered by
various environmental stimuli such as hypotonicity, mechanical stress, temperature or acidic
pH, but it can also be achieved by inflammatory mediators such as arachidonic acid

metabolites (Belvisi and Birrell 2017).

A membrane receptor PAR2 has been suggested as a potential activator of TRPV4 signalling.
PAR2 is a GPCR playing a role in physiological processes in lung, immunity, tissue metabolism
and neuronal signalling (Yau et al. 2016). It was found to be co-expressed with TRPV4 on
sensory neurons as well as bronchial epithelial cells and alveolar macrophages and linked to
AA metabolism (Grant et al. 2007, Poole et al. 2013, Zhao et al. 2014, Zhao et al. 2015, Rayees
et al. 2019). PAR2-TRPV4 coupling has been demonstrated in LPS-mediated lung injury and
mechanical hyperalgesia models (Grant et al. 2007, Poole et al. 2013, Zhao et al. 2014, Zhao
et al. 2015, Rayees et al. 2019), however it has not been yet investigated in the context of

asthma.

Nevertheless, PAR2 seems promising as a mechanism of TRPV4 activation in asthma due to
substantial evidence implicating PAR2 in asthma pathogenesis. PAR2 is widely expressed on
the airway structural cells, as well as leukocytes, including T cells, dendritic cells and alveolar
macrophages, and regulates production and secretion of inflammatory cytokines (Nystedt et
al. 1994, Schmidlin et al. 2001, Colognato et al. 2003, Roche et al. 2003, Ebeling et al. 2005,
Johansson et al. 2005, Shichijo et al. 2006, Lewkowich et al. 2011, Lopez et al. 2014, Francis
etal. 2017, Feng et al. 2018, Garcia-Gonzalez et al. 2019). In the airways of asthmatic patients,
PAR2 expression as well as PAR2 activating proteases such as tryptase, tissue factor or
kallikrein 14 are upregulated (Wenzel et al. 1988, Broide et al. 1991, Jarjour et al. 1991,
Alvarez et al. 2000, Knight et al. 2001, Allard et al. 2014, Aubier et al. 2016). Furthermore,
PAR2 has been implicated as a regulator of airway responses in healthy lung (Cocks et al. 1999,
Ricciardolo et al. 2000, Cicala et al. 2001, Schmidlin et al. 2001) and pre-clinical studies have
demonstrated the pathogenic role of PAR2 in the development of allergic airway
inflammation and AHR in various AAD models (Schmidlin et al. 2002, Ebeling et al. 2005,
Takizawa et al. 2005, Ebeling et al. 2007, Arizmendi et al. 2011, Lewkowich et al. 2011,
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Davidson et al. 2013, de Boer et al. 2014, Asaduzzaman et al. 2015, Asaduzzaman et al. 2018,
Yee et al. 2018, Redes et al. 2019). This led us to hypothesise that PAR2 activation is

responsible for triggering TRPV4 signalling in the HDM-induced model of AAD.

5.2.Hypothesis and aims

PAR2 plays a central role in the development of allergic airway inflammation and AHR in the

murine HDM model of AAD via the activation of TRPVA4.
To address this hypothesis, we aimed to:

e Study the regulation of PAR2 agonists and PAR2 expression in the murine HDM model
of AAD,

e Investigate the role of PAR2 in the HDM model utilising genetically modified mice and

e Investigate the role of PAR2 during the allergen challenge phase using PAR2 blocking
antibody.

5.3.Methods

This section outlines and summarises main methods used in this chapter. All the methodology

and experimental protocols are presented in detail in Chapter 2.

5.3.1. PAR2 signalling in the mouse HDM model

5.3.1.1.  Tryptase-like activity of BAL
Tryptase-like activity in BAL was determined based on the conversion of the tryptase
substrate Tosyl-Gly-Pro-Lys-pNA into pNA which absorbs light at 405 nm as described in detail
in Chapter 2. BAL samples from the time course study were incubated with the substrate and
absorbance was measured at 405 nm. The concentration of pNA was determined as a

surrogate for tryptase-like activity by interpolation from a standard curve.

5.3.1.2. Par2 expression
Par2 expression was determined by RT-qPCR in lung tissue in the HDM time course study as
well as CD4* T cells, CD8* T cells, ILC2s, moDCs, cDC1s and cDC2s isolated from saline and
HDM challenged mice using FACS. As PAR2 primers failed the multiplex validation (Table 5.1),

Par2 was assayed in a singleplex reaction beside eukaryotic 18s internal control.
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Table 5.1: Results of primer multiplex validation.

Target Linear Slope of Reaction Suitability Tissue
regression linear efficiency?! for used for
regression multiplex validation
18s 0.991 -3.628 0.556 NO kidney
Par2 0.997 -3.072
Multiplex >0.98 ~-3.3 <0.1
requirements

! difference in slopes of linear regressions between 18s and Par2 assays.

5.3.2. The role of PAR2 deficiency in the murine HDM model

5.3.2.1.  Validation of PAR27 mice

53.2.1.1. Gel electrophoresis-based genotyping

To confirm the genotype of PAR27- and WT (C57BL/6J) mice DNA was extracted from tail tips.
Mutated and normal PAR?2 alleles were amplified in PCR and visualised on a gel. WT mice were
identified based on the presence of 345bp long products, while 196bp long products were

characteristic of PAR27 mice.

5.3.2.1.2. Functional validation
To confirm the selective loss of functional receptors in PAR27" mice, the effects of PAR2
agonists were investigated on a depolarisation of vagal nerve isolated from PAR2”" mice and

their littermate WT controls.

Segments of isolated vagal nerves were incubated with vehicle (0.1 % DMSO or 1 % BSA in KH
solution), PAR2 agonists 2Furoyl-LIGRLO-NH; (100 nM), SLIGKV-NH; (100 nM) and AC55541
(1 uM) as well as TRPV4 agonist GSK1016790A (300 nM), TRPV1 agonist capsaicin (1 uM) and
TRPA1 agonist acrolein (300 uM). The nerve was stimulated with a single concentration of
each agonist for 2 minutes and was washed with KH solution until it returned back to baseline.
Submaximal concentrations of PAR2 agonists were chosen based on previous extensive
in-house characterisations of the compounds on isolated rat and guinea pig vagal nerves.
TRPV4, TRPV1 and TRPA1 agonists were used at submaximal concentrations as previously

published (Bonvini et al. 2016).
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5.3.2.2.  PAR27 mice in the HDM study
PAR27 and WT (C57BL/6J) mice were utilised to investigate the role of PAR2 in the
development of allergic airway inflammation and AHR. PAR27-and WT mice were sensitised
to HDM on days 0 and 14 and on days 24, 25 and 26 challenged with saline or HDM once daily.
On day 29 lung function was assessed by monitoring responses to increasing concentrations
of 5-HT (saline, 1, 3, 10 mg/ml) by whole body plethysmography. Mice were then sacrificed

to obtain blood, BAL and lung samples.

Blood samples were used for subsequent assessment of IgE plasma levels by ELISA. BAL cells
were isolated and total leukocyte numbers determined by an automated cell counter (Sysmex
XT-300) and leukocyte populations differentiated based on the expression of surface and
transcription factors by flow cytometry (analysed on Fortessa). ProcartaPlex assays were used
to measure BAL concentration of IL-1B, IL-4, IL-5, IL-10, IL-13, IP-10, Eotaxin-1, MCP-1, MIP-1a
and TNFa. Lungs were enzymatically digested and total cell counts determined by an
automated cell counter (Sysmex XT-300). Leukocytes were differentiated based on the
expression of surface and transcription factors by flow cytometry and were analysed on

Fortessa.

5.3.3. Pharmacological inhibition of PAR2 during allergen challenge in the
murine HDM model

Female C57BL/6J mice were sensitised to HDM on days 0 and 14 and challenged with saline
or HDM on days 24, 25, and 26. Mice were lightly anaesthetised with isoflurane and
administered vehicle (25mM histidine, 205 mM sucrose in PBS), Isotype antibody (Iso Ab,
10mg/kg) or PAR2 blocking antibody (PAR2 Ab, 10mg/kg) subcutaneously (5ml/kg) on days
23, 25 and 27. On day 29 mice underwent lung function assessment and were sacrificed to
obtain BAL and lung samples. Lungs were enzymatically digested to obtain lung cell
suspension. Total leukocyte numbers were determined n BAL and lung samples using an
automated cell counter (Sysmex XT-300). Leukocytes were then discriminated based on the
surface and transcription marker expression by flow cytometry (analysis performed on

Fortessa) (Figure 5.1).
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Figure 5.1: Pharmacological inhibition of PAR2 during allergen challenge in the mouse house dust mite (HDM)
model - a study schematic.

Mice were administered HDM intraperitoneally (i.p.) on days 0 and 14 and daily challenged with either saline
(Sal) or HDM (intranasal (i.n.) administration) on days 24-26. On days 23, 25 and 27 mice were subcutaneously
(s.c.) administered vehicle, Isotype antibody (Iso Ab) or PAR2 blocking antibody (PAR2 Ab). Lung function and

airway inflammation were assessed on day 29.

5.4.Results

5.4.1. PAR2 signalling in the murine HDM model of AAD
To elucidate whether PAR2 could be responsible for TRPV4 activation in the HDM-induced
model of AAD, the first aim of this chapter was to study PAR2 agonist levels and PAR2

expression in the HDM model.

To determine the level of PAR2 agonists in the model, tryptase-like protease activity was
initially assessed in the HDM time course study which is presented in detail in Chapter 3.
Tryptase-like activity was determined in BAL by measuring the cleavage of the substrate
Tosyl-Gly-Pro-Lys-pNA into pNA. Concentration of pNA was increased at 2, 24, 48 and 72

hours after the third HDM challenge compared to saline challenged controls (Figure 5.2A).

In the same time course study, lung Par2 mRNA levels in whole lung were determined. Par2
was increased 2 hours after the second HDM challenge, followed by a suppression of Par2
expression 24, 48 and 72 hours after the third and final HDM challenge compared to saline

challenged controls (Figure 5.2B).

Next, we determined Par2 expression in the key immune cell populations characterised in
Chapter 3. HDM challenge suppressed Par2 in CD4+ T cells but had no impact on CD8+ T cells

and ILC2 expression. Par2 was undetectable (in 40 PCR cycles) on cDC1 and cDC2 from saline
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challenged controls, but was detectable in all DC populations after the HDM challenge (Figure

5.3).
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Figure 5.2: PAR2 signalling in the house dust mite (HDM) time course study.

HDM-sensitised C57BL/6 mice were challenged with saline or HDM once a day on one (1) occasion, two (2) or
three (3) consecutive days and bronchoalveolar lavage (BAL) and lung samples collected 2 after each challenge
and 24, 48 or 72h after the third and final challenges. A) Change in pNA concentration from baseline in BAL as a
surrogate for tryptase-like activity. B) Par2 lung expression normalised to 18s. Data from a single experiment are
presented as mean * S.E.M with N=6 mice per group. * denotes p<0.05 and ** p<0.01 comparing saline and

HDM challenged groups for each time point using Mann-Whitney U-test.

[ ] Saline
Bl HDM

>
@

60 o 2.0 o
401 © 1.5 .
20 s 0o oy i Oi o
o] \ \I i CL_E W L
R .
© i 0_001le Lmj. Lmjﬁ_

CcD4”* Tc CD8" Tc ILC2 cDC1 cDC2 mD

Relative
Par2 expression

Figure 5.3: Par2 expression in key immune cells in the house dust mite (HDM) model of allergic airway disease.
HDM-sensitised mice were challenged with saline or HDM on three consecutive days and mRNA extracted from
lung immune cells isolated using fluorescence assisted cell sorting 3 days later. Par2 relative gene expression
normalised to 18sin A) CD4*T cells, CD8*T cells and group 2 innate lymphoid cells (ILC2) and B) classical dendritic
cells (cDC) type 1 (cDC1s), cDC2s, and monocyte derived DCs (moDCs). Representative data from two (A) or one
(B) independent experiments are presented as mean + S.E.M with N=5-6 mice per group. * denotes p<0.05 and

** p<0.01 comparing saline and HDM challenged groups using Mann-Whitney U-test.
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5.4.2. The role of PAR2 deficiency in the murine HDM model
To further investigate the role of PAR2 signalling in the development of allergic airway
inflammation and AHR in the HDM model, genetically modified mice with non-functional

PAR2 receptors (PAR27") were utilised.

5.4.2.1.  Validation of PAR27" mice
PCR and subsequent gel electrophoresis were performed on DNA extracted from tail tips of
WT and PAR27" mice to confirm their genotype. DNA extracted from WT mice yielded
characteristic 345bp long bands as visualised by gel electrophoresis, while PAR27- DNA was

characterised by 198bp long bands (Figure 5.4A).

Next, the lack of functional PAR2 receptors in PAR27- was demonstrated in vitro on isolated
mouse vagal nerves. PAR2 activating peptides AC55541, 2-Furoyl-LIGRLO-NH; and
SLIGKV-NH; caused depolarisation of vagal nerves isolated from WT mice (0.143 + 0.031 mV,
0.168 + 0.044 mV and 0.205 + 0.060 mV, respectively), while their vehicles had no effect
(0.029 + 0.011 mV (0.1% DMSO), 0.033 + 0.012 mV (BSA)). The responses to AC55541,
2-Furoyl-LIGRLO-NH; and SLIGKV-NH; were absent in PAR27" mice (0.044 + 0.007 mV, 0.025 *
0.007 mV and 0.015 + 0.005 mV, respectively). To confirm the viability of all the isolated
nerves as well as selectivity of the mutation, TRPV1, TRPV4 and TRPAl-induced responses
were additionally tested. Capsaicin (0.796 £ 0.194 mV vs 0.612 + 0.139 mV), GSK101 (0.160 +
0.021 mV vs 0.140 £ 0.024) and acrolein (0.400 + 0.080 mV vs 0.355 + 0.060 mV), respectively,
induced depolarisation of isolated vagal nerves to the same degree in WT and PAR27- mice,

respectively (Figure 5.4B).
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Figure 5.4: Validation of PAR2 deficient (PAR27") mice.

A) Representative genotyping results confirming the presence of PAR2 mutation in in PAR27- mice. PCR was run
with DNA isolated from mouse tail tips and products were separated by agarose gel electrophoresis. L — DNA
ladder, bp —base pairs, H,O — no DNA template control, WT — wild type. B) Vagal nerves were isolated from wild
type (WT) and PAR27- mice, stimulated with vehicle (1% BSA or 0.1% DMSO), PAR2 agonists AC55541 (1 pM),
2Furoyl-LIGRLO-NH; (2-FUROYL, 100 nM), SLIGKV-NH2 (SLIGKV, 100 nM), TRPV4 agonist GSK1016790A (GSK101,
300 nM), TRPA1 agonist acrolein (ACRO, 300 uM) and TRPV1 agonist capsaicin (CAPS, 1 uM) and depolarisation
measured. Data are presented as mean * S.E.M., N=6 mice per group. ** denotes p<0.01 using t-test comparing

responses between PAR27-and WT mice.

5.4.2.2. The effect of PAR2 deficiency on HDM-induced airway inflammation
HDM challenge provoked an increase in total leukocytes in the airways of WT mice compared
to saline challenge (Figure 5.5A). This was characterised by expansion of eosinophil, CD4*and
CD8* T cell, B cell and ILC2 populations, while neutrophils and AM remained unaffected
(Figure 5.5Error! Reference source not found.B-H). In comparison to WT controls, reduced t
otal leukocyte numbers as well as eosinophil, CD4*and CD8* T cell numbers were observed in
PAR27- mice (Figure 5.5A,B,E,F). Additionally, HDM challenge was associated with increased
neutrophil and ILC2 numbers in PAR27- mice in respect to their WT controls, while AM and B

cell numbers remained identical (Figure 5.5C,D,G,H).
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Figure 5.5: The effect of PAR2 deficiency (PAR27") on house dust mite (HDM)-induced allergic airway

inflammation.

Wild type (WT) and PAR27 mice were sensitised to HDM, then challenged with saline or HDM on three
consecutive days and bronchoalveolar lavage (BAL) collected 3 days after the final challenge. A) Total leukocyte
number as determined by an automated cell counter. B) Eosinophil, C) neutrophil, D) alveolar macrophage (AM),
E) CD4*T cell, F) CD8*T cell, G) B cell and H) group two innate lymphoid cells (ILC2) numbers in BAL as determined
by flow cytometry. Representative data from one of two independent experiments are presented as mean *
S.E.M. with N=12-16/group. Mann-Whitney U test was used to analyse differences between experimental

groups. * denotes p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.

5.4.2.3.  The effect of PAR2 deficiency on HDM-induced lung inflammation
In WT mice, HDM challenge provoked a characteristicincrease in total lung leukocytes, as well
as eosinophils, CD4* and CD8* T cells, B cells, ILCs and DCs (moDCs, cDC2s, cDC1s) compared
to saline controls. Additionally, AM numbers were reduced, while neutrophils population
remained unaffected (Figure 5.6). In PAR27 mice, HDM challenge was associated with
reduced total lung leukocyte numbers, as well as eosinophil, CD4* T cell, CD8* T cells, B cell,
moDC and ¢cDC2 numbers in comparison to HDM-challenged WT controls, while no changes

were observed in neutrophil, AM, ILC2 and cDC1 populations (Figure 5.6).
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Figure 5.6: The effect of PAR2 deficiency (PAR27) on HDM-induced lung inflammation.

Wild type (WT) and PAR27-mice were sensitised to house dust mite (HDM) and challenged with saline or HDM
on three consecutive days. Lungs were collected 3 days after the final challenge and enzymatically digested. A)
Total leukocyte number as determined by an automated cell counter. Flow cytometry was utilised to assess
numbers of B) eosinophils, C) neutrophils, D) alveolar macrophages (AM), E) CD4* T cells, F) CD8*T cells, G) B
cells, H) group two innate lymphoid cells (ILC2), I) monocyte-derived dendritic cells (moDCs), J) classical DCs type
2 (cDC2s) and 1) cDC1s. Representative data from one of two independent experiments are presented as mean

+ S.E.M. with N=12-16/group. Mann-Whitney U test was used to analyse differences between experimental

groups. * denotes p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.

54.2.4. The effect of PAR2 deficiency on type 2 cytokine and chemokine
production

In WT mice HDM challenge was associated with anincrease in BAL IL-4, IL-5, IL-13, IL-10, TNFa,

IL1B, Eotaxin-1, MIP-1a, MCP-1, TARC and I-TAC relative to saline challenge (Figure 5.7). In

PAR27-, HDM challenge was associated with lower TNFa and MIP-1a levels and higher IL-5
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concentration in comparison to WT HDM challenged controls. The concentrations of other

cytokines and chemokines were identical between HDM challenged WT and PAR2”" mice.
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Figure 5.7: The effect of PAR2 deficiency (PAR27") on cytokine and chemokine production.

Wild type (WT) and PAR27-mice were sensitised to house dust mite (HDM) and challenged with saline or HDM
on three consecutive days. Bronchoalveolar lavage (BAL) was collected 3 days after the final challenge and
cytokines and chemokines assessed in the supernatant. Concentration of A) IL-4, B) IL-13, C) IL-5, D) IL-10, E)
IP-10, F) TNFa, G) IL-1B, H) Eotaxin-1 (CCL11), I) MIP-1a and J) MCP-1 in BAL as determined by ProcartaPlex
assays. Representative data from one of two independent experiments are presented as mean + S.E.M.,

N=12-16/group. Mann-Whitney U test was used to analyse differences between experimental groups. * denotes
p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001.

5.4.2.5.  The effect of PAR2 deficiency on antibody secretion
In WT mice HDM challenge was associated with increased total plasma IgE and HDM-specific

IgE levels as compared to saline challenge. In PAR27- mice the levels of plasma total IgE as
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well as HDM-specific IgE were reduced after HDM exposure as compared to WT controls

(Figure 5.8).
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Figure 5.8: The effect of PAR2 deficiency (PAR27") on antibody production.

Wild type (WT) and PAR27-mice were sensitised to house dust mite (HDM) and challenged with saline or HDM
on three consecutive days. Blood was collected 3 days after the final challenge and IgE determined in plasma.
A) Total IgE concentration and B) HDM-specific IgE levels as determined by ELISA. Representative data from one
of two individual experiments are presented as mean * S.E.M., N=12-16/group. Mann-Whitney U tests were
used to analyse differences between experimental groups. * p<0.05, **** p<0.0001. A4s0— absorbance at 450

nm.

5.4.2.6. The effect of PAR2 deficiency on airway hyper-responsiveness
Administration of 5-HT led to a concentration-dependent increase in Penh in all groups. HDM
challenge was associated with pronounced Penh response in WT mice as compared to saline
control. The responses of HDM challenged PAR2”7- mice were significantly greater than
responses of saline challenged PAR27- mice and were no different to the responses of WT

HDM challenged mice (Figure 5.9).
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Figure 5.9: The effect of PAR2 deficiency on airway hyper-responsiveness.

Wild type (WT) and PAR27-mice were sensitised to HDM and challenged with saline or HDM on three consecutive
days. Three days later mice were placed in whole body plethysmography chambers and exposed to saline,
followed by increasing concentrations of 5-HT (1, 3 and 10mg/ml). Each application was monitored for 15
minutes before the subsequent solution was nebulised. Area under the curve (AUC) was determined for Penh
values for each solution. Representative data from one of two independent experiments are presented as mean
+S.E.M., N=11-14/group. *** denotes p<0.001 in repeated measures ANOVA with Sidak’s multiple comparison

test.

5.4.3. Pharmacological inhibition of PAR2 during the challenge phase
By utilising PAR27" mice in the HDM model, we demonstrated a potential role of PAR2 in the
development of airway inflammation, but not AHR. To further support these observations and
evaluate the role of PAR2 specifically during an allergen challenge phase, pharmacological

tools were utilised to disrupt PAR2 signalling during HDM challenge.

A novel monoclonal anti-PAR2 IgG blocking antibody MEDI2344 (PAR2 Ab) was validated in
vitro and in vivo and was shown to prevent proteolytic cleavage of mouse PAR2 and
subsequent inhibition of PAR2 signalling (data not shown). The isotype control IgG R347 and
vehicle were tested alongside to account for the unspecific binding of the PAR2 Ab or vehicle

effects, respectively.
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5.4.3.1.  The effect of PAR2 blocking antibody on HDM-induced allergic airway
inflammation

HDM challenge triggered an increase in total BAL leukocyte numbers relative to saline
challenge in vehicle treated mice (Figure 5.10A). More specifically, in vehicle treated mice,
HDM challenge increased eosinophil, CD4*and CD8* T cell, B cell and ILC2 number compared
to saline challenged controls, while neutrophil and AM numbers were unchanged (Figure
5.10B-H). Administration of PAR2 antibody was associated with greater total leukocyte,
eosinophil and AM numbers upon HDM challenge relative to vehicle treated control (Figure
5.10A,B,D). A trend towards greater B cells and ILC2 numbers was also observed, while
neutrophil, CD4*and CD8* T cell numbers were comparable between HDM challenge vehicle
and PAR2 Ab treated mice (Figure 5.10C,E-H). The responses of isotype antibody treated

animals did not differ from vehicle treated animals (Figure 5.10).
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Figure 5.10: The effect of PAR2 antibody on house dust mite (HDM)-induced airway inflammation.

HDM-sensitised mice were challenged with saline or HDM on days 24, 25 and 26. On days 23, 25 and 27 mice
were treated subcutaneously with vehicle (25mM histidine, 205 mM sucrose in PBS), Isotype antibody IgG R347
(10mg/kg, 1so AB) or anti-PAR2 blocking antibody (10mg/kg, PAR2 AB). Bronchoalveolar lavage (BAL) samples
were collected on day 29. A) Total leukocyte numbers as determined by automated cell counter. Flow cytometry
was utilised to assess numbers of B) eosinophils, C) neutrophils, D) alveolar macrophages, E) CD4*T cells, F) CD8*
T cells, G) B cells, H) group two innate lymphoid cells (ILC2). Data from a single experiment are presented as
mean * S.E.M., N=8/group. Mann-Whitney U test was used to determine differences between saline and HDM
challenged WT mice, while Kruskal-Wallis with Dunn’s post hoc tests was used to analyse differences in

HDM-induced responses between Vehicle, Iso AB and PAR2 AB treated mice. * denotes p<0.05, *** p<0.001.
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5.4.3.2. The effect of PAR2 blocking antibody on HDM-induced Iung
inflammation

In comparison to saline challenge, HDM challenge triggered an increase in total lung leukocyte
numbers in vehicle treated mice which was characterised by increased eosinophil, CD4*and
CD8*T cell, B cell, ILC2, moDC, cDC2 and cDC1 numbers. Additionally, HDM challenge resulted
in reduced neutrophil and AM numbers compared to saline challenge in the lungs of vehicle
treated mice. Treatment with PAR2 blocking antibody did not alter HDM-induced lung
inflammation as compared to vehicle control group. Similarly, responses of isotype antibody

treated mice were comparable to vehicle treated mice upon HDM challenge (Figure 5.11).
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Figure 5.11: The effect of PAR2 antibody on house dust mite (HDM)-induced lung inflammation.

HDM-sensitised mice were challenged with saline or HDM on days 24, 25 and 26. On days 23, 25 and 27 mice
were treated subcutaneously with vehicle (25mM histidine, 205 mM sucrose in PBS), Isotype antibody IgG R347
(10mg/kg, Iso AB) or anti-PAR2 blocking antibody (10mg/kg, PAR2 AB). Lung samples were collected and
enzymatically digested on day 29. A) Total leukocyte numbers as determined by automated cell counter. Flow
cytometry was utilised to assess numbers of B) eosinophils, C) neutrophils, D) alveolar macrophages, E) CD4* T
cells, F) CD8" T cells, G) B cells, H) group two innate lymphoid cells (ILC2), I) monocyte-derived dendritic cells
(moDCs), J) classical dendritic cells type 2 (cDC2s) and K) classical dendritic cells type 1 (cDC1s). Data from a
single experiment are presented as mean * S.E.M., N=8/group. Mann-Whitney U test was used to determine
differences between saline and HDM challenged WT mice, while Kruskal-Wallis with Dunn’s post hoc tests was
used to analyse differences in HDM-induced responses between Vehicle, Iso AB and PAR2 AB treated mice. *

denotes p<0.05, *** p<0.001.

5.4.3.3.  The effect of PAR2 blocking antibody on HDM-induced AHR
Next, the effect of PAR2 Ab on development of HDM-induced AHR was investigated. 5-HT
exposure led to concentration dependent increase in Penh responses in all groups. A trend

towards increased 5-HT-provoked Penh responses was observed in HDM challenged groups
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in comparison to the respective saline control groups, however the differences did not reach

statistical significance in any of the treatment groups (Figure 5.12).
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Figure 5.12: The effect of PAR2 antibody on airway hyper-reactivity.

House dust mite (HDM)-sensitised mice were challenged with saline or HDM on days 24, 25 and 26. On days 23,
25 and 27 mice were treated subcutaneously with vehicle (25mM histidine, 205 mM sucrose in PBS), Isotype
antibody 1gG R347 (10mg/kg, Iso AB) or anti-PAR2 blocking antibody (10mg/kg, PAR2 AB). On day 29 mice were
placed in whole body plethysmography chambers and exposed to saline, followed by escalating concentrations
of 5-HT (1, 3 and 10mg/ml). Each application was monitored for 15 minutes before the subsequent solution was
nebulised. Area under the curve (AUC) was determined for Penh values for each solution and analysed using
repeated measures ANOVA with Sidak’s multiple comparison test. Data are presented as mean + S.E.M.,

N=8/group.

5.5.Discussion

The aim of this thesis is to elucidate TRPV4 signalling pathway in asthma. Utilising murine
HDM model of AAD we have established that immune cells, pivotal for the development of
allergic airway inflammation (CD4*T cells and lung DCs) were possibly responsible for TRPV4
activation in this model (Chapter 3). P2X7 was identified as a potential downstream receptor
in TRPV4 signalling axis in allergic airway inflammation, although other P2 receptors are likely
involved, particularly in the development of AHR (Chapter 4). The aim of this chapter was to
elucidate the mechanisms of TRPV4 activation during the development of AAD. PAR2 was
studied as a potential mechanism as PAR2 has been shown to activate or modulate TRPV4
signalling in neurogenic inflammation and lung injury models (Grant et al. 2007, Poole et al.
2013, Zhao et al. 2014, Zhao et al. 2015, Rayees et al. 2019) and have been extensively

implicated in asthma pathogenesis (Walker and DeFea 2014). PAR2 expression is increased in
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the airways of asthmatic patients (Knight et al. 2001, Allard et al. 2014, Aubier et al. 2016)
and the PAR2 chromosome region (5g13.3) has been linked to asthma onset and asthma score
(Bouzigon et al. 2007). The pathogenic role of PAR2 in the development of allergic airway
inflammation and AHR has been further demonstrated in preclinical studies (Schmidlin et al.
2002, Takizawa et al. 2005, Arizmendi et al. 2011, Lewkowich et al. 2011, Davidson et al. 2013,
Asaduzzaman et al. 2015, Hiraishi et al. 2018, Yee et al. 2018). This led us to hypothesise that
PAR2 was critical for the activation of TRPV4 signalling and subsequent airway inflammation

and AHR.

Our first aim was to validate PAR2 as a target in the HDM-induced model of AAD by studying
the presence of PAR2 agonists the HDM model. Although many proteases are capable of
cleaving PAR2 N-terminal (Hollenberg et al. 2014, Yau et al. 2016), tryptase was considered
the most relevant PAR2 agonist in our model as increased tryptase levels have been
demonstrated in BAL of asthmatic patients (Wenzel et al. 1988, Broide et al. 1991, Alvarez et
al. 2000, Aubier et al. 2016), particularly after an allergen challenge (Wenzel et al. 1988,
Sedgwick et al. 1991). Inhibition of tryptase alleviated allergen-induced airway responses in
asthmatic patients as well as preclinical models (Clark et al. 1995, Krishna et al. 2001). We
found increased levels of tryptase-like activity in the time course study assessing the
development of allergic airway inflammation upon HDM challenge, in line with reported
clinical observations (Wenzel et al. 1988, Broide et al. 1991, Alvarez et al. 2000, Aubier et al.
2016).

To gain further insight into PAR2 signalling in the murine HDM model Par2 expression was
investigated next. HDM challenge was associated with increased Par2 expression 2 hours
after the second HDM challenge, and reduced expression 24, 48 and 72 hours after the third
and last HDM challenge. Par2 expression was then investigated further in lung CD4* T cells,
CD8*T cells, ILC2 and DC populations — immune cells deemed crucial in the HDM-induced
immune responses (Chapter 3). As previously reported, Par2 could be detected in CD4*T and
CD8*T cells (Lopez et al. 2014, Francis et al. 2017, Feng et al. 2018), but interestingly, HDM
challenge triggered downregulation of Par2 expression in CD4* T cells, but not CD8" T cells.
Similar findings have not been yet reported, but it could be relevant for the development of
allergic airway inflammation as PAR2 has been demonstrated to play a role in T cell

development, T cell adhesion as well as Th2 cytokine production (Lim et al. 2006, Shichijo et
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al. 2006, Francis et al. 2017, Feng et al. 2018). We have also demonstrated Par2 expression
on ILC2s, although HDM challenge had no effect on Par2 mRNA expression. The presence of
PAR2 receptors on ILC2s has not been shown before and its importance for ILC2 function is
yet to be elucidated. In lung dendritic cell populations, we could only detect Par2 after HDM
challenge but not saline challenge, indicative of HDM-induced upregulation of Par2
expression. Similarly, Lewkowich et al. failed to detect PAR2 on DCs isolated from naive mice,
but reported the upregulation of PAR2 expression on DCs upon cockroach extract (CE)
challenge (Lewkowich et al. 2011). Although PAR2 cannot be easily detected in naive DCs,
PAR2 seems crucial in DC maturation, development and antigen trafficking (Fields et al. 2003,

Ebeling et al. 2007, Ramelli et al. 2010).

These observations validated PAR2 as a target in the murine HDM model and warranted
further investigation into the role of PAR2 in the HDM-induced model of AAD. We utilised two
distinct approaches (a genetic and a pharmacological approach) to disrupt PAR2 signalling in

the model.

Constitutive PAR27- mice (Schmidlin et al. 2002) were initially employed to study the role of
PAR2 deficiency on the development of allergic airway inflammation and AHR. However, as
inbreeding invariably leads to an accumulation of off-target mutations or to a genetic drift
that could result in a loss of phenotype (Stevens et al. 2007, Purtha et al. 2012, Ji et al. 2017)
the disruption of PAR2 gene was validated by genotyping, while an in vitro vagal nerve
depolarisation technique was used to demonstrate the lack of functional PAR2 signalling in
PAR27-mice. The later technique was chosen to study the functionality of PAR2 receptors as
sensory neurons, including respiratory sensory neurones, express PAR2 and PAR2 has been
shown to elicit sensory neuron activation (Sipe et al. 2008, Gu and Lee 2012, Poole et al. 2013,
Bonvini et al. 2017, Flajolet 2021). Three different PAR2 agonists were probed and while all
of them triggered depolarisation of vagal nerve segments in WT mice, this effect was lost in
PAR27- mice. TRPV4-, TRPV1- and TRPVA1-induced responses were retained in PAR27 mice,

confirming the selectivity of the genetic disruption of PAR2.

Having successfully validated PAR27" mice, the effect of PAR2 deficiency on the development
of allergic airway inflammation and AHR was investigated next. PAR27- mice displayed
impaired IgE responses and ameliorated airway inflammation upon HDM challenge. Limited
recruitment and expansion of eosinophils, CD4*T cells, CD8* T cells, B cells, moDCs and cDC2s
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was observed in BAL and lung. Surprisingly, PAR2 deficiency had no effect on BAL type 2
cytokine levels, but rather lead to an increase in BAL IL-5 levels, in spite of reduced CD4* T cell
numbers. Chemokines such as Eotaxin-1 or MCP-1 were not affected by PAR2 deficiency,
however, supressed levels of TNFa and MIP-1a were found in PAR27 mice upon HDM
challenge. In spite of alleviated HDM-induced airway inflammation in PAR27" mice, PAR2

deficiency failed to protect against HDM-induced AHR.

There are certain limitations to the presented studies. We first conducted an initial study
(N=6-8/group) however the differences in allergic airway inflammation between WT and
PAR27-mice did not reach statistical significance due to small group sizes. Hence, a second
experiment was conducted with increased group numbers to improve the statistical power of
the study. To achieve that and at the same time comply with the 3R principles (Aske and
Waugh 2017) female and male mice were used in this second study. Care was taken to age
and sex match the groups as much as possible. Although no statistically significant differences
in HDM-induced immune and airway responses between male and female mice could be
observed, this could limit the interpretation of those results. Another limitation of this study
is a lack of littermate controls. Albeit WT controls were carefully chosen to match the genetic
background of PAR27 mice, it is possible that the genetic backgrounds of WT and PAR2” were
not identical. The differences in the genetic background could be a confounding factor in the
responses seemingly contributable to the genetic disruption of Par2 (Holmdahl and Malissen

2012).

To confirm the observations in the knockout studies and to address whether PAR2 signalling
was crucial during sensitisation or allergen challenge phase, respectively, we next employed
a pharmacological approach to disrupt PAR2 signalling during allergen challenge phase in
HDM sensitised mice. A PAR2 blocking antibody MEDI2344 with high affinity for murine PAR2
and demonstrated efficacy in mechanical hyperalgesia model was used for this task
(unpublished data). Surprisingly, MEDI2344 offered no protection against the development
of allergic airway inflammation, but rather enhanced eosinophil infiltration into the airways.
No effect of MEDI2344 on AHR could be observed, however, the AHR results of this study
were inconclusive, as no clear difference could be seen in responses between saline and HDM

challenged vehicle dosed mice, limiting further interpretation of these results.

191



Whole body plethysmography used in this thesis has been heavily criticised as a measure of
airway resistance (lrvin and Bates 2003, Bates et al. 2004, Lundblad et al. 2007). However,
several laboratories, have reported good reproducibility as well as correlation between Penh
and direct measurements of airway resistance and we have previously demonstrated the
method to be a reliable assessment of lung function in lung disease (Hamelmann et al. 19973,
Lomask 2006, Verheijden et al. 2014, Raemdonck et al. 2016). Additionally, this is the only
available technique that allows monitoring of airway responses in conscious animals and can
therefore assess factors apart from smooth muscle hyper-reactivity that contribute to AHR,
such as neuronal regulation (Lomask 2006, Meurs et al. 2008). Although we are unsure about
the role of neuronal regulation in HDM-induced AHR, TRPV4 and PAR2 have both been
implicated airway sensory nerve activity in lung disease (Bonvini et al. 2016, Bonvini et al.
2017, Flajolet 2021) and could potentially affect AHR via modulation of airway sensory nerve

responses.

Our findings only partially agree with the existing literature on the role of PAR2 in allergic
airway inflammation. Most of the studies utilising PAR27" mice to investigate the role of PAR2
in asthma, have demonstrated a pathogenic role of PAR2 in allergic airway inflammation and
AHR in OVA, CE, HDM and ALT AAD models (Schmidlin et al. 2002, Takizawa et al. 2005, Page
et al. 2010, Arizmendi et al. 2011, Lewkowich et al. 2011, Davidson et al. 2013, de Boer et al.
2014, Yee et al. 2018), although several reports have failed to demonstrate the protective
effect of PAR2 deficiency on either airway inflammation or AHR (Schmidlin et al. 2002, Redes
et al. 2019, Daines et al. 2020, Wiesner et al. 2020). The type of experimental model and
particularly the mechanism of allergen sensitisation have been proposed to be crucial for the
role of PAR2. For instance, in CE model PAR2 deficiency was protective when sensitisation
was achieved via mucosal administration rather than systemic administration of CE (Page et
al. 2010). A lack of role for PAR2 during allergen challenge phase was proposed further as
inhibition of CE protease activity during challenge did not modulate immune responses (Page
et al. 2010). Similar observations were made in HDM models with mucosal sensitisation
(Davidson et al. 2013, de Boer et al. 2014). This hypothesis was then further strengthened by
the notion that induction of immune tolerance to OVA during mucosal sensitisation was
overcome by activation of PAR2 and instead triggered allergic sensitisation (Ebeling et al.

2007).
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Nonetheless, findings from murine OVA-induced AAD models have additionally implicated
PAR2 in systemic sensitisation as suppression of IgE and/or 1gG responses in PAR27 mice is a
common observation regardless of the experimental model (Schmidlin et al. 2002, Shichijo et
al. 2006, Davidson et al. 2013, de Boer et al. 2014). However, those studies have also
demonstrated a more complex role of PAR2 in AAD (Schmidlin et al. 2002, Takizawa et al.
2005, Shichijo et al. 2006). As such, Schmidlin et al. observed the diminished airway
inflammation in PAR27 mice 24 hours after OVA challenge, but not 72 hours after the
challenge despite the diminished IgE responses in PAR27-mice (Schmidlin et al. 2002). We too
have observed reduced IgE responses in PAR2”/" mice, which might reflect a defect in
sensitisation to HDM, even though B cells and IgE had been demonstrated dispensable for the
development of allergic airway inflammation or AHR in our mouse HDM model (Raemdonck

et al. 2016).

The mechanism behind the protective effect of PAR2 deficiency on allergic airway
inflammation is not entirely clear. In our studies, type two cytokines remained unaffected by
PAR2 deficiency. This is not uncommon as Redes et al. similarly observed a reduction in total
BAL cell counts upon Aspergillus fumigatus challenge in PAR27- mice, but no changes in IL-4,
IL-5 or IL-13 levels (Redes et al. 2019). However, the statistical power of those studies was
limited and data on other cytokines or chemokines were not reported (Redes et al. 2019).
PAR2 has been implicated in T cell development, differentiation and cytokine production
(Shichijo et al. 2006, Francis et al. 2017). The involvement of PAR2 in T cell development has
only been investigated in vitro and might not occur in vivo as T cell responses do not seem to
be universal among different PAR27-mice strains (Schmidlin et al. 2002, Takizawa et al. 2005,
Shichijo et al. 2006, Francis et al. 2017). However, we detected reduced levels of TNFa and
MIP-1a in BAL of PAR27 mice. TNFa can modulate T cell activation and cytokine production
(Matera et al. 2010), while MIP-1a is a potent chemotactic agent for lymphocytes, eosinophils
and monocytes, including dendritic cells (Lukacs et al. 1995b, Holgate et al. 1997, Maurer and
Von Stebut 2004). The lack of chemotactic cues could explain the diminished recruitment of
eosinophils, lymphocytes and particularly moDCs in PAR27mice (Lukacs et al. 1995b, Holgate
et al. 1997, Pease and Williams 2001, Maurer and Von Stebut 2004, Matera et al. 2010).
Another confounding factor could be impaired leukocyte rolling and migration in PAR27- mice

(Lindner et al. 2000, Ebeling et al. 2007, Ramelli et al. 2010), particularly, as populations of
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ILC2s, which are predominantly tissue resident and expand in situ, remained unaltered in
PAR27- mice (Gasteiger et al. 2015, Moro et al. 2016, Mindt et al. 2018). A defective moDC
recruitment into the lungs might be crucial for the protective effect of PAR2 deficiency as
adoptive transfer of allergen-pulsed WT DCs into PAR27- recipients was alone sufficient for

the initiation of allergic airway inflammation (Lewkowich et al. 2011).

The results from the PAR2 Ab study support the hypothesis that PAR2 modulates allergen
sensitisation rather than immune responses during allergen challenge as administration of
MEDI2344 during allergen challenge phase offered no protection against AHR or allergic
airway inflammation, but rather enhanced it. We obtained similar results utilising rat OVA
model of LAR, where MEDI2344 and PAR2 antagonist 18S-P2Pal failed to modulate
OVA-induced LAR and airway inflammation (Flajolet 2021). In contrast to our findings, most
publications have demonstrated that administration of PAR2 inhibitors during allergen
challenge phase, including rabbit antiserum R5, PAR2 blocking antibody SAM-11 and PAR2
antagonists NPS-1577 and 18S-P2Pal, alleviated allergic airway inflammation and AHR in OVA
and CE mouse models (Arizmendi et al. 2011, Asaduzzaman et al. 2015, Asaduzzaman et al.
2018). However, the administration of PAR2 activating peptides was reported to both
enhance and reduce airway inflammation and AHR in various settings (De Campo and Henry
2005, Ebeling et al. 2005, D'Agostino et al. 2007) and the selectivity of available tools has been
queried (McGuire et al. 2002, Stenton et al. 2002, Hollenberg et al. 2014, Yee et al. 2018).
PAR2 activating peptides, for instance, have been shown to elicit PAR2 independent effects
(McGuire et al. 2002, Stenton et al. 2002, Hollenberg et al. 2014, Yee et al. 2018) while PAR2
antibodies has been criticised for their poor sensitivity to detect PAR2 protein on cell
membranes (Johansson et al. 2005, Adams et al. 2012, Lopez et al. 2014). In fact, PAR2 has
been additionally proven a difficult receptor to target due to biased signalling (Hollenberg et
al. 2014, Yau et al. 2016). Canonical activation of PAR2 has been linked to downstream GPCR
signalling, however an alternative activation of PAR2 via B-arrestin recruitment is also
possible and seems crucial for cell migration (Nichols et al. 2012, Hollenberg et al. 2014, Yee
et al. 2018). Most of the available PAR2 inhibitors have been profiled against the conventional
PAR2 signalling pathway and might thus fail to inhibit alternative pathways (Nichols et al.
2012, Hollenberg et al. 2014, Yau et al. 2016). Some PAR2 antagonists can even act as biased

agonists, questioning their use (Nichols et al. 2012, Hollenberg et al. 2014, Yau et al. 2016).
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The in vivo efficacy of PAR2 blocking antibody MEDI2344 had been previously validated in
mechanical hyperalgesia model (unpublished data) and thus demonstrated a lack of role for
PAR2 during allergen challenge. However, PAR2 signalling pathways in the HDM model,
especially the alternative ones, and the ability of MEDI2344 to block them need to be further
elucidated to confidently conclude that the lack of efficacy of MEDI2344 on allergic airway

inflammation cannot be attributable to its inability to prevent PAR2 alternative signalling.

A difference in experimental design could also offer some explanation for the contrasting
results between our PAR2 antibody study and the literature. Unlike our HDM model, the most
commonly utilised CE and HDM models with mucosal sensitisation require high doses of
allergens with intrinsic protease activity to elicit airway inflammation (Arizmendi et al. 2011,
Davidson et al. 2013, Asaduzzaman et al. 2015, Asaduzzaman et al. 2018, Kim et al. 2019). The
signalling pathways activated by allergen exposure in those models might thus differ
substantially from our HDM model. In OVA models, on the other hand, immune responses
may be modulated by LPS contamination and subsequent TLR signalling which can alter PAR2
signalling (Tsuchiya et al. 2012, Lee et al. 2017, Heuberger and Schuepbach 2019, Rayees et
al. 2019). Difference in route of administration and pharmacokinetics could also affect the
outcomes. A local rather than systemic administration has been advised to disrupt PAR2
signalling in the airways (Arizmendi et al. 2011, Davidson et al. 2013, Asaduzzaman et al. 2015,
Asaduzzaman et al. 2018) as a systemic delivery of the antibodies was postulated insufficient
to achieve PAR2 blockage (Arizmendi et al. 2011). In our study, we administered MEDI2344
subcutaneously as this was efficacious in in vivo validation studies. As instructed, 24 hours
after antibody administration were given before the first HDM challenge to allow for
absorption and systemic antibody distribution and additional doses were given every second
day to maintain systemic antibody levels. As we were unable to evaluate the levels of
MEDI2344 during the HDM study, the possibility that insufficient coverage was achieved yet

remains.

Notwithstanding the amelioration of cellular inflammation in PAR27- mice, we found no
evidence implicating PAR2 in the development of AHR, as Penh responses to 5-HT remained
unaffected by PAR2 deficiency or MEDI2344. Additional assessment of airway resistance and
lung compliance with invasive methods might be helpful in clarifying the role of PAR2 in AHR.

Regardless, the role of PAR2 in airway function and AHR remains puzzling. In the healthy

195



airways stimulation of PAR2 was associated with bronchodilation (Cocks et al. 1999, Lan et al.
2000, Cicala et al. 2001) as well as a bronchoconstriction (Ricciardolo et al. 2000, Schmidlin et
al. 2001), although we were unable to trigger bronchoconstriction with 2-Furoyl-LIGRLO-NH;
in neither conscious rats nor mice (Flajolet 2021)(unpublished data). AAD models have
generally demonstrated concomitant improvement of allergic airway inflammation and AHR
by genetic or pharmacological disruption of PAR2 signalling (Arizmendi et al. 2011, Davidson
et al. 2013, Asaduzzaman et al. 2015, Asaduzzaman et al. 2018). Even so, Redes et al. and
Schimdlin et al. have failed to observe inhibition of AHR in PAR2”" mice despite the
improvement of allergic airway inflammation (Schmidlin et al. 2002, Redes et al. 2019).
Over-stimulating PAR2 as an alternative approach has provided no clearer answers. Mice
overexpressing PAR2 have developed worse AHR than their WT littermate controls (Schmidlin
et al. 2002), however stimulation of PAR2 by PAR2 APs was associated with improved as well
as worsened lung function in allergen exposed laboratory animals (De Campo and Henry 2005,
Ebeling et al. 2005, D'Agostino et al. 2007). These diverse outcomes might be explained by
the involvement of PAR2 in multiple downstream pathways as well as the lack of well
characterised pharmacological tools (Hollenberg et al. 2014, Yau et al. 2016). They also serve
as areminder that further investigation into PAR2 and the tools to target it are needed before

PAR2 can be successfully targeted in disease (Yau et al. 2016).

The results presented in this chapter demonstrated a potential role of PAR2 in the
development of HDM-induced allergic airway inflammation, but not AHR, however further
work is needed to establish the link between PAR2 and TRPV4. In a mechanical hyperalgesia
model, TRPV4 could only be activated by a combination of inflammatory mediators
(Alessandri-Haber et al. 2006). While investigations into PAR2-TRPV4 link in the nervous
system have suggested that PAR2 activation can either result in opening of TRPV4 channels
via receptor operation gating or sensitisation of the channel (Grant et al. 2007, Poole et al.
2013, Grace et al. 2014b, Zhao et al. 2014, Zhao et al. 2015), multiple stimuli might be needed
for TRPV4 activation. A recent study has also demonstrated that TRPV4 can be activated upon
allergen exposure independently of PAR2 and disruption of epithelial junctions by allergen

proteases alone can be sufficient for activation of TRPV4 (Wiesner et al. 2020).

In conclusion, PAR2 might be partially responsible for the detrimental effects of TRPV4

activation during allergen sensitisation rather than allergen challenge phase. Alternative
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mechanisms of TRPV4 activation, particularly during allergen challenge phase, leading to the

development of allergic airway inflammation and AHR are yet to be elucidated.
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6. The effect of pharmacological inhibition of TRPV4
during allergen challenge in allergic airway disease

models

198



6.1.Introduction

There is increasing body of evidence implicating TRPV4 in asthma pathogenesis (Birrell et al.
2016, Gombedza et al. 2017, Yao et al. 2019, Duan et al. 2020, Wiesner et al. 2020). In our
laboratory we have previously demonstrated that TRPV4 inhibition strikingly abolished
characteristic features of AAD, including allergic airway inflammation and allergen-associated
airway responses in murine and rat models of AAD (Birrell et al. 2016). Aiming to elucidate
the mechanisms of TRPV4 signalling in AAD, we have demonstrated that CD4* T cells, ILC2s or
DCs, the immune cells critical for HDM-induced responses in our murine AAD model, could be
responsible for TRPV4 signalling in this model (Chapter 3). Investigations into downstream
TRPV4 targets have uncovered P2X7 as a receptor potentially regulating allergic airway
inflammation downstream of TRPV4 (Chapter 4). Alike, PAR2 was demonstrated to modulate
allergic airway inflammation, preferably during sensitisation rather allergen challenge phase,

and could be partially responsible for TRPV4 activation (Chapter 5).

Nevertheless, several aspects of the proposed TRPV4 role in AAD (Birrell et al. 2016) remain
unanswered. For instance, we were unable to decipher the TRPV4 signalling pathway
regulating AHR in the murine HDM model as P2X4, P2X7 and PAR2 were all dispensable for
the development of AHR (Chapter 4, 5). In addition, whilst PAR2 deficiency alleviated allergic
airway inflammation, the administration of a PAR2 blocking antibody during allergen
challenge phase had no effect on allergic airway inflammation nor AHR, suggesting the
importance of PAR2 during sensitisation rather than allergen challenge (Chapter 5). In the
preliminary study, TRPV4”/ mice failed to develop HDM-induced IgE (Birrell et al. 2016),
supporting the association between TRPV4 gain-of-function polymorphisms with allergen

sensitisation (Wiesner et al. 2020).

The administration of the TRPV4 antagonist GSK2193874 (GSK219) during allergen challenge
in the rat OVA model have additionally implicated TRPV4 in the development of allergic
airway inflammation and LAR (Birrell et al. 2016). TRPV4 has been previously implicated in
bronchospasm and associated with AHR in clinical gene association studies as well as
pre-clinical mechanistic studies (McAlexander et al. 2014, Naumov et al. 2016, Yao et al. 2019,
Bonvini et al. 2020). However, the high dose of GSK219 used in the rat OVA study has raised
concerns about the potential off-target rather than TRPV4-selective effects on LAR and airway

inflammation (Birrell et al. 2016). Therefore, it remains unclear whether TRPV4 activation
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occurs during allergen sensitisation or allergen challenge phase, and whether this regulates

the development of allergic airway inflammation, allergen-induced airway responses or both.

6.2.Hypothesis and aims
We hypothesised that selective inhibition of TRPV4 during the allergen challenge phase
alleviates the development of allergic airway inflammation as well as airway responses,

including AHR and LAR, in murine HDM and rat OVA models of AAD, respectively.
We aimed to:

- Characterise and validate TRPV4 antagonists in murine and rat PD and PK models,

- Investigate the efficacy of TRPV4 antagonists during the development of allergic
airway inflammation and AHR in murine HDM model of AAD,

- Investigate the efficacy of TRPV4 antagonists during the development of allergic

airway inflammation and LAR in rat OVA model of AAD.

6.3.Methods

This section outlines in vivo studies and main methods used in this chapter. All the

experimental procedures are described in detail in Chapter 2.

6.3.1. Validation of TRPV4 antagonists

6.3.1.1. Determination of ICsp in human, rat, guinea pig and mouse models
GSK2193874 (GSK219) and GSK2798745 (GSK279) half-maximal inhibitory concentration
(ICs0) was determined in human, rat, GP and mouse models. Utilising Fluorescence Imaging
Plate Reader (FLIPR) assays ICso was determined for TRPV4-induced intracellular Ca?*
mobilisation in human ASM or Chinese hamster ovary (CHO) cells expressing human, rat, GP
or mouse TRPV4 receptors, respectively (performed by AstraZeneca (Research & Early
Development, Respiratory & Immunology, BioPharmaceuticals R&D)). Utilising vagal nerve
depolarisation technique, ICso for TRPV4-induced vagal nerve depolarisation was determined

in rat and GP (performed by Dr Sara Bonvini). ICso values are presented as plCso.

6.3.1.2. Characterisation of GSK2798745 in murine TRPV4 PD model

6.3.1.2.1. GSK2798745 dose response
Female C57BL/6J mice were administered vehicle (2% DSPE-PEG in 5% mannitol) or GSK279

(0.3 — 30 mg/kg) by oral gavage (5 ml/kg) two hours before challenge. Mice were placed in
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whole body plethysmography chambers and 20-minute baseline Penh was recorded prior to
challenge. Mice were then challenged with aerosolised vehicle (1% ethanol + 1% Tween 80 in
saline) or GSK1016790A (GSK101) (30 pg/ml) for 10 minutes and Penh recorded for 20
minutes. Mice were sacrificed upon the completion of the experiment and blood was
collected for the PK assessment of GSK279, where free blood plasma levels were analysed by

mass spectrometry (performed by Early Respiratory and Immunology, AstraZeneca).

GSK101 Penh responses were extensively characterised in our laboratory in rat and GP in vivo
models as well as mouse in vitro assays (Bonvini et al. 2016, Flajolet 2021). In guinea pigs 30
ug/ml caused a submaximal response in a cough study (Bonvini et al. 2016) and was selected
for murine in vivo studies. GSK279 dosing regimen was chosen based on a pilot PK study
conducted by Early Respiratory and Immunology, AstraZeneca, demonstrating maximal

GSK279 free plasma levels were reached 2 hours after oral administration of the compound.

6.3.1.2.2. GSK2798745 time course study
Female C57BL/6J mice were administered vehicle (2% DSPE-PEG in 5% mannitol) or GSK279
(10 mg/kg) by oral gavage (5 ml/kg) 2, 6, 12, 16, and 24 hours before challenge. Prior to
challenge mice were placed in whole body plethysmography chambers and 20-minute
baseline Penh was recorded. Mice were then challenged with aerosolised vehicle (1% ethanol
+ 1% Tween 80 in saline) or GSK101 (30 pg/ml) for 10 minutes and Penh recorded for 20
minutes. Mice were sacrificed upon the completion of the experiment and blood collected for
PK analysis of GSK279 plasma concentrations by mass spectrometry (performed by Early

Respiratory and Immunology, AstraZeneca).

6.3.1.3.  Characterisation of GSK2193874 in rat TRPV4 PD model

Male Brown-Norway rats were administered vehicle (6%
Cavitron/2-Hydroxypropyl-B-cyclodextrine in saline) or GSK219 (0.01 - 300 mg/kg) by
intraperitoneal injection (10 mi/kg) one hour before challenge. Rats were placed in whole
body plethysmography chambers and 20-minute baseline Penh recording was obtained. Rats
were then challenged with aerosolised vehicle (1% ethanol + 1% Tween 80 in saline) or
selective TRPV4 agonist GSK101 (10 pg/ml) for 10 minutes and Penh monitored for 20
minutes. Upon completion of the challenge rats were sacrificed and blood collected for PK
analysis of GSK279 plasma concentrations by mass spectrometry (performed by Early
Respiratory and Immunology, AstraZeneca).
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GSK101 concentration response was previously characterised in BN rats in our laboratory and
10 pg/ml was chosen as submaximal concentration in subsequent studies (Flajolet 2021).
GSK219 pre-dose time was previously characterised in guinea pig cough studies (Bonvini et al.
2016) and was matched with the preliminary rat OVA study investigating the effect of GSK219

dosed at 300 mg/kg on LAR and airway inflammation (Birrell et al. 2016).

6.3.1.4.  Characterisation of GSK2798745 in rat TRPV4 PD model
Male Brown-Norway rats were administered vehicle (2% DSPE-PEG in 5% mannitol) or GSK279
(dose response 0.03 — 3 mg/kg) by oral gavage (2 ml/kg) two hours before challenge. Prior to
challenge rats were placed in whole body plethysmography chambers and a 20-minute
baseline Penh was recorded. Rats were then challenged with aerosolised vehicle (1% ethanol
+ 1% Tween 80 in saline) or GSK101 (10 pg/ml) for 10 minutes. Penh was monitored
throughout the challenge for a total of 20 minutes. Upon completion of the challenge rats
were sacrificed and blood collected for PK analysis of GSK279 plasma concentrations by mass

spectrometry (performed by Early Respiratory and Immunology, AstraZeneca).

The pre-dose time of GSK279 was selected based on a pilot PK study conducted by Early
Respiratory and Immunology, AstraZeneca, indicating that maximal plasma levels were

achieved 2 hours after oral administration of the drug.

6.3.2. TRPV4 antagonists in murine HDM model
Female C57BL/6J mice were sensitised to HDM on days 0 and 14 and challenged with saline
or HDM on days 24, 25 and 26. AHR and airway inflammation were assessed on day 29.
Throughout the challenge phase and until the completion of the study mice were
administered GSK279 (0.3 — 30 mg/kg) or its vehicle (2% DSPE-PEG in 5% mannitol) by oral
gavage (5 ml/kg) twice daily (morning and evening dose were 10 hours apart). On the days of
the challenge mice received the treatment 2 hours before the challenge. On day 29, mice
received their final dose 2 hours before AHR assessment. Alongside, a separate group
received budesonide (3 mg/kg, p.o.) as a positive control twice daily (10 hours apart) whilst
receiving no GSK279 vehicle. Budesonide was administered 1 hour before challenge on days
24-26 as well as 1 hour prior to AHR assessment on day 29. Study is schematically summarised

in Figure 6.1, while study groups are detailed in Table 6.1.
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Whole body plethysmography was used to monitor the responses to increasing
concentrations of 5-HT (saline, 1, 3, 10 mg/ml). Upon completion of AHR assessment, mice
were sacrificed and blood, BAL and lung samples collected. Blood samples were used for the
determination of GSK279 plasma levels by mass spectrometry (Early Respiratory and
Immunology, AstraZeneca). BAL cells were isolated and total leukocyte numbers determined
by an automated cell counter (Sysmex XT-300). Leukocyte populations were differentiated
based on the expression of surface and transcription markers by flow cytometry (analysed on
Fortessa). Lung were enzymatically digested to obtain lung cell suspension. Lung total
leukocytes were determined by an automated cell counter (Sysmex XT-300), while leukocyte
populations were discriminated based on the surface and transcription markers by flow

cytometry (analysed on Fortessa).

SENSITISATION CHALLENGE
i i.n. sal/HDM (1.25 k
i.p. HDM {0.5pg/kg) i.n. salf ( ns/kg) Assessment of
\ , 3 k k lung function and
y?' f// airway inflammation
0 14 24 25 26 27 28 29
Time(days) | [ | | | | | |
TREATMENT

p.o. Vehicle/ GSK2798745 (0.3-30 mg/kg)
/ Budesonide (3 mg/kg)

Figure 6.1: A schematic representation of the study investigating the effect of GSK2798747 on house dust mite
(HDM)-induced allergic airway inflammation and airway hyper-responsiveness (AHR) in murine allergic airway
disease model.

Mice were sensitised to HDM on days 0 and 14 and challenged with HDM or saline on days 24-26. From days
24-29 mice were treated with GSK2798745, GSK2798745 vehicle or budesonide twice daily. On day 29 AHR and

airway inflammation were assessed.
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Table 6.1: Experimental groups in a study investigating TRPV4 antagonist GSK2798745 in the murine house

dust mite (HDM) model.

A group treated with budesonide received no GSK2798745 vehicle. No groups were administered budesonide

vehicle. N/A — non-applicable

GSK2798745
Group | Challenge Budesonide (mg/kg)
(mg/kg)
1 Saline Vehicle N/A
2 Saline 30 N/A
3 HDM Vehicle N/A
4 HDM 0.3 N/A
5 HDM 0.1 N/A
6 HDM 3 N/A
7 HDM 10 N/A
8 HDM 30 N/A
e HDM N/A 3

6.3.3. TRPV4 antagonists in rat OVA model

Male Brown-Norway rats were i.p. injected with OVA with Alum on days 0, 14 and 21 and

challenged with aerosolised saline or OVA for 30 minutes on day 28. On the day of the

challenge rats were briefly anaesthetised and administered the following treatments (Table

6.2):

GSK279 (dose response 0.03 — 3 mg/kg) or its vehicle (2% DSPE-PEG in 5% mannitol)
by oral gavage (2 ml/kg) 2 hours before and 30 minutes after challenge,

GSK219 (dose response 0.03 - 3 mg/kg) or its vehicle (6%
Cavitron/2-Hydroxypropyl-B-cyclodextrine in saline) by intraperitoneal injection (10
ml/kg) 1 hour before and 30 minutes after challenge.

A positive control GSK219 at 300 mg/kg i.p. (dose shown to inhibit the LAR in previous
studies (Birrell et al. 2016)) one hour before and 30 minutes after challenge.

A positive control Budesonide (3 mg/kg) or vehicle (0.2 mg/ml polysorbate 80, 0.28
mg/ml citric acid, 0.5 mg/ml sodium citrate dihydrate, 8.5 mg/ml sodium chloride in

water) was intratracheally dosed (1ml /kg) one hour before the challenge.
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One hour after the challenge rats were placed in whole body plethysmography chambers and

Penh was monitored for 5 hours. 24 hours after the challenge animals were sacrificed and

BAL collected for subsequent analyses. An automated cell counter (Sysmex XT-300) was used

to determine total leukocyte number in BAL, while leukocytes were differentiated based on

their histological appearance.

Table 6.2: Experimental groups in a study investigating TRPV4 antagonists GSK2193874 and GSK2798745 in

the rat Ovalbumin (OVA) model.

Budesonide treatment served as a positive control.

GSK2193874 GSK2798745 Budesonide
Group | Challenge
(mg/kg) (mg/kg) (mg/kg)
1 Saline Vehicle Vehicle Vehicle
2 Saline 3 Vehicle Vehicle
3 Saline Vehicle 3 Vehicle
@ [Ovloumin [veide  [vehice  jvede |
5 Ovalbumin | 0.03 Vehicle Vehicle
6 Ovalbumin | 0.1 Vehicle Vehicle
7 Ovalbumin | 0.3 Vehicle Vehicle
8 Ovalbumin |1 Vehicle Vehicle
9 Ovalbumin |3 Vehicle Vehicle
10 Ovalbumin | Vehicle 0.03 Vehicle
11 Ovalbumin | Vehicle 0.01 Vehicle
12 Ovalbumin | Vehicle 0.3 Vehicle
13 Ovalbumin | Vehicle 1 Vehicle
14 Ovalbumin | Vehicle 3 Vehicle
15 Ovalbumin | 300 Vehicle Vehicle
16 Ovalbumin | Vehicle Vehicle 3
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6.4.Results

6.4.1. Determination of ICso in human, rat, guinea pig and mouse models

To determine the potency of GSK219 and GSK279, respectively, 1Csp on TRPV4-induced
intracellular Ca** mobilisation was determined by a FLIPR assay on human ASM or CHO cells
expressing human, rat, GP or mouse TRPV4 receptors. The vagal nerve depolarisation
technique was used to determine potency of a native ion channel in a tissue environment.
Only GSK279 was tested on murine TRPV4 receptors in CHO FLIPR assay. The results are
presented in Table 6.3 and demonstrated a good agreement of potency across the different
assays for both compounds, with the exception of the GP vagal nerve depolarisation where
GSK219 appears to be a log fold less potent. Our results are in agreement with GSK279 and
GSK219 potency on human and rat TRPV4 receptors (Thorneloe et al. 2012, Brooks et al. 2019,
Xu et al. 2021).

Table 6.3: pICso in human, rat, guinea pig (GP) and mouse determined by airway smooth muscle cell (ASMC)
or Chinese hamster ovary cell (CHO) Fluorescence Imaging Plate Reader (FLIPR) assays or vagal nerve

depolarisation technique (Vagus).

plCso

Human Human Rat CHO | Rat GP CHO | GP Mouse

ASM CHO FLIPR Vagus FLIPR Vagus CHO
Compound | FLIPR FLIPR FLIPR
GSK2798745 | 9.4 8.4 8.83 8.9 7.97 9.3 7.96
GSK2193874 | 7.81 7.71 8.54 8.1 7.28 6.1 N/A

6.4.2. Characterisation of GSK2798745 in murine TRPV4 PD model
In mice, GSK101 challenge resulted in increased Penh values relative to saline challenge.
GSK279 inhibited GSK101-induced responses in a dose dependent manner which was
statistically significant at doses 3 mg/kg and higher (Figure 6.2A). A dose-related increase of
free GSK279 levels was observed in plasma and the levels achieved were above the in vitro
ICso at all doses (Table 6.). In vehicle treated animals GSK279 was below the lower limit of
guantification (LLOQ) of 13 nM in all but 4 animals. In these cases, GSK279 levels were just

above LLOQ and considerably lower to the levels in 0.3 mg/kg dosed animals, indicating
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sample contamination during the analysis (Figure 6.2B). In accordance with these results,

GSK279 0.3 to 30 mg/kg were chosen for the subsequent murine HDM study.
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Figure 6.2: GSK2798745 dose response in murine TRPV4 pharmacodynamic (PD) model.

Mice were administered vehicle or GSK2798745 (GSK279; 0.3 — 30 mg/kg) by oral gavage (p.o.). Two hours later
mice were exposed to nebulised vehicle or GSK1016790A (GSK101; 30pug/ml) for 10 minutes and enhanced pause
(Penh) was monitored for 20 minutes using whole body plethysmography. 20-minute baseline recording was
recorded prior to the challenge. A) Difference in Penh area under the curve (AUC) between baseline and
challenge. B) GSK279 free plasma levels. Levels of GSK279845 in vehicle treated mice were below lower limit of
quantification (LLOQ) and were assigned value of 1 nM for visualisation purposes. Data from a single experiment
are presented as mean * S.E.M with N=8 mice per group. # denotes p<0.05 comparing vehicle/vehicle with
vehicle/GSK101 groups using Mann-Whitney U-test. ** denotes p<0.01 and *** p<0.001 comparing
vehicle/GSK101 with GSK279/GSK101 groups using Kruskal-Wallis test with Dunn’s multiple comparisons test.

ICso — half-maximal inhibitory concentration as determined in vitro.

Next, we evaluated the duration of GSK279 efficacy in a time course study. Mice were given
a single dose of GSK279 and were challenged with saline or GSK101 2, 6, 12, 16, and 24 hours
after the dosing. Compared to saline, GSK101 triggered an increase in Penh in vehicle treated
mice at all time points. GSK279 inhibited GSK101-induced responses at 2, 6 and 12 hours, but
no longer 16 or 24 hours after the dosing. GSK279 alone had no effect on Penh responses
during saline challenge (Figure 6.3A). The analysis of free plasma GSK279 concentration
confirmed a time-dependant decline in GSK279 levels which fell below 10-times ICsq values
after 16 hours (Figure 6.3, Table 6.3). In GSK279 treated animals, levels were comparable
between corresponding saline and GSK101 challenged groups. In vehicle treated animals

GSK279 concentration was below LLOQ and is not shown (Figure 6.3B). These results indicated
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that administration of GSK279 twice a day (ideally 12 hours apart) would be needed to achieve

continuous inhibition of TRPV4.
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Figure 6.3: The duration of GSK2798745 efficacy in murine TRPV4 pharmacodynamic (PD) model.

Mice were administered vehicle or GSK279 10 mg/kg. Enhanced pause (Penh) responses to nebulised GSK101
(30 pg/ml) or vehicle were evaluated 2, 6, 12, 16 and 24 hours later. 20-minute baseline was recorder prior to
the challenge. A) Penh presented as a change in area under the curve (AUC) between baseline and challenge. D)
GSK2798745 free plasma levels. Data from a single experiment are presented as mean + S.E.M with N=8 mice
per group. ### denotes p<0.001 comparing vehicle/vehicle with vehicle/GSK101 groups using Mann-Whitney
U-test. * denotes p<0.05, **p<0.01 and *** p<0.001 comparing vehicle/GSK101 with GSK279/GSK101 groups
with Mann-Whitney U-test. 1Csp — half-maximal inhibitory concentration as determined in vitro. LLOQ —

half-maximal inhibitory concentration

6.4.3. The effect of TRPV4 antagonists in murine HDM model of AAD
Having demonstrated the efficacy of GSK279 in the murine TRPV4 PD model, we next

investigated the efficacy of GSK279 on HDM-induced airway inflammation and AHR in the
murine HDM model of AAD.
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7.2.1.1.  The effect of GSK279 on HDM-induced airway inflammation
In comparison to saline challenged vehicle treated mice (VEH/SAL), HDM challenge of vehicle
treated mice (VEH/HDM) was associated with increased total BAL leukocyte numbers,
characterised by elevated numbers of eosinophils, CD4+ T cells, CD8+ T cells and ILC2s, while
AM and neutrophil numbers remained unchanged. Budesonide treatment abolished
HDM-triggered airway inflammation as total leukocyte numbers as well as numbers of
eosinophils, CD4+ T cells, CD8+ T cells and ILC2s were diminished to the levels observed in
saline challenged animals. The responses of GSK279 treated HDM challenged animals were
not statistically different to VEH/HDM group, although a dose-dependent trend towards
reduced total leukocyte as well as eosinophil and CD4+ T cell numbers in BAL was observed.
Additionally, there was a tendency towards increased BAL neutrophilia with GSK279

treatment, particularly at doses 1 and 30 mg/kg (Figure 6.4).
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Figure 6.4: The efficacy of TRPV4 antagonist on allergic airway inflammation in the murine house dust mite
(HDM) model.

Mice were sensitised to HDM on days 0 and 14 and on days 24 to 26 mice daily challenged with HDM or saline.
On days 24 to 29 mice were administered GSK2798745 (GSK279; 0.3 — 30 mg/kg) or its vehicle twice daily via
oral gavage (p.o.) A separate group received budesonide (3 mg/ml, p.o.) twice daily. On day 29 mice were
sacrificed and bronchoalveolar lavage (BAL) obtained. A) BAL total leukocyte numbers as determined by an
automated cell counter. BAL B) eosinophils, C) neutrophils, D) alveolar macrophages (AM), E) CD4* T cells, F)
CD8* T cells, and G) group 2 innate lymphoid cells (ILC2s) as differentiated based on the expression of surface
and transcription markers using flow cytometry. Data from a single experiment are presented as mean + S.E.M

with N=8 mice per group. *** denotes p<0.001 comparing vehicle/saline and vehicle/HDM groups using
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Mann-Whitney U-test. A2 denotes p<0.001 comparing vehicle/HDM and budesonide/HDM groups using
Mann-Whitney U-test. Kruskal-Wallis test with Dunn’s multiple comparisons test was used to compare

GSK279/HDM challenged groups with vehicle/HDM control group.

7.2.1.2.  The effect of GSK279 on HDM-induced lung inflammation
In comparison to VEH/SAL mice, VEH/HDM mice exhibited increased lung total leukocyte
numbers, including eosinophils, AM, CD4* T cells, ILC2s, moDCs and cDC2s. In addition, HDM
challenge was associated with reduced neutrophil and unchanged CD8* T numbers.
Budesonide treatment abolished HDM-induced elevation in total leukocyte numbers as well
as changes in individual leukocyte populations and reduced CD8* T cell numbers as compared
to VEH/HDM group. GSK279 treatment failed to modulate HDM-induced changes in total
leukocyte numbers or changes in eosinophil, AM, CD4* T cell, ILC2, moDC and cDC2
populations in respect to VEH/HDM. However, at 1 and 30 mg/kg GSK279 was associated with
statistically significant increase in lung neutrophil numbers. In saline challenged mice, GSK279

had no effect on lung leukocyte populations compared to VEH/SAL control group (Figure 6.5).
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Figure 6.5: The efficacy of TRPV4 antagonist on allergic lung inflammation in the murine house dust mite
(HDM) model.

Mice were sensitised to HDM on days 0 and 14 and on days 24 to 26 mice challenged with HDM or saline. On
days 24 to 29 mice were administered GSK2798745 (GSK279; 0.3 — 30 mg/kg) or its vehicle twice daily via oral
gavage (p.o.). A separate group was administered budesonide (3 mg/ml, p.o.) twice daily. On day 29 mice were
sacrificed, lungs collected and enzymatically digested. A) Lung total leukocyte numbers as determined by an
automated cell counter. B) Lung eosinophils, C) neutrophils, D) alveolar macrophages (AM), E) CD4*T cells, F)
CD8* T cells, G) group 2 innate lymphoid cells (ILC2s), H) monocyte-derived dendritic cells (moDCs), 1) classical

dendritic cells type2 (cDC2) and J) cDC1s as differentiated based on the expression of surface and transcription
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markers using flow cytometry. Data from a single experiment are presented as mean + S.E.M with N=8 mice per
group. * denotes p<0.05, ** p<0.01 and *** p<0.001 comparing vehicle/saline and vehicle/HDM groups using
Mann-Whitney U-test. A2 denotes p<0.001 comparing vehicle/HDM and budesonide/HDM groups using
Mann-Whitney U-test. Kruskal-Wallis test with Dunn’s multiple comparisons test was used to compare

GSK279/HDM groups with vehicle/HDM control group.

7.2.1.3.  The effect of GSK279 on HDM-induced AHR
Lastly, the ability of GSK279 to modulate AHR was also evaluated. Mice were placed in whole
body plethysmography chambers and exposed to increasing concentrations of 5-HT while
monitoring Penh. GSK279 or its vehicle were administered 2 hours before the assessment and
budesonide was administered one hour before the assessment. Escalating concentrations of
5-HT led to increased Penh responses in all groups, however the responses of VEH/HDM mice
were no different to VEH/SAL mice. Comparison of saline and HDM challenged GSK279
treated mice indicated that responses of 1 and 10 mg/ml GSK279 treated HDM challenged
mice were statistically significantly larger to 30 mg/kg GSK279 treated saline challenged mice.
However, due to the absence of an enhanced responsiveness to 5-HT in VEH/HDM group
compared to VEH/SAL group, GSK279 treated HDM challenged groups could not be compared
to VEH/HDM group. (Figure 6.6A). Analysis of GSK279 free plasma levels after the AHR
assessment confirmed that expected GSK279 levels were achieved and indicated that

approximately 60-times I1Cso were reached at 30 mg/kg (Figure 6.6B).
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Figure 6.6: The efficacy of TRPV4 antagonist on airway hyper-responsiveness (AHR) in murine house dust mite
(HDM) model.

Mice were sensitised to HDM on days 0 and 14. On days 24 to 26 mice were challenged with HDM or saline. On
days 24 to 29 mice were administered GSK2798745 (GSK279; 0.3 — 30 mg/kg, p.o.) or its vehicle twice daily. A
separate group was administered budesonide (BUD; 3 mg/ml, p.o.) twice daily. On day 29 mice received their
last GSK279 or BUD treatment 2 or 1 hour before AHR assessment, respectively. Mice were placed in whole
plethysmography chambers and exposed to saline, followed by escalating concentrations of serotonin (5-HT; 1,
3 and 10 mg/ml) whilst continuously recording enhanced pause (Penh). A) Penh presented as area under the
curve (AUC). B) At the end of the experiment plasma was collected and GSK279 free plasma levels determined
by mass spectrometry. In vehicle treated mice GSK279 levels were below lower limit of quantification (LLOQ)
and were assigned value of 1 nM for visualisation purposes. Data from a single experiment summarised as mean

+ S.E.M. (N=8 mice/group). ICso — half-maximal inhibitory concentration.

6.4.4. Characterisation of GSK2193874 in rat PD model
Despite the promising preliminary data with TRPV47- mice (Birrell et al. 2016), limited efficacy
of GSK279 was seen in the murine HDM model. Thus, the role of TRPV4 in AAD was further
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investigated in the rat OVA model, where GSK219, albeit at a high dose, had been previously

shown to supress allergic airway inflammation and LAR (Birrell et al. 2016).

To characterise the efficacy of GSK219 in the rat, GSK219 was probed in the rat TRPV4 PD
model. Rats were exposed to either saline or the selective TRPV4 agonist GSK101 and airway
responses monitored by whole body plethysmography. Compared to saline, GSK101
challenge triggered a statistically significant increase in Penh in vehicle treated animals. In the
initial study testing GSK219 in dose range of 1 — 300 mg/kg, an inhibition of GSK101-induced
responses was observed in groups receiving doses of 10 mg/kg or higher (Figure 6.7A). In
order to obtain a full dose response, rats were administered GSK219 in dose range 0.1 — 30
mg/kg in the subsequent study. GSK219 suppressed GSK101-induced responses in a dose
dependent manner which was statistically significant at doses 0.3 mg/kg and higher (Figure
6.7B). GSK219 at the highest dose had no effect on saline-induced responses in either of the
studies. The assessment of GSK219 free plasma concentrations indicated that plasma levels
achieved for all doses were above the ICsp determined in rat CHO FLIPR assays (2.88 nM) or
vagal depolarisation technique (7.94 nM) (Table 6.3). GSK219 could not be detected in vehicle
treated groups (LLOQ was 0.19 nM). GSK219 levels were above LLOQ for all other
experimental groups and reached 25-times vagal ICso at 3 mg/kg (Figure 6.7C). GSK219 doses

ranging from 0.03 to 3 mg/kg were selected for the subsequent rat OVA study.
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Figure 6.7: GSK2193874 dose response in the rat TRPV4 pharmacodynamic (PD) model.

Rats were administered vehicle or GSK2193874 by intraperitoneal injection and one hour later exposed to
nebulised vehicle or GSK1016790A (GSK101; 10ug/ml) for 10 minutes. Enhanced pause (Penh) was monitored
for 20 minutes using whole body plethysmography. 20-minute baseline was recorded prior to the challenge and
was subtracted from the challenge-induced responses. Upon completion of the experiment rats were sacrificed
and blood samples obtained. A) The effect of GSK2193874 in dose range from 1 to 300 mg/kg on GSK101-induced
Penh responses. B) The effect of GSK2193874 in dose range from 0.01 to 30 mg/kg on GSK101-inudced
responses. C) GSK219 free plasma levels for GSK2193874 dose range from 0.01 to 30 mg/kg. Data from a single
experiment are presented as mean * S.E.M with N=4-8 rats per group. ## denotes p<0.01 comparing
vehicle/vehicle control with vehicle/GSK101 using Mann-Whitney U-test. * denotes p<0.05, **p<0.01 and
p<0.001 comparing vehicle/GSK101 with GSK2193874/GSK101 groups using Kruskal-Wallis test with Dunn’s

multiple comparisons test. ICso — half-maximal inhibitory concentration.

6.4.5. Characterisation of GSK2798745 in rat PD model
Using the same model, GSK279 was also characterised in vivo. Exposure of vehicle treated
animals to GSK101 triggered an increase in Penh responses compared to vehicle challenged

animals, although the difference did not reach statistical significance (p=0.054). Nonetheless,

GSK279 inhibited GSK101-inudced responses in a dose dependent manner. The inhibition was
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statistically significant at doses 0.3 mg/kg and higher. GSK279 at the highest concentration of
3 mg/kg had no effect on saline-induced Penh responses (Figure 6.8A). The analysis of plasma
samples confirmed the dose-dependent increase in GSK279 free plasma levels and indicated
that concentrations achieved were above the rat ICso (1.48 nM and 1.26 nM in CHO FLIPR and
vagal nerve depolarisation assays, respectively; Table 6.3) for all doses, reaching 1200-times
ICso at 3 mg/kg. GSK279 levels were below the LLOQ of 3 nM in vehicle treated animals, but
were assigned value of 1 nM for visualisation purposes. In all other experimental groups
GSK279 were above the LLOQ (Figure 6.8B). GSK279 dose range of 0.03 to 3 mg/kg was

selected for the subsequent rat OVA study.
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Figure 6.8: GSK2798745 dose response in rat TRPV4 pharmacodynamic (PD) model.

Rats were administered vehicle or GSK2798745 by oral gavage and two hours later were exposed to nebulised
vehicle or GSK1016790A (GSK101; 10ug/ml) for 10 minutes. Enhanced pause (Penh) was monitored for 20
minutes using whole body plethysmography. A 20-minute baseline was determined before the challenge and
was subtracted from Penh responses during challenge. Upon completion of the experiment rats were sacrificed
and blood samples obtained. A) The effect of GSK2798745 in dose range 0.03 to 3 mg/kg on GSK101-induced
Penh responses. C) GSK2798745 free plasma levels. In vehicle treated rats GSK279 levels were below lower limit
of quantification (LLOQ) and were assigned value of 1 nM for visualisation purposes. Data from a single
experiment are presented as mean + S.E.M with N=6-8 rats per group. Mann-Whitney U-test was used to
compare vehicle/vehicle with vehicle/GSK101 groups. * denotes p<0.05 comparing vehicle/GSK101 with
GSK2193874/GSK101 groups using Kruskal-Wallis test with Dunn’s multiple comparisons test. |ICso — half-maximal

inhibitory concentration.
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6.4.6. The effect of TRPV4 antagonists in rat OVA LAR model

6.4.6.1. The effect of GSK219 and GSK279 on OVA-induced LAR
Having characterised and determined the doses for the two TRPV4 antagonists, GSK219 and
GSK279, respectively, we next tested the efficacy of both compounds on OVA-induced LAR
and airway inflammation in the rat OVA model of AAD. Budesonide and GSK219 300 mg/kg

were included in the study as positive controls.

In vehicle treated animals (VEH/OVA), OVA challenge resulted in increased Penh levels 1 to 6
hours after the challenge relative to saline challenged animals (VEH/SAL). GSK219 at 300
mg/kg reduced OVA-induced Penh changes compared to VEH/OVA group. There was a trend
towards reduced LAR in budesonide treated animals, however the effect was not statistically
significant. No statistically significant effects on OVA-triggered increases in Penh were
observed for neither GSK219 nor GSK279 in doses ranging from 0.03 to 3 mg/kg relative to
VEH/OVA responses, although a trend towards reduced Penh was noted in rats given 0.3
mg/kg GSK219. Penh responses of GSK219 or GSK279 saline challenged rats did not differ
from the responses of VEH/SAL rats. For the clarity purposes GSK219 and GSK279 results are

presented on separate graphs (Figure 6.9).
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Figure 6.9: The efficacy of TRPV4 antagonists on late asthmatic response (LAR) in rat Ovalbumin (OVA) model.
Rats were sensitised to OVA with Alum on days 0, 7 and 14. On day 21 rats were challenged with OVA or saline
and were administered GSK2193874 (GSK219; 0.03 — 3 mg/kg and 300 mg/kg) or its vehicle 1 hour before
challenge and 30 min after challenge, GSK2798745 (GSK279; 0.03 — 3 mg/kg) or its vehicle 2 hours before
challenge and 30 min after challenge as well as budesonide (BUD; 3 mg/kg) or its vehicle 1 hour before challenge.
One hour after the challenge rats were placed into whole body plethysmography chambers and enhanced pause
(Penh) recorded for 5 hours. Penh recordings of A) GSK219 and B) GSK279 dosed rats, both graphs showing

vehicle and positive controls. C) Summarised Penh values as area under the curve (AUC). Data from a single
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experiment are presented as mean = S.E.M with N=7-8 rats per group. ### denotes p<0.001 comparing
vehicle/OVA and vehicle/saline groups with Mann-Whitney U-test. A denotes p<0.05 comparing vehicle/OVA
with GSK219 300/0VA and budesonide/OVA groups using Kruskal-Wallis test with Dunn’s multiple comparisons
test. Kruskal-Wallis test with Dunn’s multiple comparisons test was used to compare responses of vehicle/OVA

with GSK219/0VA and GSK279/0VA groups, respectively.

6.4.6.2.  The effect of GSK219 and GSK279 on OVA-induced airway inflammation
OVA challenge provoked leukocyte recruitment to the BAL of VEH/OVA rats and resulted in
increased BAL eosinophil and neutrophil numbers in comparison to VEH/SAL control. A trend,
although not statistically significant, towards increased lymphocyte and AM numbers was also
associated with OVA challenge. OVA-challenged rats treated with GSK219 300 mg/kg had
reduced total leukocyte numbers as well as lower eosinophil, neutrophil, AM and lymphocyte
numbers compared to VEH/OVA control. Although not statistically significant change on
OVA-induced increase in total leukocytes was associated with budesonide treatment, these
animals displayed lower numbers of eosinophils, AM and lymphocytes in BAL relative to
VEH/OVA group. In comparison to VEH/OVA, GSK219 in dose range 0.03 to 3 mg/kg caused a
trend towards U-shaped reduction of OVA-induced increase in BAL total leukocyte numbers,
and particularly eosinophils and neutrophils, peaking at 0.3 mg/kg, however none of changes
were statistically significant. GSK279 in dose range 0.03 to 3 mg/kg resulted in a
dose-dependent trend towards reduced OVA-induced increase in total leukocyte numbers,
eosinophils and neutrophils compared to VEH/OVA control, however the changes were not

statistically significant (Figure 6.10).
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Figure 6.10: The efficacy of TRPV4 antagonists on allergic airway inflammation in rat Ovalbumin (OVA) model.
Rats were sensitised to OVA with Alum on days 0, 7 and 14. On day 21 rats were challenged with OVA or saline
and were administered GSK2193874 (GSK219; 0.03 — 3 mg/kg and 300 mg/kg, i.p.) or its vehicle 1 hour before
challenge and 30 min after challenge, GSK2798745 (GSK279; 0.03 — 3 mg/kg, p.o.) or its vehicle 2 hours before
challenge and 30 min after challenge as well as budesonide (BUD, 3 mg/kg, i.t.) or its vehicle 1 hour before
challenge. Rats were sacrificed 24 hours after the challenge and bronchoalveolar lavage (BAL) obtained. A) Total
leukocyte numbers in BAL as determined by an automated cell counter. B) BAL eosinophil, C) neutrophil, D)
alveolar macrophage (AM), and E) lymphocyte numbers as determined based on histological appearance. Data
from a single experiment are presented as mean * S.E.M with N=7-8 rats per group. ### denotes p<0.001
comparing vehicle/saline and vehicle/OVA groups using Mann-Whitney U-test. * denotes p<0.05, * p<0.01 and
AN p<0.001 comparing vehicle/OVA with GSK219 300/0VA and BUD/OVA groups using Kruskal-Wallis test with
Dunn’s multiple comparisons test. Kruskal-Wallis test with Dunn’s multiple comparisons test was used to

compare vehicle/OVA with GSK219/0VA and GSK279/0VA groups, respectively.

6.5.Discussion

The role of TRPV4 in asthma pathogenesis has been initially proposed by our laboratory
(Birrell et al. 2016). Several other laboratories have shown the involvement of TRPV4 in the
pathogenesis of allergic airway disease in murine AAD models (Gombedza et al. 2017, Yao et
al. 2019, Duan et al. 2020, Wiesner et al. 2020), although a dispensable role for TRPV4 in AAD
has also been reported (Palaniyandi et al. 2020). More specifically, our group has
demonstrated that disruption of TRPV4 signalling abolished all the cardinal features of asthma
in murine and rat AAD models, including airway inflammation, AHR and LAR (Birrell et al.
2016). The aim of this chapter was to consolidate the preliminary findings utilising
pharmacologically relevant doses of compounds as well as to further our understanding of
the role of TRPV4 in asthma pathogenesis using selective TRPV4 pharmacological tools in the

rat and mouse AAD models, originally used to study the role of TRPV4 in allergic asthma.

Our laboratory has previously observed that TRPV47- mice failed to develop HDM-induced
allergic airway inflammation and AHR in a murine HDM model of AAD (Birrell et al. 2016).
Interestingly, TRPV47" mice failed to respond with increased total or HDM-specific IgE upon
HDM challenge despite being sensitised to HDM (Birrell et al. 2016). Albeit IgE was shown to
be indispensable for the development of allergic airway inflammation in this model
(Raemdonck et al. 2016), the production of HDM-specific IgE could still be an indicator of

sensitisation to HDM, meaning that genetic ablation of TRPV4 signalling impeded sensitisation
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to allergens rather than the immune response during an allergen challenge phase. To
decipher the role of TRPV4 during challenge and sensitisation phase, respectively, we
conducted a study inhibiting TRPV4 signalling during allergen challenge phase. To achieve this,
we used a novel, highly potent, selective and orally bioavailable clinical TRPV4 antagonist

GSK279 (Brooks et al. 2019).

The potency of GSK279 on murine TRPV4 receptors was initially determined in vitro and
compared to the potency on human, rat and GP TRPV4 receptors. The potency of GSK279 on
human, rat and GP TRPV4 receptors was around 1.5 nM and was in good agreement with
published literature (Brooks et al. 2019, Xu et al. 2021), but it appeared to be approximately
10-fold lower on murine TRPV4 receptors. Next, a preliminary PK study was conducted by
AstraZeneca (Research & Early Development, Respiratory & Immunology, BioPharmaceuticals
R&D), which confirmed the oral bioavailability of GSK279 in mice and demonstrated that
GSK279 free plasma concentration peaked 2 hours after oral GSK279 administration. We than
validated GSK279 efficacy in in vivo PD model. In this model, GSK101, a selective TRPV4
agonist (Willette et al. 2008), was used to provoke TRPV4-induced bronchoconstriction in
mice. GSK101 had been previously shown to trigger TRPV4 selective constriction of human,
GP and rat airways in ex vivo models as well as bronchoconstriction in in vivo GP and rat
models (McAlexander et al. 2014, Gu et al. 2016, Bonvini et al. 2020, Flajolet 2021). Due to
extensive in house characterisation of GSK101 responses in mouse, rat and GP in vitro models
as well as rat and GP in vivo models (Bonvini et al. 2016, Flajolet 2021) and in accordance with
3R principles (Aske and Waugh 2017), further in vivo characterisation of GSK101 was deemed
unnecessary. Hence, GSK101 30 pug/ml which triggered a submaximal cough response in the
GP (Bonvini et al. 2016) was chosen and used in the murine TRPV4 PD model. As expected,
GSK101 challenge evoked an increase in Penh in mice, which was inhibited by GSK279 in a
dose dependent manner, validating GSK279 as an in vivo TRPV4 tool in mice. The analysis of
free plasma GSK279 concentration indicated that approximately 10 to 800-times in vitro I1Cso
were achieved with doses ranging from 0.3 to 30 mg/kg, which were deemed sufficient for

the complete inhibition of TRPV4 receptors in vivo at the highest doses.

Moving on, we evaluated the duration of GSK279 efficacy after a single exposure to determine
the dosing regimen required to achieve complete and continuous inhibition of TRPV4 during

the 6-day allergen challenge phase in the HDM model. In the TRPV4 PD model, a single 10
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mg/kg dose of GSK279 inhibited GSK101-evoked Penh increase at 2, 6 and 12 hours, but no
longer 16 and 24 hours after dosing. This was accompanied with a drop in free plasma GSK279
concentration 10-times below the 1Cso at 16 and 24 hours after dosing, indicating an
administration of GSK279 twice daily was needed to achieve continuous TRPV4 inhibition in
mice. Unexpectedly, free GSK279 levels were approximately 10-times lower in the time
course PD study compared to the initial PD study. The reason for these discrepancies remains
unclear. We did, however, assure the use of the same batch and preparation of GSK279 in
both studies (as well as the subsequent HDM study), and employed the same person to
administer the treatments. Thus, the inconsistencies most likely arose during plasma sample

analysis rather than compound preparation and administration.

Having validated GSK279 as an in vivo tool and determined the dosing regimen, GSK279 was
finally probed in the mouse HDM model. As expected, HDM challenge triggered eosinophilic
inflammation in BALand lung in vehicle treated mice. Unfortunately, AHR could not be reliably
evaluated in this study due to the lack of differences in Penh responses between VEH/SAL and
VEH/HDM groups. A positive control, budesonide, abolished HDM-induced inflammation in
BAL in lung as previously reported (Raemdonck et al. 2016). As budesonide treatment had
been previously well characterised in this model (Raemdonck et al. 2016), budesonide vehicle
control groups were omitted in this study in order to reduce the number of animals required
to evaluate the effect of GSK279 as per 3R principles (Aske and Waugh 2017). As repeated
dosing was required for GSK279 during the challenge phase, administration of budesonide
vehicle was omitted in GSK279 or vehicle treated animals to improve their well-being and
avoid oral gavage four times daily in line with 3R principles (Aske and Waugh 2017). GSK279
treatment during the challenge phase (days 24 — 29) was associated with a trend towards
reduced eosinophilic BAL inflammation and increased BAL neutrophil numbers in a
dose-related manner. Even so, GSK279 treatment failed to modulate HDM-induced
eosinophil, DC, T cell and ILC2 expansion in the lung. GSK279 also appeared to be ineffective
at modulating the HDM-induced AHR, however the effect of GSK279 on AHR could not be
reliably assessed and would need to be repeated. The analysis of GSK279 free plasma
concentration after the AHR assessment indicated that GSK279 levels were at least 60-times
above ICso at 30 mg/kg during AHR assessment. Regardless, a concern that such levels might

be sufficient for complete inhibition of TRPV4 in vivo has been raised and higher doses of
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GSK279 proposed to be tested in HDM model. Another limitation of this study was a lack of
increased Penh responses in VEH/HDM mice relative to VEH/SAL. It is unclear why Penh
responses to 5-HT were variable in this study, particularly in the VEH/SAL group. Alternative,
direct assessments of lung resistance and lung compliance by invasive lung function
techniques could reduce the intragroup variability and more reliably evaluated lung
resistance and compliance, however as these techniques are performed on anaesthetised
animals, they are not suitable for assessing potential neuronal components of AHR (Bates and
Irvin 2003, Bates et al. 2004, Lomask 2006, Blake et al. 2019). AHR has not been
comprehensively characterised in our HDM model and the neuronal regulation of AHR is yet
to be elucidated. However, TRPV4 has been implicated in airway sensory nerve reflexes, such

as cough (Bonvini et al. 2016), and might contribute to AHR in such a manner.

The results from the murine HDM model suggested only a minor role of TRPV4 in the
development of HDM-induced allergic airway inflammation in sensitised mice and together
with the previous TRPV4”" study suggest a more important and critical role of TRPV4 during
sensitisation to HDM (Birrell et al. 2016). These results were in contrast to the results obtained
in the rat OVA model where a single high dose of GSK219 (300 mg/kg), a selective pre-clinical
TRPV4 antagonist (Thorneloe et al. 2012), administered prior to OVA challenge completely
abolished LAR as well as eosinophilic airway inflammation (Birrell et al. 2016). In contrast to
the murine studies, these findings supported a pivotal role of TRPV4 in allergen-induced
responses during an allergen challenge. However, the administration of a such high dose
raised a concern that off-target rather than TRPV4 selective effects were observed with
GSK219. Therefore, to clarify the role of TRPV4 during allergen challenge and consolidate the
preliminary data from the rat OVA model, two selective TRPV4 antagonists, GSK279 and
GSK219, were tested in the rat OVA model. The in vitro characterisation of GSK279 and
GSK219 confirmed the expected potency of both small molecules as previously published for
rat and human TRPV4 receptors (Thorneloe et al. 2012, Cheung et al. 2017, Brooks et al. 2019,
Xu et al. 2021) and demonstrated an approximately 20-fold loss of potency of GSK219 on GP

receptors.
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Both compounds were initially validated in the in vivo rat TRPV4 PD model that had been
characterised previously in our laboratory (Flajolet 2021) to validate their efficacy in vivo as
well as to select a dose range that would allow us to observe TRPV4-selective effects. Both,
GSK219 and GSK279, inhibited GSK101-induced airway responses in a dose dependent
manner with first inhibitory effects noted at 0.3 mg/kg for both compounds. In the case of
GSK219, complete inhibition of GSK101-induced responses was achieved at 1 mg/kg, a dose
300-times less than the dose used in the preliminary OVA study (Birrell et al. 2016). The
comparison of free plasma concentrations to respective in vitro determined ICso indicated
that levels approximately 30- and 1200-times above ICso were achieved at 3 mg/kg for GSK219
and GSK279, respectively. This was deemed sufficient for the complete selective inhibition of
TRPV4 in vivo and hence a dose range from 0.03 to 3 mg/kg was selected to study the effects
of both small molecules on LAR and airway inflammation in the rat OVA model. The dosing
regimen for GSK219 was chosen based on previous in vivo studies (Birrell et al. 2016, Bonvini
et al. 2016). Oral dosing with a 2 hour pre-dose time was chosen for GSK279 based on a
preliminary PK study conducted by Early Respiratory and Immunology, AstraZeneca (data not
shown), however an additional dose of GSK279 half an hour after the challenge was added

to match the GSK219 dosing regimen (Birrell et al. 2016).

In the rat OVA model, OVA exposure triggered a delayed bronchoconstrictor response,
resembling LAR in allergen sensitised individuals, one to six hours after the challenge as well
as eosinophilic airway inflammation 24 hours later as previously established (Underwood et
al. 2002, Raemdonck et al. 2012). As previously reported, positive controls budesonide and
GSK219 300 mg/kg ameliorated OVA-induced airway inflammation and LAR (Underwood et
al. 2002, Raemdonck et al. 2012, Birrell et al. 2016). At a dose range 0.03 to 3 mg/kg GSK219
displayed a trend towards U-shaped inhibition of OVA-induced LAR and airway inflammation,
peaking at 0.3 mg/kg, which did not reach statistical significance. GSK279 exhibited a trend
towards dose-dependent reduction in OVA-induced airway inflammation, but not LAR. The
U-shaped efficacy of GSK219 was unusual and had not been reported before despite frequent
in vivo use (Thorneloe et al. 2012, Bonvini et al. 2016, Yin et al. 2016, Cheung et al. 2017, Li et
al. 2019b, Yao et al. 2019), allowing for the possibility that the U-shaped trend was observed
by chance. Nevertheless, at 300 mg/kg GSK219 still ameliorated airway inflammation as well

as LAR. Although GSK219 doses administered in this study were carefully selected based on
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the demonstrated efficacy and PK profile in the PD study, the possibility exists they might not
have been sufficiently high for the complete inhibition of TRPV4 in the disease settings.
However, the more potent clinical TRPV4 antagonist GSK279 (Brooks et al. 2019) exerted only
modest efficacy on eosinophilic airway inflammation and failed to alleviate OVA-induced LAR.
These results resembled the outcomes from the mouse HDM model and suggested that 300
mg/kg GSK219 likely exerted off-target rather than TRPV4-selective effects in the rat OVA
model. The dose of GSK219 in this study was based on the efficacy in the GP cough model
(Bonvini et al. 2016), although GSK219 potency drop in GP in comparison to rat has been

demonstrated in vitro (Table 6.3), supporting the notion of overdosing GSK219 in the rat.

In addition to TRPV4, other TRP channels have been implicated in asthma pathogenesis and
could be blocked by high doses of GSK219. TRPA1 and TRPV1 are abundantly expressed in
the lung and have both been implicated in asthma pathogenesis (Grace et al. 2014a). TRPA1
SNPs are associated with childhood asthma (Gallo et al. 2017) and preclinical studies have
implicated TRPA1 in the development of allergic airway inflammation, AHR and/or LAR
(Caceres et al. 2009, Raemdonck et al. 2012, Hox et al. 2013, Devos et al. 2016, Yao et al. 2019,
Reese et al. 2020). TRPV1 genetic polymorphisms have been also associated with asthma
susceptibility (Wang et al. 2009). In addition, a loss of function genetic TRPV1 variant has been
associated with reduced wheezing or cough in asthmatic patients (Cantero-Recasens et al.
2010) and increased TRPV1 bronchial expression, especially in steroid resistant asthma, has
been reported (McGarvey et al. 2014). TRPV1 regulates activation and proinflammatory
properties of CD4* T cells (Bertin et al. 2014, Balestrini et al. 2021) and activation of TRPV1*
airway sensory neurons appear essential for Th2 differentiation in response to allergens
(Perner et al. 2020). In AAD models, inhibition of TRPV1 signalling has alleviated allergic
airway inflammation, AHR and/or airway remodelling (Mabalirajan et al. 2013, Rehman et al.
2013, Devos et al. 2016, Choi et al. 2018, Duan et al. 2020). However, there are several
contradictions in the published literature in respect to the involvement of TRPV1 and TRPA1
in asthma pathogenesis and appear to depend on genetic background of laboratory animals
as well as AAD models (Veronesi et al. 2000, Caceres et al. 2009, Hox et al. 2013, Rehman et
al. 2013, Devos et al. 2016). In our laboratory, for example, TRPA1 has been shown to regulate
LAR in the rat OVA model (Raemdonck et al. 2012), demonstrating a potential off-target

mechanism for a high GSK219 dose in this model .
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Taken together, this chapter has demonstrated that TRPV4 inhibition during allergen
challenge diminished eosinophilic airway inflammation in both murine and rat AAD model,
but was not efficacious in modulating bronchoconstrictor responses. Together with
preliminary observations in TRPV47- mice, our investigations have uncovered a potential,
more critical, role of TRPV4 during allergen sensitisation (Birrell et al. 2016). Although more
in depth investigations are warranted to address the hypothetical role of TRPV4 during
allergen sensitisation, our findings support a recent association of a gain-of-function TRPV4
SNP rs6606743 (Li et al. 2011) with increased incidence of asthma and sensitisation to fungal
allergens (Wiesner et al. 2020). There are several preclinical studies that support the
proposed role of TRPV4 in sensitisation to allergens. Utilising constitutive TRPV4”" mice,
Gombedza et al. have also demonstrated an inability of TRPV47- mice to mount type 2
immune responses upon HDM exposure in a chronic HDM model with mucosal sensitisation
phase (Gombedza et al. 2017). These mice were additionally protected from HDM-associated
airway remodelling, proposing a profibrotic role of TRPV4 (Gombedza et al. 2017). We have
not investigated the role of TRPV4 in fibrosis or airway remodelling, but TRPV4 has been
implicated in myofibroblast differentiation and development of fibrosis in other chronic
disease setting, such as IPF (Rahaman et al. 2014, Gombedza et al. 2017, Grove et al. 2019).
Duan et al. have similarly reported that administration of TRPV4 antagonist HC067047
throughout the sensitisation and challenge phase inhibited OVA-induced IL-4 and IL-1f
increased in BAL as well mucus production (Duan et al. 2020), mimicking the studies utilising
global TRPV47- mice (Birrell et al. 2016, Gombedza et al. 2017). Wiesner et al. have also
suggested the involvement of TRPV4 in allergen sensitisation (Wiesner et al. 2020). In mice
with conditional selective club cell TRPV4 deficiency reduced generation of Th2 CD4*T cells,
recruitment of moDCs and ameliorated eosinophilic airway inflammation were seen in
response to alkaline protease 1 (Alpl), the most abundant protein secreted by Aspergillus
(Sriranganadane et al. 2010, Wartenberg et al. 2011, Wiesner et al. 2020). Overexpression of
TRPV4 in those cells had the opposite effects and aggravated these responses (Wiesner et al.
2020). The authors proposed that Alpl protease activity damaged and disrupted epithelial
cell junctions which triggered TRPV4 activation independently of PAR2, MyD88 or NFkB
signalling, leading to calcineurin signalling and Th2 sensitisation (Wiesner et al. 2020).
Although we have demonstrated a role for PAR2 in our murine AAD model in Chapter 5, it

remains unclear to what extent PAR2 activation is responsible for TRPV4 activation. Other
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mechanisms of TRPV4 activation, including the role of immune cells or airway epithelium in
the process, remain unclear and warrant further investigations. On the other hand,
Palaniyandi et al. have recently reported a lack of role for TRPV4 in AHR and allergic airway
inflammation in murine OVA, demonstrating OVA-induced changes in TRPV47- mice to be
identical to that of WT mice (Palaniyandi et al. 2020), contradicting all other studies
investigating the role of TRPV4 in AAD (Birrell et al. 2016, Gombedza et al. 2017, Duan et al.
2020, Wiesner et al. 2020). Whilst the lack of a role of TRPV4 could be model specific, the
authors provided no functional validation of their TRPV4”- mice to confirm a lack of
TRPV4-induced responses (Palaniyandi et al. 2020). In-breeding is known to introduce a
genetic shift which can result in phenotypical change, including gain of function mutations
(Stevens et al. 2007, Purtha et al. 2012, Ji et al. 2017). We ourselves have experienced several
genetically modified mice, particularly those with targeted TRP genes, to re-acquire a function
of the disrupted gene, and thus suggest functional validation of genetically modified mice in

such experiments.

The above mentioned studies demonstrated that the absence of TRPV4 signalling during
allergen sensitisation and allergen challenge phase resulted in alleviation of allergic airway
disease, but did not address the relevance of TRPV4 signalling during each phase separately
or evaluate the role of TRPV4 in airway responses, such as AHR or LAR (Gombedza et al. 2017,
Duan et al. 2020, Wiesner et al. 2020). If TRPV4 is to be considered a novel therapeutic target
in asthma, it is of vital importance to understand whether targeting TRPV4 can modulate the
development of allergic airway inflammation or airway responses during allergen challenge
phase. Clinical expression studies have suggested that TRPV4 expressionis increased in airway
epithelium of asthmatic patients, but does not seem to be changed acutely after allergen
challenge (Wiesner et al. 2020). This has been recapitulated in several animal models of AAD
(Yu et al. 2017, Duan et al. 2020, Kim et al. 2020), yet in our model HDM challenge was
associated with downregulation of Trpv4 in CD4* T cells and DCs (Chapter 3). More
interestingly, GWAS meta-analysis has associated genetic variations in TRPV4 locus with lung
function measures (Obeidat et al. 2011) and TRPV4 SPN rs7971845 and SNP rs6606743, more
specifically, have been associated with hypoosmolar-induced AHR in asthmatic patients
(Naumov et al. 2016). Our results have demonstrated that pharmacological inhibition of

TRPV4 during allergen challenge phase had a small effect on airway eosinophilia, but no effect
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on AHR in our murine or LAR in our rat AAD models. In contrast to our findings, Yao et al. have
reported that in a chemical-induced AAD model administration of GSK219 during challenge
phase alleviated toluene diisocyanate (TDI)-induced eosinophilic airway inflammation as well
as AHR (Yao et al. 2019). In TDI model the mechanisms behind AHR and airway inflammation
could be substantially different to HDM-induced disease triggering alternative TRPV4
signalling pathways. To elucidate those, more preclinical studies utilising different AAD

models and selective pharmacological tools are warranted.

Nevertheless, to ultimately evaluate the importance of TRPV4 for human disease, additional
human expression and in vitro functional studies as well clinical proof of concept studies are
required. GSK279, a clinical TRPV4 antagonist, has been recently reported safe and well
tolerated in healthy volunteers and patients with stable heart failure (HF) and improved lung
diffusion parameters in HF (Goyal et al. 2019, Mole et al. 2020, Stewart et al. 2020). A
potential concern in respect to administering TRPV4 antagonist in asthmatic patients is
inhibition of TRPV4-regulated mechanisms protecting against bacterial infections, such as
mucocilliary clearance or AM bacterial phagocytosis (Alenmyr et al. 2014, Scheraga et al.
2016, Alpizar et al. 2017, Scheraga et al. 2020), although such TRPV4 properties have been
disputed (Dalsgaard et al. 2016, Li et al. 2019b). The outcomes of a recent clinical trial suggest
this might not be an issue as GSK279 failed to modulate LPS-induced increases in BAL protein

or neutrophil numbers after a segmental LPS challenge (Mole et al. 2020).

In conclusion, this chapter demonstrated a modest role of TRPV4 in allergen-induced airway
inflammation and a lack of role in airway responses such as AHR or LAR in Th2 driven models
of AAD. Further work is needed to elucidate the importance of TRPV4 during allergen

sensitisation or allergen-induced innate immune responses.
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7.Summary and future directions
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7.1.Thesis summary

Asthma is one of the most common chronic respiratory diseases, affecting nearly 10 % of the
population (Asthma UK 2021). Despite the advances in the treatment and management of
asthma, some patients remain poorly controlled on top of standard care (Gonzalez Barcala et
al. 2010, Chung et al. 2014, Price et al. 2014, Beasley et al. 2020). These patients in particular
have reduced quality of life and present a big social and health care burden (Nunes et al.
2017). Therefore, better understanding of asthma pathogenesis and identification of novel

therapeutic targets are warranted to fulfil the unmet need.

Asthma is a heterogenous disease and Th2 high atopic asthma is the most common
phenotype (Kuruvilla et al. 2019). The hallmark of atopic asthma is type 2 airway inflammation
that was traditionally viewed as Th2 cell driven immune response (Lloyd and Snelgrove 2018).
During the last decade with the discovery of ILC2s it has become clear that these responses
are a consequence of complex interactions between airway epithelium, Th2 cells, ILC2s and
DCs (Lloyd and Snelgrove 2018). In addition, immune mediators such as ATP have been
implicated in asthma pathology (Pelleg 2020). Allergen challenge provokes an increase in BAL
ATP levels in asthmatic patients (Idzko et al. 2007) and has been shown to trigger an
inflammatory response, AHR and LAR though the activation of P2 receptors, namely P2X3,
P2X4 and P2X7 (Muller et al. 2011, Chen et al. 2016, Zech et al. 2016, Li et al. 2018a, Flajolet
2021).

The mechanism behind increased ATP release in asthma is not yet fully understood. TRPV4, a
TRP family member is commonly expressed receptor on airway structural cells as well as
immune cells such as AM, T cells and DCs and its activation has been linked with ATP release
(White et al. 2016). In the airways TRPV4 regulates mucocilliary clearance and may contribute
to protection against bacterial respiratory infections (Lorenzo et al. 2008, Alenmyr et al. 2014,
Scheraga et al. 2016, Alpizar et al. 2017, Scheraga et al. 2020). However, aberrant TRPV4
activation has been associated with respiratory diseases and symptoms (Belvisi and Birrell
2017). For example, TRPV4 has been shown to trigger cough, bronchospasm as well
neutrophilic airway inflammation (Baxter et al. 2014, McAlexander et al. 2014, Bonvini et al.
2016, Henry et al. 2016, Bonvini et al. 2020). Our preliminary observations have also
suggested a crucial role of TRPV4 in asthma, as TRPV4” as well as a TRPV4 antagonist

abolished cardinal features of asthma in our rodent AAD models — airway inflammation, AHR
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and LAR (Birrell et al. 2016, Flajolet 2021). In addition, similar results were obtained with
Panx17- mice in the murine model as well as P2X3 inhibitor in the rat AAD model, respectively,

implicating ATP as a mediator downstream of TRPV4 activation (Flajolet 2021)(Figure 1.5).

We therefore hypothesised that activation of the TRPV4-ATP axis was detrimental in asthma
pathogenesis. We utilised animal models of AAD to elucidate the TRPV4 signalling pathway.
Firstly, we investigated which cells could be responsible for TRPV4 signalling and identified
P2X receptors possibly activated downstream of TRPV4 (Chapter 3). Next, we investigated the
role of candidate P2X receptors in the development of AAD (Chapter 4). PAR2 was then
evaluated as a possible mechanism of TRPV4 activation (Chapter 5). Lastly, we aimed to
consolidate the preliminary TRPV4 observations and further investigate the role of TRPV4

specifically during allergen challenge phase (Chapter 6).

Recent publications have demonstrated the expression of TRPV4 on T cells, one of the main
orchestrators of type 2 immune responses in asthma (Bertin et al. 2014, Majhi et al. 2015,
Lloyd and Snelgrove 2018). Thus, we postulated that immune cells driving the
allergen-induced immune responses could be responsible for the activation of TRPV4 axis. To
elucidate the main players in immune responses, we turned to the murine HDM model that
had been used during the preliminary investigations into the role of TRPV4 and characterised
the development of allergic airway inflammation in a time course study. We demonstrated
that HDM challenge triggered an increase in BAL IL-2 levels as well as an upregulation of type
2 cytokines in lung and BAL as early as 2 hours after the initial challenge, suggesting the
activation of memory Th2 cells immediately after the HDM challenge (Hondowicz et al. 2016,
Bosnjak et al. 2019). Indeed, CD4*and CD8* T cells were upregulated in BAL 2 hours after the
second HDM challenge. Gene expression analysis of isolated populations revealed that CD4*
T cells acquired Th2 phenotype and upregulated II-4, II-5 and /I-13, while CD8" T cells
upregulated //-13, but not other type 2 cytokines. Both populations were previously
characterised as pivotal for the development of allergic airway inflammation and AHR in this
model (Raemdonck et al. 2016). Simultaneously, moDCs were recruited into the lung of HDM
challenged mice and all lung DC populations were found in increased numbers in MLN after
the HDM challenge, implicating DCs in the early responses during allergen encounter (Vroman
et al. 2017). ILC2s had not previously investigated in this model and their contribution to the

allergic airway inflammation in this model was uncertain. We found that HDM challenge

233



triggered a delayed recruitment of ILC2s into BAL and expansion of lung ILC2s, but did not
further stimulate their production of /I-4, II-5 or 1I-13. Although this suggested a dispensable
role in the initiation of HDM-induced airway inflammation, their contribution to the
development of type 2 immune responses could not be fully elucidated, hence ILC2s were
investigated along with CD4* T cells, CD8* T cells and DCs as potential activators of TRPV4 axis
in the murine HDM model of AAD. Gene expression studies confirmed the presence of Trpv4
as well as Panx-1 on all immune cell populations, however downregulation of Trpv4 was
associated with HDM challenge in lung CD4* T cells, ILC2s and DC populations. This suggested
that those populations could drive TRPV4-ATP axis in AAD, especially as TRPV4 has been
implicated in T cell effector function and FcR mediated activation in DCs (Majhi et al. 2015,
Naert et al. 2019). Among P2X receptors, high expression of P2rx4 and P2rx7 was found on all
cells and upon HDM challenge P2rx7 was upregulated in CD4* and CD8" T cells and
downregulated in DC populations. A crucial role in T cell and DC has been demonstrated for
both P2X4 and P2X7, and both receptors have been implicated in allergen sensitisation as well
as the development of allergic airway inflammation and AHR (Muller et al. 2011, Burnstock
and Boeynaems 2014, Chen et al. 2016, Zech et al. 2016, Li et al. 20183, Silva-Vilches et al.
2018). In addition, P2rx1 was the most highly upregulated P2X receptors in the lungs of HDM
challenged mice and increased P2rx1 levels were detected on CD4*and CD8* T cells isolated
from HDM challenged mice. There is limited knowledge on the role of P2X1 in asthma
pathogenesis, however P2X1 receptor is crucial for lymphocyte function and immune

signalling upon antigen stimulation (Woehrle et al. 2010a, Ledderose et al. 2016).

This led us to investigate a role of P2X1, P2X4 and P2X7, respectively, in our AAD model.
Utilising P2X17-and P2X47" mice, respectively, we demonstrated that both P2X1 and P2X4
were dispensable for the development of allergic airway inflammation and AHR. In contrast,
P2X77- mice were partially protected from the development of BAL eosinophilia, but not from
AHR or the development of HDM-induced IgE responses. This implicated P2X7 as a potential
partial mediator of TRPV4-driven allergic airway inflammation, however the involvement of

other P2X receptors in AAD pathogenesis is highly likely.

Next, we addressed PAR2 as a possible mechanism of TRPV4 activation using the murine
HDM-induced model of AAD. TRPV4 can be activated by numerous environmental stimuli, but

also inflammatory mediators (Belvisi and Birrell 2017). PAR2 has been implicated in AA
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metabolism and has been linked to TRPV4 activation in various pain models as well as acute
lung injury models (Grant et al. 2007, Poole et al. 2013, Zhao et al. 2014, Zhao et al. 2015,
Rayees et al. 2019). PAR2 activating ligands, such as tryptase, and Par2 expression are
increased in asthmatic patients and substantial pre-clinical literature has implicated PAR2 in
allergic sensitisation as well as the development of allergic airway inflammation and AHR
(Wenzel et al. 1988, Broide et al. 1991, Jarjour et al. 1991, Alvarez et al. 2000, Knight et al.
2001, Schmidlin et al. 2002, Ebeling et al. 2005, Takizawa et al. 2005, Allard et al. 2014, Aubier
et al. 2016). In our murine model, HDM challenge resulted in increased BAL tryptase levels as
well as upregulation of lung Par2 expression during the first time points and downregulation
later in the time course study. Par2 was also expressed on the immune cells deemed key for
the development of allergic airway inflammation in the HDM model, and was downregulated
in T cell subsets and upregulated in DCs upon HDM challenge. This validated PAR2 as a target
in the HDM AAD model. Utilising PAR27- mice and the PAR2 blocking antibody MEDI2344, we
then investigated the role of PAR2 in the development of allergic airway inflammation and
AHR in this model. PAR27 ameliorated HDM-induced eosinophilic inflammation in BAL and
lung and was associated with reduced CD4* T cell, CD8* T cell and moDC numbers as well as
HDM-induced increase in plasma IgE. PAR2 blocking antibody did not ameliorate
HDM-induced allergic airway inflammation, but rather promoted airway eosinophilia, and
interestingly, neither PAR27- not PAR2 blocking antibody modulated HDM-induced AHR. This
implicated PAR2 in allergen sensitisation rather than immune responses associated with
allergen challenge, and suggested that PAR2 could be partially responsible for TRPV4

signalling during allergen sensitisation.

Nevertheless, the investigations into downstream and upstream TRPV4 targets failed to
elucidate TRPV4 signalling pathways in AAD. The preliminary observations strongly implicated
TRPV4 in AHR (Birrell et al. 2016), however none of the investigated downstream or upstream
targets modulated AHR. It was possible that TRPV47/" mice were protected against HDM
sensitisation and that the protective effect of TRPV47- was merely a consequence of “failed”
allergen sensitisation that rather than a direct effect on airway responses, as suggested by
PAR2 studies in Chapter 5. Nevertheless, the observations in the OVA LAR model
demonstrated that TRPV4 inhibition prevented both allergic airway inflammation as well as

LAR in OVA-sensitised rats, suggesting that TRPV4 could also be directly implicated in
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responses during an allergen challenge (Birrell et al. 2016, Flajolet 2021). A single high dose
of a single TRPV4 antagonist had been tested, though (Birrell et al. 2016, Flajolet 2021), and
a concern for an off-target rather than TRPV4 selective effect was raised. Therefore, the last
chapter aimed to consolidate the preliminary findings and decipher the importance of TRPV4
signalling during allergen challenge phase in the murine and the rat AAD models using the
selective TRPV4 antagonists. GSK279 and GSK219 were profiled in in vivo TRPV4 PD models
and were shown to block GSK101-induced responses in a dose-related manner. In the murine
HDM-induced AAD model a trend towards dose-related reduction in eosinophilic airway
inflammation was observed with GSK279, however GSK279 was inefficacious in alleviating
inflammation in the lungs or AHR to 5-HT. In the rat OVA model, a trend towards bell-shaped
inhibition of airway eosinophilia and LAR was observed with GSK219, while a trend towards
dose-dependent inhibition of airway inflammation but not LAR was seen with the more
potent and highly selective TRPV4 antagonist GSK279, suggesting only a modest contribution
of TRPV4 to eosinophilic inflammation but not LAR during allergen challenge. PK analysis of
plasma samples taken in those studies indicated free plasma levels of the compounds were

at sufficient to block the TRPV4 channel.

In summary, this thesis identified PAR2-TRPV4-P2X7 axis in the development of allergic airway
inflammation. TRPV4 appeared to have predominantly promoted sensitisation to allergens,
with PAR2 potentially contributing to this process. P2X7 was found to be involved in the
development of eosinophilic airway inflammation with patterns similar to that seen in TRPV4
antagonist studies, proposing a role for P2X7 as a mediator of TRPV4-induced eosinophilic
airway inflammation in allergen challenge phase. Even so, the involvement of TRPV4 in
immune responses during allergen challenge phase or AHR remains uncertain and further
investigations are warranted to confirm the proposed PAR2-TRPV4 and TRPV4-P2X7 links and
identify potential alternative TRPV4 signalling pathways. Lastly, and most importantly,

translational studies are in place to evaluate TRPV4 and associated targets in asthma.

7.2.Thesis limitations

There are a number of limitations to the methods used and the findings presented in this

thesis and have mostly been discussed in individual result chapters.
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The animal models of AAD used in this thesis were chosen to study the TRPV4 signalling
pathway as those were the models that had initially implicated TRPV4 in the development of
allergic airway inflammation, AHR and LAR (Birrell et al. 2016, Flajolet 2021). Albeit both
models have been characterised and demonstrated to respond to gold asthma therapies
(Underwood et al. 2002, Raemdonck et al. 2016), they do not fully recapitulate asthma
pathogenesis. For example, OVA-driven models have been heavily criticised as OVA is not a
clinically relevant allergen and systemic sensitisation with an adjuvant is required to induce
antigen sensitisation rather than tolerance (Aun et al. 2017). No other models have been
developed yet that would recapitulate LAR using clinically relevant allergens or without the
need for systemic sensitisation. On the other hand, HDM is a clinically relevant allergen, but
systemic sensitisation phase required to prime type 2 immune responses does not reflect the
course of sensitisation to aeroallergens and subsequent establishment of allergen specific
lung resident memory leukocyte populations (Aun et al. 2017, Lloyd and Snelgrove 2018).
Models with mucosal sensitisation to allergens have been developed with various clinically
relevant allergens, including HDM, and mimic ILC2-driven aspect of airway inflammation
particularly in severe asthma (Aun et al. 2017). However, the benefit of our HDM model are
distinct allergen sensitisation and allergen challenge phases as well as well characterised
Th2-driven type 2 immune response which can be helpful for profiling of novel therapeutic

targets.

Another important limitation of this work is the use of whole body plethysmography to
evaluate lung function changes and airway responses in AAD models. The most important
consideration is that Penh is not a direct measure of airway resistance and was criticised for
being influenced by changes in breathing patterns, animal movement or obstruction of upper
airways (Bates and Irvin 2003, Bates et al. 2004, Lundblad et al. 2007). These factors could
contribute to the unconclusive AHR results in a couple of presented studies. Additionally,
although a correlation between Penh and direct measurement of airway resistance has been
demonstrated (Hamelmann et al. 1997a, Bergren 2001, Glaab et al. 2005, Verheijden et al.
2014), FWBP is less sensitive than the invasive lung function assessment techniques
(Verheijden et al. 2014) and might not be sufficient to detect the potential impact of P2X47,
P2X77-, PAR2”7- or TRPV4 antagonists on AHR. Alternative techniques could be used to assess

changes in lung function parameters in the murine AAD model, but the neuronal regulation
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of airway responses would be lost due to general anaesthesia (Bates and Irvin 2003,
Verheijden et al. 2014). The loss of nervous reflexes is also the main reason why WBP is the
only suitable method for the evaluation of LAR. In the rat OVA model, LAR has been proposed
to be driven by airway sensory reflexes and was abolished with anaesthesia (Raemdonck et
al. 2012), which is required for the invasive assessment of lung function. In addition, WBP is

the only approach ethically acceptable to monitor lung function for the duration of 5 hours.

Another limitation of this work is combining female and male mice in some of the studies
presented in Chapters 4 and 5. Albeit the HDM-induced responses were identical between
female and male mice and groups were sex and aged matched, this could introduce additional
variability to the responses. However, as the genetically modified mice were bred in house
and could not be used for other purposes, we considered it unethical and against the 3R
principles (Aske and Waugh 2017) to increase the group sizes whilst restraining to only one
sex. In addition, the preliminary study with TRPV4”- mice was conducted with male mice only
(Birrell et al. 2016) and this approach enabled us to confirm that sex was not a confounding

factor in TRPV4 signalling axis.

The lack of proper littermate controls for P2X77- and PAR2”" mice is another limitation
interpretation of the presented results. The genetic background of WT mice was chosen to
match those of P2X77 and PAR2”/" mice as recommended by the supplier, however
differences in the genetic background between WT and PAR2”- or P2X77- mice, respectively,
might still exist and could potentially contribute to the observed outcomes (Holmdahl and

Malissen 2012).

7.3.Future directions

7.3.1. Clarification of the role of TRPV4 in asthma pathogenesis
Chapter 6 has demonstrated that GSK279, a highly selective TRPV4 antagonist (Brooks et al.
2019), was associated with a modest trend towards reduction of allergen induced airway
eosinophilia in our murine and rat AAD models. However, the preliminary study with
TRPV47- mice suggested a central role for TRPV4 in the development of HDM-induced AAD
(Birrell et al. 2016). We thus postulated that TRPV4 signalling was fundamental in sensitisation
to allergens rather than allergen-induced responses. To address this hypothesis, the study

with TRPV47-mice would need to be repeated initially to confirm the preliminary observations
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as a recently published study reported no effect of TRPV47 on the development of AAD in
murine asthma model, using the same TRPV4”" mice that had been used in our preliminary
work (Palaniyandi et al. 2020). Alternatively, TRPV4 signalling could be blocked during
sensitisation phase with TRPV4 antagonists such as GSK279. To understand TRPV4
mechanisms in allergen sensitisation further, the contribution of individual cells could be
studied next. For example, using bone marrow adoptive transfer in WT and TRPV47- mice
would allow us to understand the contribution of structural cell- versus haematopoietic
cell- expressed TRPV4. The adoptive transfer of TRPV47 individual immune cells, such as CD4*
T cells, DCs or ILC2s into WT mice would allow us to directly assess the role of TRPV4 on

specific immune population in allergen sensitisation.

However, as discussed in Chapter 3, the immune cells might not be the drivers of TRPV4
signalling in this model. We have only demonstrated gene expression on immune cell, but
have not confirmed the expression of proteins or functionality of those channels. Little is
known about the role of TRPV4 for function of DCs, CD4* T cells and ILC2s and in vitro studies
on isolated human cells are warranted to establish whether TRPV4 signalling is required for
proliferation, differentiation, cytokine production, antigen presentation, Th2 priming to name
a few. In vitro studies would also allow us to confirm the postulated TRPV4-P2X7 and
PAR2-TRPV4 links, respectively. In addition, TRPV4 is highly expressed on airway epithelial
cells (Fernandez-Fernandez et al. 2002, Andrade et al. 2005) and airway epitheliumis an active
player in allergen sensitisation (Lloyd and Snelgrove 2018) which is not recapitulated in the
HDM-induced model of AAD. This means that TRPV4, particularly epithelial TRPV4 could be
fundamental in mucosal sensitisation to aeroallergens. Indeed, Wiesner et al. have recently
demonstrated club cell TRPV4 to be responsible for mucosal sensitisation to Alp1 (Wiesner et
al. 2020). It would be therefore interesting to investigate this further using AAD models
relying on mucosal sensitisation to allergens such as HDM, ALT or CE. Wiesner et al. have also
developed methodology to induce conditional TRPV4 knockout or overexpression of TRPV4
selectively in club cells, which could be extremely useful when studying the role of airway

epithelial TRPV4 in the development of AAD (Wiesner et al. 2020).

In addition to allergen sensitisation, TRPV4 could be also involved in respiratory symptoms
commonly experienced by asthmatic patients. TRPV4 is highly expressed on airway smooth

muscle cells (Jia et al. 2004) and it has been recently implicated in bronchoconstriction in a
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mast cell dependent way (McAlexander et al. 2014, Bonvini et al. 2020). Although the results
of this thesis show a lack of role for TRPV4 in AHR, there are considerable mouse and human
interspecies differences and limitations of this model to comprehensively address the
involvement of TRPV4 in bronchoconstriction in asthmatic patients. For example, mouse
airway anatomy differs greatly to human and there is limited airway smooth muscle in mice
in comparison to human (Zosky and Sly 2007). Although GSK101 induced bronchoconstriction
in naive mice, it does not appear to be mediated by P2X4 receptors (unpublished
observations), suggestive of a different mechanism behind GSK101-induced
bronchoconstriction as in man. Moreover, we have been unable to establish TRPV4-induced
contraction in isolated murine trachea even though this has been done on isolated GP and
human trachea (Bonvini et al. 2020)(unpublished observations). Mice and rats are less
responsive to cysteinyl leukotrienes which are responsible for TRPV4-induced contraction in
GP and human (Martin et al. 1988, Held et al. 1999, McAlexander et al. 2014, Bonvini et al.
2020). The murine HDM model used in this thesis is not dependent on mast cells (unpublished
data), which could perhaps explain some of the discrepancies. Therefore, interrogating TRPV4
in AHR in GP AAD models may be more appropriate due to greater similarity in airway
anatomy and airway responses (Zosky and Sly 2007). For the same reasons GP AAD models
could also be used to confirm the lack of role for TRPV4 in LAR as demonstrated in the rat

OVA model.

Cough is another symptom that is commonly experienced by asthmatic patients, however the
mechanisms leading to enhanced cough reflex in asthmatic patients are not yet fully
understood (Satia et al. 2020). Our laboratory has demonstrated that TRPV4 can trigger cough
via the activation of P2X2/3 receptors on airway sensory nerves (Bonvini et al. 2016) and it
could potentially contribute to cough in asthma. To investigate this, a GP AAD model with
spontaneous cough could be established as GPs are the only rodents with a cough reflex

similar to humans (Zosky and Sly 2007, Ramos-Ramirez et al. 2020).

7.3.2. Elucidate the role of ATP and P2X receptors in asthma
The importance of ATP signalling for the development of HDM-induced model of AAD is based
on the preliminary work demonstrating that Panx-1 deficiency alleviated allergic airway
inflammation and AHR upon HDM challenge (Figure 1.5) and has not yet been confirmed. We

aimed to measure ATP release to demonstrate that allergen challenge was indeed associated
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with increased ATP levels in the airways. So far, only a couple of laboratories have
demonstrated increased ATP levels in the airways of asthmatic patients or in AAD models
(Idzko et al. 2007, Vanderstocken et al. 2010). Unfortunately, ATP could not be measured with
commercially available ATP assays based on luciferin-luciferase reaction, although the two
publications used such methods to detect ATP (Idzko et al. 2007, Vanderstocken et al. 2010).
Establishing a reliable technique to measure ATP in BAL samples from our AAD models as well
as asthmatic patients would greatly contribute to the understanding of TRPV4 signalling
pathways in respiratory disease. Measuring ATP has been proven to be quite challenging and
in our laboratory we have been optimising sample collection and handling protocol to
minimise ATP breakdown prior to the analysis as well as ATP detection methods. One
possibility is mass spectrometry as it would allow not only for the detection of ATP but also
ATP breakdown products, increasing the sensitivity of the method and adding additional
information. In addition to directly measuring ATP levels, other approaches could be used to
demonstrate the importance of ATP for the development of AAD upon HDM challenge. One
possibility is enhancing ATP breakdown in the airways by administering enzymes such as
apyrase (CD39) prior to an allergen challenge and this has been used in several AAD models
to show the importance of purinergic signalling (Idzko et al. 2007, Li et al. 2014, Zhang et al.
2017). Alternatively, CD39 deficient mice or CD39 inhibitors could be used to inhibit ATP
breakdown and then study whether this intervention exacerbates allergen-related pathology

(Idzko et al. 2013, Li et al. 2015).

Whilst these studies would confirm the role of ATP in the model, they would not be
particularly informative about which P2 receptors are responsible for the detrimental effects
of ATP. In this thesis we thus tried to use a more selective approach by identifying P2X
receptors dysregulated upon HDM challenge and investigated their role in vivo by using
genetically modified mice without an individual functional P2X receptor. We have
investigated P2X1, P2X4 and P2X7 as they were the most abundantly expressed receptors in
the lungs and on isolated immune cells and were dysregulated upon HDM challenge. Our
results suggest that P2X1 and P2X4 are dispensable for the HDM-induced AAD model and
P2X7 might partially contribute to eosinophilic airway inflammation but not AHR. However,
we have only used genetically modified mice to study those and due to the limitation of these

mice, particularly P2X77- mice, these results would need to be verified using alternative

241



approaches (Adriouch et al. 2002, Masin et al. 2012). Several P2X7 selective antagonists are
available and have been used in various in vivo experimental models (Bartlett et al. 2014, llles

et al. 2020).

Nevertheless, the investigations into the individual P2 receptors in asthma pathology need to
extend beyond P2X1, P2X4 and P2X7 as other P2 receptors alone or in combination could be
involved in the mechanisms leading to allergic airway inflammation and/or AHR as discussed

in Chapter 4.

7.3.3. Validating the role of PAR2 as an asthma target
This thesis has demonstrated that PAR27~ but not inhibition of PAR2 with anti-PAR2 antibody
alleviated allergic airway inflammation, suggesting the role of PAR2 in sensitisation to HDM.
Unfortunately, we could not obtain PK or other functional data confirming the inhibition of
PAR2 signalling by MEDI2344 in the HDM AAD model. Thus, alternative PAR2 inhibitors could
be characterised and then used to confirm the MEDI2344 outcomes which would also aid
PAR2 related research in general. PAR2 tools are poorly characterised and can exert agonist
and antagonist reactions simultaneously due to biased signalling (Hollenberg et al. 2014, Yau
et al. 2016). Depending on the PAR2 signalling pathways activated PAR2 activation can have
either protective or deleterious effects (Hollenberg et al. 2014, Yau et al. 2016). In addition,
the use of PAR2 inhibitors during sensitisation phase would allow us to verify the outcomes
of PAR2 knockout studies and confirm the involvement of PAR2 in allergen sensitisation. The
effect of PAR27- was relatively modest in our studies and increased group sizes were needed

to observe statistically significant differences.

7.3.4. Further characterisation of murine HDM-induced model of AAD
We have extensively, but not completely characterised allergic airway inflammation in the
murine HDM model of AAD. It is becoming increasingly evident that mechanisms beyond Th2
cells are important in asthma and are responsible for the diversity of asthma phenotypes
(Lloyd and Snelgrove 2018, Kuruvilla et al. 2019). The models of AAD are incomplete and only
mimic certain aspect of the human disease (Zosky and Sly 2007, Aun et al. 2017). Therefore,
it is of paramount importance to understand the limitations of the models we use in order to

advance our understanding of disease, finding and testing novel therapeutic targets.
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The importance of airway epithelium and ILC2s for asthma pathogenesis has been established
in the last decade (Lloyd and Snelgrove 2018). However, we do not have a complete
understanding to what extent airway epithelium or ILC2s contribute to the development of
airway inflammation and AHR in our models. We have established that CD4* T cells are
required for the initiation of immune responses as non-sensitised mice or mice lacking mature
lymphocytes or specifically CD4** T cells do not develop any inflammation upon HDM
challenge (Raemdonck et al. 2016)(unpublished data). However, it remains unclear if ILC2s
are needed for the maintenance of airway inflammation and whether they contribute to AHR.
To address these ILC2 deficient models could be used, with the conditional KOs giving the
potential to evaluate the role of ILC2s selectively during allergen challenge phase (Cording et
al. 2018). The role of airway epithelium could be addressed by investigating the role of
individual epithelial derived cytokines. Based on gene expression data IL-33 appears to be the
most important epithelial derived cytokine in the HDM-induced model and its contribution to
the pathology could be investigated using genetically modified mice and/or monoclonal

antibodies targeting IL-33/ST2 interaction (Hong et al. 2020).

Lastly, AHR is a hallmark feature of the HDM-induced AAD model, however, the mechanisms
behind AHR remain poorly understood (Raemdonck et al. 2016). Particularly, it is unclear to
what extent (if at all) the exaggerated responses induced by 5-HT are modulated by nervous
system (Pincus et al. 2021). Airway nervous system plays an important role in AHR and ATP
has been shown to activate P2X2/3 on airway sensory neurons triggering nerve reflexes
(Bonvini et al. 2016, Pelleg 2020, Pincus et al. 2021). It would be interesting to see if a P2X2/3
antagonist can alleviate AHR and potentially airway inflammation as AHR often remains

unmodulated with anti-inflammatory therapies in asthmatic patients (Leckie et al. 2000).

7.4.Concluding remarks
The aim of this thesis was to elucidate TRPV4 signalling pathways that lead to airway
inflammation and AHR in asthma following up the preliminary observations demonstrating
that disruption of TRPV4 signalling abolished cardinal features of asthma in our rodent
models. We have demonstrated that P2X77/- ameliorated eosinophilic airway inflammation in
the murine HDM model, suggesting P2X7 could be part of TRPV4 signalling pathways leading
to airway inflammation. PAR2 was found to potentially contribute to TRPV4 activation during

allergen sensitisation, as PAR27- but not PAR2 blocking antibody ameliorated eosinophilic

243



airway inflammation in the HDM model. Lastly, we investigated the role of TRPV4 during
allergen challenge phase in order to consolidate the preliminary findings and to address the
role of TRPV4 during allergen challenge phase specifically. We have demonstrated that TRPV4
inhibition during allergen challenge phase modestly reduced airway eosinophilia in our mouse
and rat AAD models, but had no effect on AHR or LAR. Overall, this thesis demonstrated that
targeting TRPV4 in patients with atopic asthma may not be very efficacious in supressing
airway inflammation nor controlling airway response as demonstrated in the rodent models
used. However, a role for the TRPV4-ATP-P2 receptor pathway is yet to be fully elucidated in

other asthma phenotypes and associated symptoms such as cough.
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