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Abstract

Background: Asthma is a heterogeneous lung disorder characterized by airway
inflammation, hyperresponsiveness, and remodeling. Airway inflammation is a
primary characteristic of asthma, and the endotypes of asthma are classified into two
main types based on inflammatory profiles, namely Type 2-high allergic asthma (T2-
high) and non-Type 2 asthma (Non-T2). Cigarette smoke combined with asthmatic
inflammation may induce important changes in asthma pathogenesis. Cigarette
smoke extract (CSE) can modify the inflammatory responses in human airway
smooth muscle cells (HASMCs), promoting a shift from steroid-sensitive type 2 (T2-
high) eosinophilic inflammatory responses to steroid-insensitive (Non-T2)
neutrophilic inflammatory responses, at least in part through a COX-2/PGE2-
dependent mechanism. Human bronchial epithelial cells (HBECSs) are the first line of
defence against inhaled insults, including viruses and allergens, and are an
important source of a group of cytokines termed alarmins, which play a key role in
the initiation of allergen- and viral-induced T2 inflammatory responses in asthma.
Cell-free DNA (cfDNA), refers to all non-encapsulated DNA in the bloodstream or
other fluids that occurs as active secretion from the cells and during normal apoptotic
and necrotic processes, and is known to be released from virally infected HBECs.
Whether CSE can modify allergen and viral-induced T2 inflammatory responses and
promote non-T2 neutrophilic inflammatory responses, and modulate cfDNA release

from HBECs that can alter HASMCs function is unclear.

Methods: CSE was prepared from the smoke of (3R4F) research-grade cigarettes

bubbled into 20 ml of culture medium. Immortalised HBECs (iIHBECs) were treated

with and without CSE (3%) and/or house dust mite (Derpl) 1 0 fer@4 haours,

and/orvi r al mi mic Poly(l:C) 10 eg/ ml for 24 hou
of alarmins (IL-25, IL-33, and TSLP), Th2 cytokines (IL-4, IL-5, and IL-13),

eosinophilic chemokines (Eotaxin, RANTES, and IP-10), pleiotropic cytokine IL-6,

and neutrophilic chemokine IL-8 were measured in conditioned media using a

Luminex® Multiplex assay.

Quantitative real-time PCR (qPCR) for telomerase reverse transcript (TERT) and the

TapeStation System were used to investigate the concentration of cfDNA released.

14



BrdU Cell Proliferation ELISA and PrestoBlue™ Cell Viability Reagent were used to
assess HASMCS proliferation. A cell Collagen-based Contraction assay was used to
assess HASMCs contraction, and transcriptome profiling using RNA-Sequence

technology was used identify gene expression changes in HASMCs.

Results: | found that CSE did not modulate the inflammatory mediator response of
iIHBECs to Der P1 allergen, with no interaction between CSE and Der P1 exposure
on the production of alarmins (IL-25, IL-33, TSLP), Th2 cytokines (IL-4, IL-5, IL-13),
eosinophilic chemokines (Eotaxin, IP-10, RANTES). However, CSE significantly
increased the production of neutrophilic chemokine IL-8 in response to Der P1.
Notably, | found that CSE modulates the response of iIHBECs to viral mimic poly (I:C)
through altering inflammatory responses, suppressing epithelial-derived alarmins
and eosinophil responses, and inducing neutrophilic responses. cfDNA was released
in response to Poly (I:C) but not CSE. Interestingly, co-stimulation of CSE and Poly
(I:C) significantly increased the concentration of released cfDNA, relative to Poly
(I:C) alone, (0.03901 and 0.03696 Cq respectively p<0.05, n=3). Functional studies
of IHBEC cfDNA revealed that cfDNA from poly (I:C) and CSE+poly (I:C)-stimulated
iIHBECs had no effect on HASMC proliferation but significantly modulated gene
expression in HASMCs.

Conclusion: This thesis showed that CSE may have a minimal effect on allergen-
induced inflammatory mediator response of iIHBECs but did have profound effects on
the inflammatory response to the viral mimic poly (I:C) through altering inflammatory
responses, which may suggest a shift from eosinophilic to neutrophilic airway
inflammation. cfDNA released from poly (I:C) and co-stimulation of CSE and poly
(I:C)-stimulated iIHBECs had no effect on remodelling of HASMCs but significantly
modulated gene expression specifically in pathways related to chemokine activity

and defence response to virus.
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Chapter 1. Introduction

29



1.1 Asthma Definition

Asthma is a heterogeneous lung disorder characterized by airway
inflammation, hyperresponsiveness, and remodeling. Patients with asthma tend to
have symptoms including expiratory wheezing, chest tightness, shortness of breath,
and cough that vary over time and in intensity, together with the limitation of
expiratory airflow [1]. Exposure to irritants such as cigarette smoke causes
worsening of these symptoms. Many cells play an important role in asthmatic airway
inflammation, such as mast cells, eosinophils, neutrophils, T lymphocytes,
macrophages, and epithelial cells [2]. The currently available management of asthma
includes pharmacological and non-pharmacological interventions. However, only a
few of these interventions have been shown to relieve asthma symptoms and
improve lung function. Globally, a significant percentage of asthma patients (5-12%)
may respond poorly to the current treatments, necessitating personalized
approaches and consideration of pathological changes [3]. Therefore, further studies

of the underlying mechanisms of asthma are needed.

1.2 Epidemiology of Asthma
1.2.1 Prevalence and impact

Asthma is a chronic respiratory disease that affects children and adults, with
higher incidence and prevalence in children, but higher morbidity and mortality rates
in adults [4]. Asthma is considered a major noncommunicable disease (NCD) and
the most common chronic disease among children around the world, and the
prevalence of asthma has increased worldwide in the last century [5, 6]. Asthma is a
global health problem that affects around 300 million people of different ages and

ethnic groups in many countries, and low- and lower-middle-income countries are
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most affected by asthma-related deaths [6, 7]. There are around 8 million people in
the United Kingdom (UK) who have been diagnosed with asthma, 5.4 million of those
people are receiving asthma treatment [8]. Each year, there are around 160,000
people in the UK diagnosed with asthma which accounts for 60,000 hospital
admissions and 2-3% of primary care consultations [8]. The National Health Service
(NHS) spends at least £1.1 billion annually on treating and caring for asthmatic
people in the UK [9]. Furthermore, the financial burden on asthmatic patients in

many Western countries ranges from $300 to $1,300 per patient annually [10].

1.2.2 Mortality and Morbidity

According to the World Health Organization (WHO), asthma affected around
262 million individuals and caused 461,000 deaths in 2019 [6]. Over the last 40
years, there has been a significant increase in morbidity, mortality, and economic
burden globally associated with asthma, mostly in children [11]. Asthma is
responsible for considerable morbidity in the UK [9]. The UK has the highest
prevalence rate in the world for asthma symptoms in children, with every classroom
in the UK having on average three children with asthma [12]. In addition, the UK has
one of the highest rates of death due to asthma in Europe, with an average of 3

deaths every day from asthma attacks [12].

1.2.3 Risk Factors

Asthma is associated with many risk factors which may contribute to asthma
phenotype, including environmental and genetic factors. Environmental factors such
as air pollutants, occupational exposures, respiratory viruses, tobacco smoke, and
allergens in the air have been suggested to contribute to allergic asthma

pathogenesis [13, 14]. Globally, smoking was the primary risk factor, followed by air
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pollution and occupational exposure, responsible for the age-standardised rates of
disability-adjusted life years from chronic respiratory diseases (CRDs) [15]. Many
studies have been conducted showing a correlation between smoking and the
development of asthma [16, 17]. Continued exposure to cigarette smoke (CS) can
modify the balance between T helper 1 (Th1) and T helper 2 (Th2) cells in the lung
[18]. In addition, studies of asthmatic patients stated that up to 85% of asthma
exacerbations in children and about one-half of asthma episodes in adults are
caused by viral infection [19, 20]. Asthma is also influenced by genetic
predisposition. A study of twins, their siblings, and parents showed that genetic
factors accounted for 70% of the association between asthma and allergens and
were the primary cause of the association [21]. Another finding showed that 118
different genes had been associated with asthma in a review study of genes
associated with asthma/atopy phenotypes [22]. Furthermore, a family history of
asthma was identified as a risk factor in asthma pathogenesis, suggesting that

genetics play a role in asthma development [23].

1.3 Asthma diagnosis and treatment
1.3.1 Diagnosis of asthma

Asthma is characterized by clinical symptoms such as cough, wheezing, and
shortness of breath [24]. Clinical diagnosis of asthma is based on the combination of
the presence of asthma symptoms and objective lung function tests [25]. Spirometry
test with bronchodilator reversibility remains the mainstay lung function test for the
diagnosis of asthma in both children and adults [26]. A ratio of forced expiratory

volume in one second to forced vital capacity (FEV1/FVC) of less than 70% indicates
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an airway obstruction and is considered a positive test for asthma. Moreover,
bronchodilator reversibility is considered positive if there is an increase of 12% or
more and an increase of volume by 200 ml or more in FEV1/FVC after inhalation of a
bronchodilator [27]. After confirming a diagnosis of asthma, a treatment plan is

developed to control the symptoms of the disease.

1.3.2 Treatment

The goals for asthma treatment are to reduce symptoms, maintain normal
activity levels, prevent exacerbation and emergency department visits, and achieve
long-term control of asthma [28]. Steroids and other anti-inflammatory drugs,
together with bronchodilators, are currently the key treatment for asthma control and
prevention of attack by reducing inflammation, mucus production, and swelling in the

airways [29].

1.3.2.1 Corticosteroids

Corticosteroids are by far the most effective treatment of asthma and the only
drugs that suppress inflammation in asthmatic airways, even with low doses [30].
Inhaled corticosteroids (ICS) improve asthma control and reduce exacerbations [31].
Type 2 airway inflammation (allergic inflammation) is usually suppressed by
corticosteroids, which have been the mainstay medication to control allergic asthma
[32].

Corticosteroids reduce inflammation by either activation or suppression of
different genes [33]. Airway inflammation in asthma is driven by increased
expression of inflammatory genes, including cytokines, chemokines, inflammatory
enzymes, and receptor genes. Corticosteroids switch off multiple inflammatory genes

mainly by reversing histone acetylation of these inflammatory genes, which is
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mediated through the binding to the corticosteroid receptors, leading to reduced
inflammatory gene expression [34, 35]. ICS targets gene transcription by interacting
with the glucocorticoid receptor (GR) at the glucocorticoid response element (GRE)
[36]. Fluticasone propionate (FP) is an example of ICS treatment of asthma for
children and adults. Most respiratory societies and organizations recommend in their
management guidelines a dose titration approach to the use of FP and other ICS
treatments [37]. Budesonide is another ICS treatment used to treat airway
inflammation in asthma, able to improveFEV1 values in severe asthma patients, and
reduce exacerbations in moderate to severe asthma [38]. Additionally, Budesonide
inhibited the production of vascular endothelial growth factor (VEGF)-stimulated by T
helper 2 (Th2) cytokines, including interleukin-4 (IL-4), IL-5, and IL-13 in airway
smooth muscle cells in vitro [39]. Beside ICS, systemic corticosteroids (oral or
intravenous) are another approach to manage uncontrolled asthma. They are more
frequently used in severe asthmatic patients than in those with mild asthma [40], and

reduce the need for hospital admission in patients with acute asthma [41].

1.3.2.2 Other anti -inflammatory drugs

No other anti-inflammatory treatment is as effective to control asthma as
corticosteroids. However, other treatments may reduce the need for a high dose of
ICS [42]. Leukotriene receptor antagonists (LTRAS) are drugs used to reduce the
function of leukotrienes, which are inflammatory mediators that cause
bronchoconstriction and airway hyperresponsiveness (AHR). Zafirlukast and
Montelukast are LTRAs useful for the long-term management of asthma in addition
to ICS. They are most valuable for asthma patients complicated by exercise-induced
asthma (EIA) or allergic rhinitis (AR). The use of LTRAS results in a significant

improvement in respiratory function and asthma symptoms by inducing
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bronchodilation action and airway inflammation inhibition [43].

Cromolyn sodium and nedocromil sodium are other approaches for the treatment of
asthma. They are prophylactic mast cell stabilizer agents used to inhibit the
activation of mast cells in asthma [44]. Cromolyn sodium inhibits the release of
inflammatory mediators induced by specific antigens and nonspecific mechanisms,
such as exercise, from mast cells. Cromolyn sodium can control mild to moderate
chronic asthma symptoms in 60-70% of patients and may allow the reduction

of corticosteroid dosage in severe steroid-dependent asthmatics [45]. Nedocromil
sodium has anti-inflammatory effects in vitro and in vivo by inhibiting cell activation
and mediator release of inflammatory cells in early and late allergen-induced AHR

and bronchoconstriction [46].

1.3.2.3 Bronchodilators

Bronchodilators are central in the management of airway disorders and play a
critical role in symptomatic asthma management [47] by reducing airway constriction
during an asthma exacerbation. Inhaled short-acting b2-agonists (SABA) such as
albuterol are the most frequently used rescue or relief bronchodilator medications
which reverse bronchoconstriction leading to a relaxation of airway smooth muscle
and improvement of airflow [48]. Long-acting betaz-agonists (LABA) such as
salmeterol and formoterol are bronchodilators with a longer duration of action than
SABAs, with effects lasting for more than 12 hours after a single dose. Nevertheless,
LABAs are not used as monotherapy and should be used in combination with ICS as
maintenance therapy to lower the dose of ICS in combination for long-term control
and to prevent symptoms in asthma [49].

Other short-acting bronchodilators are anticholinergic bronchodilators such as

ipratropium bromide, which target the parasympathetic nervous receptors and inhibit
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their function in the airway, leading to bronchodilation of the airway [50]. Also, the
use of long-acting anticholinergic medications such as tiotropium bromide as a
maintenance therapy is effective in moderate to severe asthmatic patients who are

uncontrolled on combination therapy with LABA and ICS [51].

1.4 Airway inflammation in asthma

Airway inflammation is the key marker of asthma, and the severity of asthma
is reflected by the degree of the inflammation [52, 53]. Currently, asthma is
considered an umbrella diagnosis that contains a variable clinical presentation
(phenotype) and pathophysiological mechanism (endotype) [54, 55]. Traditional
phenotyping classifies asthmatic individuals based on triggers, clinical presentations,
and inflammatory markers. Endotyping refines these groups and classifies asthmatic
individuals based on their pathophysiologic mechanisms involving specific cytokines
and chemokines [56, 57]. Cytokines are described as extracellular signaling proteins
produced by different cell types acting through receptors on the surface of target
cells. They act on the target cells, leading to activation, proliferation,
immunomodulation, and release of other cytokines or mediators of the cells [58].
Chemokines are small cytokines with low molecular weights that contribute to
regulating the number, intensity, and activation of leukocyte migration in asthma [59].
Endotypes of asthma are classified as Type 2-high asthma (T2-high), which is
characterized by eosinophilic inflammation, and non-Type 2 asthma (Non-T2) or
Type 2-low asthma, which is characterized by neutrophilic or paucigranulocytic
inflammation. The patients with T2-high asthma characterized by eosinophilic airway

inflammation, tend to respond well to the routine use of ICS [60]. However, non-T2
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asthma might exhibit nearly absent eosinophils with increased neutrophils counts
and may have poor responses to ICS [61, 62]. (Figure 1.1) illustrates the main

phenotypes and endotypes of asthma [63].
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Figure 1.1 T2-high and non-T2 phenotype and endotype immune response in
asthmatic patients

The main phenotypes in T2-high asthma are eosinophilic inflammation and allergic
sensitization with evidence of antigen-specific IgE. T2-high asthma endotypes are
characterized by the production of Th2 cytokines and alarmins from epithelial cells. The main
phenotypes in non-T2 asthma are based on the inflammation pattern, e.g., neutrophilic or
paucigranulocytic inflammation. Non-T2 asthma endotypes are characterized by a lack of type
2 biomarkers and the presence of neutrophils. Airway hyperreactivity and remodeling are seen
in both phenotypes. The innate and acquired immune responses may contribute to the
underlying asthma endotypes for types of immune responses in T2-high and non-T2. Figure
adapted from Tan et al. 2016 [63].
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1.4.1 Type 2 airway inflammation (T2 -high)

Allergic asthma or T2-high asthma is the most common type of asthma
endotype with an early onset, often in childhood, sensitivity to an allergen, and Th2-
mediated background related to immunoglobulin E (IgE) [64]. Allergen exposure
promotes the activation of Th2 cytokines, including IL-4, IL-5, and IL-13, which
orchestrate and amplify the type 2 response [65]. There is a complex network
between Th2 cytokines such as IL-4, IL-5, and IL-13, which are secreted from Th2
cells, driving eosinophil recruitment and IgE production, and alarmins such as IL-25,
IL-33, and Thymic Stromal Lymphopoietin (TSLP) which are released from epithelial
cells [66]. Th2 cytokines regulate the inflammatory processes and play an important
role in managing allergic asthma. IL-4 is a pleiotropic cytokine produced by activated
T cells and is essential for IgE production and allergic sensitization. IL-5 is
responsible for maturation and releasing eosinophils in the bone marrow and helps
with eosinophil survival. IL-13 is involved in switching B cells to IgE-producing cells.
IL-13 also has a central role in airway hyperresponsiveness development, the
remodeling of tissue, and the increase of eosinophil counts [61, 67]. The alarmin IL-
25 (also known as IL-17E) is a member of the IL-17 cytokine family and has been
shown to favour a Th2 type response when released from airway epithelial cells. IL-
33 also plays an important role in activating basophils and eosinophils and inducing
the expression of Th2 cytokines [61, 68]. TSLP is an upstream alarmin expressed in
airway epithelial cells, which drives dendritic cells to attract Th2 cells in asthmatic
patients [69].

Among chemokines, eotaxin, and regulated on activation, normal T cell
expressed and secreted (RANTES), are valuable chemoattractants for eosinophils

that play a key role in the induction of allergic inflammation in asthma [70].
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Eosinophils also tend to accumulate at allergic inflammation sites and contribute to
bronchial asthma development [71]. Mast cells originate in the bone marrow, where
their maturation is influenced by the binding of stem cell factor to the receptor c-kit
along with the influence of other cytokines, including IL-4, IL-9, IL-10, and IL-13.
These cytokines promote the differentiation and proliferation of mast cells. In
addition, mast cells are essential in the development of allergic asthma. They have
effects on airway smooth muscle, tissue remodeling, and mucus hyper-secretion by
releasing proteases like tryptase and growth factors [72]. Prophylactic mast cell
stabilizer agents such as cromolyn sodium and nedocromil sodium are used to inhibit
the activation of mast cells in asthma [44].

IgE is responsible for the early phase of an allergic asthma reaction and has a
minor role in the late phase allergic reaction [73]. The biological roles of IgE are
related to the ability to influence the functions of immune and structural cells that
are involved in chronic allergic inflammation pathogenesis via specific receptors [73].
Inhalation of allergens such as house dust mites (HDM) may lead to the induction of
allergen-specific Th2 responses, elevated serum IgE, and increased eosinophil
counts [74]. Continued exposure to HDM is associated with chronic eosinophilic
airway inflammation, bronchial hyperresponsiveness, and tissue remodeling, which
are all considered hallmarks of allergic asthma [75]. (Figure 1.2) shows an overview

of Th2 cytokine-driven asthma responses to airway inflammation [76].

39



Cytokine production Signalling Effects
) IgE plasma cell IgE

. 4
lgE-switched . 4L V\
Beell M —— Egn —> }fy
-y w
X
*
’l
‘0
..
& :
ILC2 d » . f \ Mucus
IL-13 B - 0
=
o - ——— 3
2
Th2 cell Smooth muscle
hypertrophy §
Airway

obstruction &

Eosinophil

hyperreactivity

‘N

%
\ ﬁﬂ 5 remoce IiIT;wg

Figure 1. 2 Type 2-driven asthma response to airway inflammation

Th2 cytokines drive the recruitment of the effector cells (e.g. eosinophils) and switching B
cells to secrete IgE once exposed to antigens. In addition, they are critically involved in
multiple characteristic aspects of asthma, including mucus production, bronchial remodeling,
subepithelial fibrosis, smooth muscle hypertrophy, airway obstruction, and
hyperresponsiveness. Figure adapted from Robinson et al. 2017 [76].

1.4.2 Non-Type 2 airway inflammation (Non-T2)

The definition of nonallergic or non-T2 asthma includes a subset of individuals
whose asthma allergic sensitization cannot be demonstrated [77]. Non-T2 endotypes
of asthma are also defined by the absence of eosinophilia in the sputum and blood
[78]. It occurs in about 10% to 33% of asthmatic individuals and has a later onset
than allergic asthma [77]. Non-T2 asthma endotypes are characterized by
paucigranulocytic or neutrophil-dominated inflammation with a high level of cytokines
such as IL-6, IL-17A/F, IL-22, interferon-gamma (IFN-0 ) , t umor necr osi s f
(TNF-U Jand chemokines such as CXCL8, known as IL-8 [78].

IL-8 is a member of the family of C-X-C chemokines that plays an important role in
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airway inflammation by activation of neutrophils, T-lymphocytes, eosinophils,
basophils, and monocytes [79]. IL-6 is a pleiotropic cytokine that acts as a pro-
inflammatory mediator as well as acute-phase response inducer [80]. IL-17 is
associated with neutrophils and AHR. IL-17A, and IL-17F are upregulated in the

lungs of asthmatic individuals and correlated with steroid resistance and asthma

severity [81]. Typical clinical conditions that are usually associated with neutrophilic

inflammation in asthmatic individuals include smoking, obesity, and the elderly [82].

Patients with non-T2 endotype of asthma respond poorly to corticosteroids [78].
Furthermore, neutrophilic nonallergic asthmatic individuals have corticosteroid
resistance and absence of eosinophilia, which correlate with smoke, pollution, and
viral-induced exacerbation [66]. Table 1.1 shows the clinical and laboratory

characteristics differentiating T2-high from Non-T2 asthma [83].

Table 1.1 Clinical and laboratory characteristics differentiating T2 -high vs.
non-T2 asthma . Adapted from Ch iu et al. 2021 [83].

Allergic Asthma Non-Allergic Asthma
(Th2-High) (Th2-Low or Non-Th2)
Prevalence [14] 60% 10-33%
Age of onset Occurs early in life Mostly occurs later in life
Triggers House dust I:ni'Ees, pollen, pet dander and Morqe divlerse. Cold air, smoke, ob?sity,
cockroaches, etc. occupational exposure, and exercise
Inflammatory mediators [L-4, 1L-5, IL-13, IL-25, IL-33 and TSLP IL-1p, IL-6, IEN-y, TNF-a and IL-17
Severity Milder than Th2-low More severe than allergic asthma
Treatment Responds well to ICS ii?ii;i?;‘?g::& STE; fl 11{31’ 60]r
Recruiting cells in the airway Eosinophilic inflammation [17] neutroi}; hﬂ};:nf;ai?;:][]g:f; _J;IOCYHC
Serum total IgE High Normal
Skin prick test Positive Negative

ICS: inhaled corticosteroids.
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1.4.3 Biological approaches targeting T2  -high airway inflammation

The use of monoclonal therapies to target specific inflammatory pathways
improves asthma control, especially in the management of severe and uncontrolled
asthma. Eosinophils are known to play a crucial role in the pathogenesis of allergic
asthma [84]. IL-5 is an essential cytokine for the terminal differentiation, maturation,
and migration of eosinophils [85]. Using anti-IL-5 Mepolizumab as an add-on
maintenance therapy for severe asthma can target eosinophils by binding to IL-5 and
preventing the bonding to the IL-5RU ¢ h Bherefore, it can reduce the growth,
differentiation, activation, and survival of eosinophils [86, 87]. Benralizumab is also
an IL-5 antagonist that binds to IL-5R. It has been shown to decrease eosinophil
count in the airway mucosa/submucosa, sputum, and blood after administration in a
multicenter study [88]. Currently, anti-IL-5 targeted agents, including Mepolizumab,
Benralizumab, and Reslizumab, have been approved for severe eosinophilic asthma
treatment from 6 years of age, subject to country-specific approvals [89].
Conversely, blocking IL-13 could be an important approach to treating allergic
asthma as there are wide ranges of pathogenic effects induced by IL-13 such as
AHR, mucus production, and enhanced IgE production [90]. Lebrikizumab is an
example of an IL-13 antagonist that showed a significant decrease of 60 % in the
exacerbation rate and improved lung function in patients with uncontrolled moderate-
to-severe asthma [91]. In addition, Dupilumab, among other treatments, is a very
promising drug that effectively addresses the pathophysiology of Th2 allergic asthma
and can inhibit the biological effects of IL-4 and IL-13 by preventing IL-4/13
interactions with the U-subunit of the IL-4 receptors complex [92]. It has been
approved in the United States since 2017 and has been under clinical trials in the UK

since 2019 for adults and adolescents aged > 12 years with moderate-to-severe
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asthma and eosinophilia. It received approval by the National Institute for Healthcare
and Care Excellence (NICE) in late 2021 for the treatment of severe asthma in the
UK [89, 93]. IL-25 has been implicated in the regulation of type 2 immunity, which
has essential roles in AHR and antigen-driven airway inflammation [94]. It has been
shown that blocking IL-25 by administration of anti-IL-25 mAb resulted in a significant
reduction of the production levels of IL-5 and IL-13, eosinophil infiltration, and serum
IgE secretion, and prevented AHR in mice with allergic airway disease [94].

Elevated serum levels of IgE correlate with atopic diseases, including allergic
asthma. It has been estimated that more than 50% of poorly controlled asthmatic
have allergic IgE-mediated asthma [95]. Omalizumab is an example of a biological
anti-lgE agent used to treat asthma by binding to circulating IgE in the blood and
interstitial space and promoting a depletion of circulating IgE. It also inhibits high-
affinity and low-affinity receptors from binding to IgE on basophils, mast cells, and
dendritic cells [95]. Omalizumab is currently the recommended treatment for children
with severe asthma who have elevated serum IgE [89]. Quilizumab is another anti-
IgE targeting IgE-switched B cells. One study found that using Quilizumab can

reduce the production of IgE and inhibit asthmatic responses [96].

1.5 Role of airway structural cells in asthma pathogenesis
1.5.1 Human bronchial epithelial cells (HBECs)

The airway epithelium is a pseudostratified layer in the airway that contains a
variety of cell types, such as ciliated cells, basal cells, and goblet cells. It plays a
crucial role in maintaining lung homeostasis and serves as the first physical barrier

against inhaled harmful stimuli of the external environment. This forming a
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continuous, self-cleaning barrier with considerable resistance against chemical,
physical, or biological stressors [97]. Additionally, the airway epithelium plays an
active role in innate immunity and inflammatory regulation by expressing pattern
recognition receptors, inducing cytokines, integrating innate and adaptive immunity,
and driving allergic sensitization and inflammatory responses in asthma [98]. The
airway epithelium utilizes various mechanisms to sense environmental stimuli such
as bacterial lipopolysaccharide (LPS), fungi, viruses, cigarette smoke, and allergen-
derived proteases such as HDM and reacts by secreting multiple cytokines and other
substances to modulate immune responses [99-101].

In response to environmental insults, the epithelium releases a variety of
cytokines termed alarmins, including TSLP, IL-25, and IL-33. Alarmins promote
innate immune and adaptive type 2 responses and are, therefore, implicated in
asthma pathogenesis [102]. TSLP is expressed in basal cells of the airway and
induced by many stimuli, including rhinovirus (RV), diesel particles, and cigarette
smoke extract (CSE) [103]. TSLP activates type 2 innate lymphoid cells (ILC2) and
stimulates dendritic cells that promote the differentiation of Th2 cells in asthma and
allergic disease [104, 105]. The alarmin IL-25 is expressed by epithelial tuft cells and
promotes type 2 responses via effects on ILC2s [106]. Bronchial epithelial cell
expression of IL-25 is increased in asthmatic patients and correlates with type 2
inflammation [107, 108]. IL-33 plays a key role in asthma pathogenesis by activating
ILC2s leading to an increase in the production of Th2 cytokines, which are key
mediators in Type-2 inflammatory responses [109]. Administration of an antibody to
IL-33 receptors after an allergen challenge led to rapid resolution of airway
hyperreactivity and a significant reduction in IL-4 levels, which suggests an important

role for IL-33 in asthma persistence flowing allergen exposure by modulation of Th2
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cell function [110]. Release of IL-25 and IL-33 from tuft and basal cells, respectively,
activates ILC2s, potent producers of Th2 cytokines IL-5 and IL-13, propagating early
type 2 immune responses. In addition, TSLP, among alarmins, primes antigen-
presenting dendritic cells to promote type 2 immune responses by activating Th2
cells to secrete Th2 cytokines such as IL-4, IL-5, and IL-13 [102]. (Figure 1.3)
illustrates the responses of airway epithelial cells to allergen stimuli by secreting
alarmins, which promote the production of Th2 cytokines [111].

In addition to releasing alarmins, HBECs can release cytokines and
chemokines to recruit immune cells to the airway. As described above, eosinophilia
is a key feature of T2-high asthma and airway epithelial cells can secrete the
eosinophil chemokines eotaxin and RANTES. These chemokines have been shown
to promote eosinophil recruitment during respiratory syncytial virus (RSV) infection,
contributing to the development and exacerbations of asthma mostly in children

[112].
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Figure 1.3 Epithelial cells' response to allergen stimulation

Following exposure to allergens, epithelial cells release cytokines termed alarmins (IL-25, IL-
33, and TSLP). Alarmins promote the production of type 2 cytokines, including IL-4, IL-5, and
IL-13, by immune cells of the innate and adaptive immune system. Figure adapted from Sy
et al. 2016 [111].

1.5.2 Human airway smooth muscle cells (HASMCSs)

Human airway smooth muscle cells (HASMCs) plays a significant role in
asthma pathogenesis and constitute an important target for treatment by controlling
muscle tone and regulating the opening of the airway lumen as well as secreting
cytokines, chemokines, and growth factors [113]. HASMCs patrticipate in airway
hyperresponsiveness, inflammatory, and remodeling processes observed in

asthmatic individuals in conjunction with other cells [114].

1.5.2.1 HASMCs role in airway inflammation

Similar to HBECs, HASMCs can release various inflammatory cytokines and

chemokines contributing to airway inflammation in asthma. For example, HASMCs
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from asthmatic individuals express increased levels of alarmin IL-33 and neutrophil
chemoattractant (IL-8) compared to non-asthmatic controls [115, 116]. Moreover,
Th2 cytokines IL-4 and IL-13 induce eotaxin release in HASMCs and TNF-a
augments this effect [117]. HASMCs also released RANTES when stimulated with
TNF-a and IL-1b [118]. These findings suggest that HASMCs are important in

producing proinflammatory cytokines and chemokines in airway inflammation.

1.5.2.2 HASMCs role in Contraction

HASMC contraction and proliferation significantly participate in the
pathogenesis of asthma as they have a role in the development of airway remodeling
and AHR, in addition to their involvement in immune responses [119]. Contraction of
HASMC:s refers to the process by which these cells, located in the airway walls, can
regulate appropriate airway tone, mainly through their contractile and synthetic
activities. The balance between contraction and relaxation of HASMCs is essential
for regulating airway diameter. AHR is a key feature of asthma, leading to airway
obstruction, the main asthma symptoms result from exaggerated HASMC contraction
[120]. Different stimuli, including inflammatory mediators, neural signals, and
mechanical factors such as airway wall stretching, can trigger ASM contraction
through multiple signaling pathways [121]. These stimuli induce the opening of cation
channels in the nerve terminal membrane, resulting in membrane depolarisation.
[121].

Regulating airway muscular tone is quite complex, requiring the integration of
several signaling pathways and stimuli. One important signaling mechanism driving
ASM contraction involves increased intracellular calcium concentration (Ca?*) which
results in the activation of phospholipase Az and the release of intracellular

arachidonic acid [121]. The lipoxygenation of arachidonic acid generates
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messengers that can subsequently activate transient receptor potential vanilloid-1
(TRPV1), which mediates calcium uptake into smooth muscle, leading to contraction
[122, 123]. In addition, a small guanosine triphosphatase Rho pathway has been
found to be involved in numerous cellular functions including cell adhesion, maotility,
migration, growth regulation, and cell contraction, and is essential in modulating the
force and velocity of actomyosin cross-bridging in both smooth muscle and non-
muscle cells by inhibiting the dephosphorylation of the regulatory chain of myosin II-
mediated by myosin phosphatase [124]. Dysregulation of HASMC contraction can
lead to airflow limitation and AHR, as seen in asthma [125]. Therefore,
understanding the mechanism of HASMC contraction and targeting these pathways
may provide an approach to modulating HASMC contraction and is essential for

therapeutic targets.

1.5.2.3 The role of HASMC proliferation in asthma

Airway remodeling plays a crucial role in the pathogenesis of asthma,
involving structural changes in the airway wall in response to diseases. The
thickening of the HASMC layer is a key characteristic of airway remodeling, leading
to greater force generation when the HASMCs contract [126]. The proliferation of
HASMCs has an important role in asthma, characterized by increasing HASMC size
(hypertrophy) and increasing cell number (hyperplasia), leading to changes in airway
wall structures. These changes can contribute to increased AHR, airway narrowing,

and worsening asthma symptoms. [127].

Chronic inflammation in the asthmatic airway promotes the release of
inflammatory mediators, including cytokines, chemokines, and growth factors, which
can directly stimulate HASMC proliferation, leading to increased airway thickness

[118, 128]. Bronchoconstriction and mechanical forces can also influence the
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proliferation, resulting in a thickening of the ASMC layer. It has been shown that

transforming growth factor b (TGF-b) , whi ch plays a critical r
remodeling, induces messenger Ribonucleic Acid (mMRNA) and protein levels for

connective tissue growth factor in asthmatic HASMCs compared with non-asthmatic

in vitro [129]. Additionally, Th2 cytokinesand TGF-b have been shown to
HASMCs release of vascular endothelial growth factor (VEGF) that has a role in the

remodeling characteristic of asthma by increased airway wall vascularity [39]. The

altered extracellular matrix protein profile in asthmatic HASMCs increases cell

proliferation by an autocrine mechanism, leading to airway wall remodelling in

asthma [130]. The complexity of the HASMCs proliferation process that leads to

airway remodeling and how this contributes to the heterogeneity of asthma is an

area of research that needs further studies to understand the mechanisms and

identify novel targets of asthma therapeutics.

1.5.3 Intercellular communication between  human bronchial epithelial cells
and human airway smooth muscle cells

The intracellular communication between HBECs and HASMCs is crucial for
maintaining lung function. HBECs and HASMCs play a major role in asthma
pathogenesis, particularly in airway inflammation and AHR, and studying the
interaction between these two cells and investigating how they contribute to asthma
pathogenesis is essential. Epithelial cell mediator release, including cytokines,
chemokines, growth factors, and extracellular matrix proteins, can act directly on
HASMC's to affect inflammatory responses, contraction, and proliferation [131]. In a
study using ex vivo lung tissue slices and a laser ablation method, investigators
precisely ruptured single epithelial cells in small airways and found that localized

epithelial injury contributes to the hyperresponsiveness and induced airway
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constriction of HASMCs via Ca2+-dependent smooth muscle shortening [132]. While
injured, HBECSs release higher levels of cytokines and chemokines, including IL-6
and IL-8, and soluble mediators, including matrix metalloproteinase-9 (MMP-9),
which correlates with the enhanced proliferation of HASMCs [132]. In addition, in
vitro and in vivo studies found that inhibition of MMP-9 release results in a significant
reduction in HASMCs proliferation indicative of direct role of MMP-9 of epithelial
origin on HASMCs proliferation [133]. The same study found that repeated injury to
rabbit tracheal epithelium also led to an increase in MMP-9 levels and HASMCs
proliferation [133].

HASMCs can also influence HBECs through several mechanisms involving
the release of cytokines and signaling pathways that impact HBECs function. B.
Allard et al. showed that asthmatic bronchial smooth muscle co-culture with HBECs
increases chemokine ligand 5 (CCL5) (also known as RANTES) expression in
HBECs after human rhinovirus (HRV) infection and that the use of anti-CCL5
blocking antibody significantly reduced monocyte migration caused by HRV-infected
HBECs [134]. Deacon et al. also reported that HASMCs increased the production of
amphiregulin in response to bradykinin exposure. This increase in amphiregulin
levels contributed to the production of IL-8, VEGF, and cyclooxygenase-2 (COX-2) in
HBECSs [135] The interaction between HBECs and HASMCs plays a crucial role in
asthma pathogenesis, and targeting their intercellular communication could open the
door for a potential therapeutic target. (Figure 1.4) illustrates the pathways that can
be targeted to influence the interaction between HBECs and HASMCs, potentially
help for a new therapeutic approach for treating airway diseases such as asthma

[131].
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Figurel. 4 Potential interaction pathways between HBECs and HASMCs

HBECs interact with the ECM, fibroblasts, and HASMCs through the release of cytokines

and growth factors. HBECs can release various cytokines such as IL-8, CXCL10, RANTES,

IL-6,and TGF-b1 which influence the ECM and r ég,ul ate H
and migration. Environmental stimuli such as pollutants, viruses, and bacteria influence

HBEC activation, leading to the overall inflammatory response. The interactions between

these cell types may play a key role in airway remodeling and asthma pathogenesis, and

targeting these pathways may provide potential therapeutic approaches in asthma. Figure

adapted from Abohalaka et al. 2023 [131].

1.6 Role of inhaled insults on airway inflammation

The respiratory system is regularly exposed to airborne particles, allergens,
pollutants, and viruses that may lead to airway inflammation. Inhaled insults, such as
cigarette smoke, viruses, and allergens such as HDM, activate innate and adaptive
immune responses in the airway, leading to increased inflammatory cytokine
production and altered immune cell functions. This contributes to airway remodelling,
mucus hypersecretion, and bronchial hyperresponsiveness, key features of asthma.

Understanding the implications of inhaled exposures on the airway is essential for
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developing targeted therapies to mitigate airway inflammation and key strategies to

improve asthma management.

1.6.1 Cigarette smoke

1.6.1.1 Cigarette smoke and asthma

Cigarette smoke combined with asthmatic inflammation may induce important
changes in the asthma endotype with a predominance of activated macrophages
and increased neutrophils in the airway, sputum, and the lung parenchyma as seen
in early chronic obstructive pulmonary disease (COPD) [136, 137]. The majority of
asthmatic smokers have non-eosinophilic endotypes such as non-T2 inflammation in
the airway compared to asthmatic non-smokers [32, 138], with increased neutrophils
and decreased eosinophils [139], suggesting cigarette smoke (CS) changes the
asthma endotype from eosinophilic T2-high to neutrophilic non-T2 type in asthmatic
smokers. In vivo studies, CS causes significant lung function impairments, leads to
increased lung inflammation, elevated neutrophil counts, inhibits the pulmonary T-
cell response to influenza virus, and compromises adaptive immune responses to
infections [140, 141]. Supporting this, in vitro CSE increases the release of IL-8 and
CXCL1 from HASMCs, which act as neutrophilic attractants [142]. CS also has been
shown to increase IL-6, IL-8, and TNF-a, all of which contribute to the upregulation of

GRb, and may elucidate the {H48pld4lr esponse to

1.6.1.2 Role of cigarette smoke in cytokine/chemokine production

1.6.1.2.1 Th2 cytokines and eosinophil chemokines

CS increases the expression of IL-4, which is a representative of Th2
cytokines, and decreases the expression of IFN-2 in a rat in vivo model of asthma
[145]. In addition, CS is associated with airway hyperactivity, and the neutralization

of IL-4 decreases the levels of IgE and airway hyperactivity [146-148]. Cigarette
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smoke condensate (CSC) induces IL-5 production but not IL-13 in mouse
macrophage cell lines [149]. Furthermore, cigarette smoke extract (CSE) induces the
synthesis of TSLP, a known activator of dendritic cells promoting Type 2 allergic
inflammation, in the mouse lung [150]. Airway epithelial cells are considered the
main source of alarmins (IL-25, IL-33, and TSLP), which promote Type 2
inflammatory cytokines (IL-4, IL-5, and IL-13) that eventually induce Th2-type
immune response to environmental stimuli [151]. Therefore, increased TSLP
production is a potential mechanism in the airway by which cigarette smoke may
prime allergic inflammation [150, 152].

On the contrary, our group found that CSE suppressed the production of Th2
cytokines IL-4 and IL-13, as well as eosinophil chemokines eotaxin, IP-10, and
RANTES, but induced the neutrophil chemoattractant IL-8 production in HASMCs in
vitro (manuscript in preparation) [153]. In line with our group findings, in vivo studies
showed a reduced expression of IL-4 and IL-5 in bronchoalveolar lavage fluid (BALF)
of mice exposed to CS, which also inhibited the production of eosinophilic
chemokine eotaxin in mouse lungs exposed to HDM [154, 155],and sputum
eosinophil counts are reduced in mild asthmatic smokers compared with non-
smokers [136]. These findings demonstrate varied effects of CS on the production of
proinflammatory cytokines and chemokines in different cell types, which could be
explained using different study models. However, the effect of CSE on Th2 cytokines
and eosinophil chemokines in HBECs in vitro has not been fully explored and

remains to be investigated.

1.6.1.2.2 Non-T2 cytokines and chemokines

Asthmatic smokers develop neutrophilic inflammation of the airway [156].

BALF from asthmatic smokers increases alveolar macrophage (AM) and neutrophil
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counts compared to non-smokers [157, 158]. In addition, asthmatic smokers have
higher expression of IL-17A, IL-6, and IL-8 and higher neutrophil counts in the
bronchial mucosa compared to asthmatic non-smokers [156]. This is supported by
the findings of our group that CSE promoted the release of IL-6, IL-8, and VEGF in
HASMCs in vitro, suggesting that CS may alter the inflammatory responses from T2
to non-T2 in asthmatic smokers (manuscript in preparation) [153]. In line with this,
CSE induces the release of potent neutrophil chemoattractant IL-8 from cultured
HBECSs, which may contribute to neutrophilic airway inflammation seen in smokers
[159]. Furthermoee, chronic exposure to CSE in vitro (20 eg/ml) for 20 weeks can
induce the production of IL-6 in HBECs [160]. These findings suggest that CSE can
induce the production of non-T2 cytokines and chemokines. Whether CSE can
modify the inflammatory responses and cause a shift from T2 to non-T2 inflammation

in HBECs is unclear and remains to be explored.

1.6.1.3 Role of cigarette smoke on COX -2/PGE: pathway

Prostanoids play an essential part in the inflammatory process of the airways
in patients with asthma. Cyclooxygenase (COX) is an enzyme responsible for the
formation of prostanoids via their respective downstream synthases [161]. There are
two isoforms of COX, including COX-1, a housekeeping enzyme that is constitutively
expressed in most cells, and COX-2,an inducible enzyme enhanced by cytokines
and other inflammatory stimuli [162]. COX enzyme converts arachidonic acid (AA) to
prostaglandin Hz2 (PGH2) [163]. The expression of COX-2 increases in response to
inflammation [164]. Inflammation causes an increase in the production of
prostaglandins (PG), such as prostaglandin E2 (PGE>), via the microsomal PGE2
synthases (MPGES). Therefore, the expression of mMPGES-1, the terminal enzyme

downstream of COX, is rapidly upregulated during inflammation [165].
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Inflammation is a common feature in the pathogenesis of lung diseases
associated with cigarette smoke [166]. The effects of cigarette smoke on lung
inflammation may result from the enhancement of COX-2 expression and PG
generation in the airway [167]. COX-2 expression, mPGES-1 expression, and PGE:2
production are induced after exposure to CSE in normal human lung fibroblasts
[168]. Short-term exposure to CS in vivo induces COX-2 expression in the small
airway epithelial cells in mouse lungs [169]. In vitro, treatment with 10% CSE
increases COX-2 expression in normal human bronchial epithelial cells [170]. CSE
also induces COX-2 mRNA expression in pulmonary microvascular endothelial cells
in vitro [171]. These findings are supported by our group showing that CSE-induces
IL-6, IL-8, and VEGF production via COX-2 associated PGE:2 synthesis in HASMCs
(manuscript in preparation) [153]. Our group demonstrated that CSE could modify
inflammatory responses in HASMCs by shifting from T2-high eosinophilic
inflammatory responses to non-T2 neutrophilic inflammatory responses through
COX-2/PGE2/E-prostinoid receptor (EP2 and EP4)/Cyclic adenosine monophosphate
(cAMP) pathway, mediated by oxidative stress. Whether the COX-2/PGE2 pathway
mediates the effect of CSE on Th2 cytokines and eosinophil chemokines in HBECs

in vitro remains unclear and needs further investigation.

1.6.2 House dust mite (HDM)

1.6.2.1 HDM and airway inflammation

Allergens play an important role in asthma by triggering an excessive immune
response, resulting in prolonged airway inflammation and AHR [172]. Asthmatic
individuals exposed to home allergens to which they are sensitized encounter more
severe symptoms of asthma [173]. Many common sources of airborne allergens,

such as HDM, cockroaches, and fungi, contain proteolytic enzymes, which represent
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an important mechanism in the initiation of allergic inflammation [174]. HDM among
allergens is a complex of constituents that include proteases from both cysteine and
serine families. The cysteine protease family contains bacterial components that
activate the innate immune system, such as Dermatophagoides pteronyssinus 1
(Der P1), while the serine protease family contains allergens with potent proteolytic
potential, such as Dermatophagoides pteronyssinus 3,6, and 9 [175, 176]. HDM is
an aeroallergen that promotes the Th2 type of airway inflammation in asthmatic
individuals [177]. Continued exposure to HDM is associated with chronic eosinophilic
airway inflammation, bronchial hyperresponsiveness, and tissue remodeling, all
considered hallmarks of allergic asthma [75]. HDM can also induce proinflammatory
expression of cytokines and chemokines [178]. For example, HDM increases IL-5
levels and induces allergic sensitization, AHR, goblet cell hyperplasia, and
eosinophilic airway inflammation in mouse lung tissue in vivo [178]. Supporting this,
in another in vivo experiment, the production of IL-4, IL-5, and IgE were significantly
increased in BAL fluids of mice injected with Der P1 [179]. In vitro, Der P1 and Der
P9 induce the production of IL-6 and IL-8 in HBECs [180]. In agreement with these
findings, a clinical study showed a single bronchial allergen challenge with HDM and
the major components Der P1 and Der P2 significantly increased the level of
allergen-specific IgE for HDM in serum and significantly increased the production of
Th2 cytokines (IL-4, IL-5, and IL-13) [181]. These results suggest that HDM can play
a role in the development of airway inflammation through upregulating the production

of inflammatory mediators.

1.6.2.2 HDM and human bronchial epithelial cells

Pro-inflammatory cytokines and chemokines are predominantly produced by

activated airway epithelial cells [182]. Der P1 induces the production of IL-5 and
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eotaxin in HBECs from allergic subjects with asthma in vitro [178, 183], while Der F 2
induces the production of IL-13 in the epithelial BEAS-2B cell line in vitro [184] .
Additionally, the protease activity of HDM leads to the production of alarmins,
including IL-25, IL-33, and TSLP, from airway epithelial cells of an asthma mouse
model, leading to activate ILC2s and release of Th2 cytokines such as IL-5, IL-9, and
IL-13 [185]. In addition to eosinophilic inflammatory responses, Der P1 and Der P9
induce the production of IL-6 and IL-8 in primary HBECs and HBECs (BEAS-2B) cell
line in vitro [180]. These results suggest that bronchial epithelial cells can release the
production of Th2 cytokines, alarmins, and other inflammatory cytokines such as IL-6
and IL-8 in response to HDM allergen. (Figure 1.5) illustrates the response of HBECs
to various stimuli by releasing alarmins that activate ILC2, thereby triggering the

release of Th2 inflammatory responses [185].
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Figure 1.5 Type 2 immune response to allergen by airway epithelial cells in asthma

Allergens with protease activity, such as HDM, viruses, and fungi, promote the production of
alarmins (IL-25, IL-33, and TSLP) by airway epithelial cells. These alarmins activate ILC2.
Activated ILC2 releases Th2 cytokines such as IL-4, IL-5, and IL13 in asthma patients. IL-4
is involved in the differentiation of B cells into IgE-producing cells. IL-5 is responsible for the
maturation and release of eosinophils and helps with eosinophil survival. IL-13 has a central
role in airway hyperresponsiveness development and remodeling of the tissue and
increasing eosinophil counts. Figure adapted from Yasuda et al. 2020 [185].

1.6.2.3 Interactions between HDM and cigarette smoke

Cigarette smoke and exposure to HDM allergens are associated with
increased airway inflammation [177, 186, 187]. An in vitro study of the interaction of
Der P1 allergen and cigarette smoke on primary HBECs showed that Der P1 and
short-term exposure to CS for 20 minutes led to significantly increased release of IL-
8, IL-1b, and soluble intercellular adhesion molecule-1 (sICAM-1), while longer
exposure for 1-6 hours to CS led to a decrease in the amount of these mediators
detected in the culture medium [188]. This study suggests that short-term exposure

to CS may induce inflammation by releasing inflammatory mediators from HBECs,
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an effect that Der P1 may potentiate. However, prolonged exposure to CS enhances
the release of sodi umloadadrcalsniadicating(potent@r ) fr om p
damage to HBECs [188]. . Furthermore, HDM and CS exposed mice show
significantly attenuated eosinophilia in the BAL compared with animals exposed only
to HDM. This study concluded that CS down-regulated the expression of the HDM-
induced eosinophil-recruiting factors, eotaxin-1, and vascular cell adhesion protein 1
(VCAM-1), and reduced the activation of B cells and the production of IgE [154].
Moreover, mice exposed to a low-dose of HDM combined with CS for the duration of
3 weeks demonstrated an asthmatic phenotype with increased airway eosinophilia,
goblet cell metaplasia, and hyperresponsiveness compared to sole HDM or CS
exposure [189]. Together, these studies show that CS might have both inhibitory and
exacerbating effects on eosinophil counts and airway inflammation, depending upon
factors including exposure duration, dosage, and immune responses.

The interaction between CS and HDM also has an impact on alarmin
production. 3 weeks of HDM and CS exposure cause a significant increase of IL-25
and IL-33 production in vivo [189]. When stopping CS exposure after the initial
sensitization, no differences in these alarmins were found 2 weeks after smoke
cessation, suggesting that CS exposure can enhance the production of these
alarmins during exposure. Also, this study showed that the protein levels for Th2
cytokines (IL-4, IL-5 and IL-13) were significantly increased in mice exposed to HDM
and CS compared to sole HDM or CS exposure. This might suggest a synergistic
role for CS during the ongoing allergic response [189]. Alongside the interaction
between CS and HDM, a study showed that a fine particulate matter (PM2.5) can
enhance the Der P1 antigen-induced HBECSs innate immune response through the

expression of IL-25, IL-33, and TSLP [190]. In this study, co-exposure of PM2.5 and
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Der P1 antigen has synergetic effects on the regulation of cytokine expression levels
compared to PM2.5 alone. The role of interactions between HDM and CSE in vitro
on the expression and production of Th2 cytokines and chemokines in HBECs has
not been fully explored. Therefore, further studies of the interaction between HDM

and CSE in HBECs need to be investigated.

1.6.3 Viral infection

1.6.3.1 Viral infection and airway inflammation

Respiratory viral infections are associated with 85% of asthma exacerbations
[191]. Clinical evidence indicates the substantial impact of viruses, especially
Rhinovirus (RV) and Respiratory Syncytial Virus (RSV), in exacerbating asthma,
leading to worsening symptoms and increased morbidity in asthmatic patients [192-
194]. Viral infections are substantial causes of airway inflammation, especially in
individuals with underlying respiratory diseases such as asthma. Respiratory viruses,
such as RV, can enhance the inflammatory response, resulting in AHR and
increased mucus production [195], damage to the airway epithelium and increased
production of interferons and pro-inflammatory cytokines, including IL-6 and IL-8
[196]. This leads to mucus hypersecretion and worsening asthma symptoms by
obstructing the airways. Furthermore, eosinophils are considered to play a key role
in the pathogenesis of asthma exacerbation induced by viruses. RSV-infected
children have a more significant number of eosinophils in their nasopharyngeal
secretion, which was associated with asthma attack severity [197]. Besides the effect
of viruses on asthma severity, viral infection may also contribute to airway
remodeling in asthma. In vitro HBEC HRYV infection may contribute to airway
remodeling by upregulating the production of growth factors such as VEGF. These

findings suggest that viral infections play a crucial role in airway inflammation in
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asthma pathogenesis by triggering immune responses and worsening disease

symptoms.

1.6.3.2 HBECs role in viral infection

HBECs play a key role in response to viral infection due to their location in the
respiratory tract, acting as the primary target cells for infection and replication sites
for various respiratory viruses, including RV, influenza, and RSV. HBECs react to
viral infection via specific pattern-recognition receptors (PRRs) and regulated
antiviral signaling mechanisms [198]. They express PRRs that are classified into
three main groups, identical to other surveillance cells. These groups include
nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs), retinoic
acid-inducible gene 1 (RIG-1)-like receptors (RLRs), and toll-like receptors (TLRS)
[198].

TLRs, among other groups, are a family of integral proteins in the membrane
that identify an extensive range of pathogen-associated molecular patterns (PAMPS)
and signals via common Toll/interleukin-1 (IL-1) receptor domain-containing
intermediate molecules, which play an important role in recognizing pathogens and
activating innate immunity. [199, 200]. There are at least ten members of the TLR
family that recognize unique microorganism-conserved components. TLR activation
not only induces inflammatory responses but also promotes the formation of antigen-
specific adaptive immunity [200]. Among the known TLR receptors, TLRs 3, 7, 8, and
9 tend to respond to virus-associated molecular structures, particularly viral nucleic
acids, with recognition occurring largely within intracellular endosomes [201]. TLR 3
appears to be particularly important in the response of epithelial cells of the airway to
respiratory viruses, including RSV and RV [202, 203]. TLR3 is stimulated by double-

stranded RNA (dsRNA) during the replication of numerous respiratory viruses,
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including RSV, RV, and influenza. Upon activation, TLR3 on HBECs stimulates
downstream signaling pathways such as mitogen-activated protein kinases (MAPKS)
and NF-kB, resulting in the release of pro-inflammatory cytokines such as IL-6, IL-8,
and TNF-U[112, 202]. These cytokines and growth factors are essential for the
antiviral immune response because they promote inflammation and recruit immune
cells to the infection site. This helps to regulate viral replication but can also
contribute to worsening airway inflammation, particularly with chronic respiratory
diseases such as COPD or asthma.

TLR7 recognizes single-stranded RNA and has antiviral efficiency when
combined with its homologue TLR8, which both helps to regulate interferon synthesis
and activate T1 antiviral responses. This has a key role in viral-induced airway
inflammation through regulating the T1/T2 immunomodulatory homeostasis by
reducing T2 cytokines release such as IL-4, IL-5, and eotaxin, and promoting T1
cytokines, thus limiting airway eosinophilia [204, 205]. TLR9 recognizes cytosine-
phosphate-guanine (CpG) patterns, which are common in microbial DNA but rare in
mammalian DNA, thus making it an important sensor for identifying foreign DNA,
particularly in viral and bacterial infections [206]. TLR9 is predominantly expressed in
i mmune cell sd endosomal compartments, includ
dendritic cells (pDCs). It can detect viral DNA, and upon detecting it, the immune
system is triggered, producing pro-inflammatory cytokines, including IL-6 and TNF-U ,
as well as type | interferons. This is essential for limiting the spread and replication of
viruses [207].

HBECSs are uniquely positioned and wired to react to respiratory viral
infections. Because of their unique structure, HBECs are able to both make and

react to cytokines, which control the activation and trafficking of immune cells
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downstream and ultimately lead to the removal of viruses.

1.6.3.3 Interaction between viral infection and cigarette smoke

The respiratory tractobés defense against r
cigarette smoke [208], which is described in more detail in section 1.6.1. CS
weakens the |l ungds defenses against viral in
innate immune cells, including epithelial cells and macrophages. Also, the ability of
the body to produce interferons, which are essential for the antiviral response, is
weakened by smoking. This makes it easier for viruses to spread throughout the lung
tissues [209, 210]. This is evident in the fact that smokers are more prone to
respiratory viral infections, including influenza, RSV, and coronaviruses.
CS can damage the airway epithelium, reduce mucociliary clearance, and
facilitate viral transmission and infection. Because this damage inhibits effective
immune clearance, viral infections are prolonged [211]. In vitro CSE reduces antiviral
immunity by inhibiting interferon alpha (IFN-U) , whi ch i s iprateduced by
immune system in response to viral infections and other pro-inflammatory cytokines,
including IL-6and TNF-U, but it can also augment the paf
increasing neutrophil recruitment driven by IL-8 [212]. In addition, CSE alters the
response of epithelial cells to HRV, leading to suppression of RANTES and CXCL10
cytokine production and increased viral RNA [213].
As described in section 1.5.1, HBECs are important sources of alarmins,
including IL-25, IL-33, and TSLP [214], and viral infection induces the production of
alarmins. Alarmin release in response to viral infection can promote Th2 allergic
inflammation through TLR7, TLR8, and TLR9, among other TLRs on immune cells
that are capable of detecting double-stranded DNA (dsDNA) [215-217]. The role of

interactions between viral infection and CSE in vitro on the expression and
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production of alarmins in HBECs has not been fully explored but studies outlined
above suggest that CSE might attenuate the response of alarmins to viral infection in
HBECSs. Therefore, further studies are needed to better understand the effect of CSE
on viral infection in terms of alarmin release and the response mechanism of
HBECSs. A better understanding of these effects has the potential to lead to a deeper
understanding and may result in the development of novel therapy targets for various

respiratory diseases.

1.7 Cell-free DNA (cfDNA)
1.7.1 Origins of cfDNA

Mandel & Metais were the first to report on the presence of circulating cell-
free DNA (cfDNA) in human blood in 1948 [218]. cfDNA refers to the fragments of
DNA that circulate freely in bodily fluids, sputum, plasma, and bloodstream. The
source of cfDNA can vary depending on pathological and physiological processes
and is still unclear and poorly understood. To date, the applications of integrating
cfDNA analysis into clinical practice, along with its molecular profiling for the
detection, prognosis, and treatment of cancer and other disorders, have been
extensively researched [219-221]. Various biological aspects can not only contribute
to the overall cfDNA profile, but they can also interact to create a cascade of
reactions that result in further, and frequently indirect, cfDNA release [222]. Although
cfDNA is a non-specific marker in inflammatory diseases, it can still provide insight
into the underlying inflammatory responses. cfDNA concentrations rise significantly
and track with disease intensity and other specific markers of inflammation [223].

cfDNA levels in plasma and nasal secretions were significantly higher in allergic
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rhinitis patients compared to healthy controls, indicating its association with
inflammatory responses and severity of allergic rhinitis [224].

Apoptosis is an innate form of controlled cell death during a regular cellular
cycl e. During apoptosis, the cell 6s DNA 1is
are released into the bloodstream. Apoptotic cfDNA is frequently fragmented in a
precise pattern, with a length of roughly 180 base pairs (bp), indicating the action of
nucleases [225]. During DNA damage-induced apoptosis, cells release apoptotic
regulators and undergo changes in DNA integrity. This process includes the
fragmentation of DNA into large fragments (50 kbp) before it breaks down into
smaller, internucleosomal fragments. These early fragmentations are linked to the
presence of cell-free DNA observed during apoptosis [226, 227].

Necrosis, as opposed to apoptosis, results from uncontrolled cell death
caused by injury or disease, including infections, trauma, or ischemia. Necrotic cells,
unlike apoptotic cells, release more irregular and bigger fragments of cfDNA into the
bloodstream. Necrosis is especially relevant in cancer and sepsis diseases [228]. In
cancer patients, cfDNA can be derived from circulating tumor cells (CTCs) or directly
from the tissue of tumors via apoptosis, necrosis, or active release. This fraction of
cfDNA, known as circulating tumor DNA (ctDNA), contains mutations of
modifications specific to the tumor, making it a useful biomarker for diagnosis,
prognosis, and monitoring of cancer [229].

It has also been shown that in infectious diseases, cfDNA can be produced by
some pathogens like bacteria or viruses, as well as host immune cells that are
undergoing apoptosis or necrosis. This source of cfDNA is highly valuable for
detecting bloodstream infections through analysis and is referred to as cell-free

microbial DNA (cfmDNA) [230]. In addition, cfDNA can also originate during
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pregnancy from the fetal placenta, with fetal DNA fragments identified within the
maternal bloodstream earlier during the first trimester. This fetal cfDNA is commonly
utilized in non-invasive prenatal testing (NIPT) to identify chromosomal disorders
such as Down syndrome [231]. There are various sources of cfDNA and causes
that contribute to cfDNA release in the human body, which provide insightful
information about a range of physiological and pathological conditions. Therefore,
cfDNA has become an essential diagnostic and disease-monitoring tool. (Figure 1.6)
demonstrate the interactions among biological mechanisms that participate in the

release of cfDNA [222].
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Figure 1. 6 Complex interactions among biological mechanisms that participate in the
release of cfDNA

The figure demonstrates the several biological and environmental origins of cfDNA.

The figure displays the complex interaction of internal and external factors that influence
cfDNA release and how different interactions could make it more complicated to understand
the origins and biological roles of cfDNA and identify new biological markers. Figure adapted
from Aucamp J et al. 2018 [222].
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1.7.2 cfDNA in lung diseases

cfDNA has been identified as an important biomarker for pathogenesis,
including in respiratory diseases. Concentrations of cfDNA reflect tissue damage and
can predict the severity of COVID-1 9 pat i e nt[23@] Thedlaval of tfDNA m
the plasma and serum of lung cancer patients has been widely used for early
detection, assessment, and characterization of lung cancer, which reflects the
disease progression and offers a tracking progression to the treatments [233-235].
In asthma, neutrophil extracellular traps(NETS) and their associated extracellular
double-stranded DNA (dsDNA) could contribute to the pathogenesis of asthma and
serve as therapeutic targets for rhinovirus-induced asthma exacerbation in vivo
[236]. Furthermore, elevated cfDNA levels are associated with allergic airway
inflammation (AAl), including allergic asthma, due to increased turnover of cells and
damage resulting from heightened inflammatory responses [224]. Notably, elevated
plasma cfDNA levels have been linked to increased disease severity, frequent
exacerbations, and a higher risk of mortality in COPD [237]. Lung epithelial cells
release cfDNA into BAL fluid during normal cell turnover, and lung-specific cfDNA is
increased in plasma in various lung diseases, significantly increasing in exacerbating
versus non-exacerbating COPD [238]. |

Despite evidence that cfDNA is released in asthma and COPD, there has
been little research to date on the functional role of cfDNA in asthma pathogenesis.
Considering its molecular weight, cfDNA may be able to transfer genetic material
from several genes in the host to the target cell [239]. Eosinophils can produce
exosomes, and eosinophil-derived exosomes may carry cfDNA, suggesting a
potential role in mediating inflammation and contributing to asthma pathogenesis.

Exosomes derived from eosinophils in asthma patients can alter specific eosinophil
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functions linked to asthma pathogenesis, potentially playing a key role in the onset
and persistence of asthma [240]. Therefore, investigating cfDNA as a signaling
molecular with functional impact of adjacent cells, in addition to the work already
being done to investigate its role as a biomarker could open the door and have
substantial promise for improving asthma management. It may provide novel tools
for determining disease severity, predicting exacerbations, and modifying therapy.
Expanding this research could transform how asthma is tracked and treated,

providing a more precise and adaptive approach to disease management.

1.7.3 cfDNA and inhaled insults

cfDNA is released into the bloodstream as a response to different inhaled
insults and pathogens. Cigarette smoke, a major inhaled insult and a well-
established risk factor for COPD, induces oxidative stress, inflammation, and
immune responses, ultimately leading to lung damage and the release of cfDNA. In
addition, cfDNA is increased in smoke inhalation injury [241], and can be increased
by CSE in endothelial cells [242], which appears to be a potentially useful biomarker
for inhaled smoke and related lung damage.

In addition to cigarette smoke, cfDNA is increased following viral infection,
which is correlated with disease severity and might contribute to lung injury [243,
244]. cfDNA is shown to be released by lung cells in response to various pathogens
and inhaled insults, which might have potential pathogenic effects. However, studies
of cfDNA as a signaling molecule with a functional impact on adjacent cells and its
functional role in immune response to inhaled insults are still limited, particularly in
asthma. Therefore, expanding studies on cfDNA associated with inhaled insults as a
potential functional signaling molecule may provide new understanding of disease

mechanisms and novel therapeutic targets for asthma management.
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1.7.4 Cell-free DNA and extracellular vesicles

All living cell types are known to produce extracellular vehicles (EVs) [245],
which are important intercellular communication mediators that contain a varied
range of cargo, such as proteins, metabolites, lipids, and nucleic acids, that can be
absorbed by other cells [246, 247]. EVs can function as mediators of intercellular
communication and may influence the function of the recipient cell by transmitting
biological signals and information [248].

EVs have heterogeneous functions and are generally distinguished into two
main types: exosomes and ectosomes [249]. Exosomes originate from endosomes
and are produced in intraluminal vesicles called multivesicular bodies. Once formed,
these bodies can combine with the plasma membrane to release their contents as
exosomes [249, 250]. Ectosomes are another route of biogenesis that involves the
release of plasma membrane-derived EVs, which include macrovesicles [249]. Due
to their role in cell-cell communication, EVs have been linked to immunological
responses in various diseases [251].

In addition to being freely available in the bloodstream and other fluids, cfDNA
can be associated with EVs, including exosomes and macrovesicles. cfDNA has a
complex function in EVs and is crucial for normal physiological functions and
pathological conditions, such as cancer, inflammation, and immunological
responses, through activation of the immune response, modulation of cellular
functions, promotion of tumor growth, and enhancement of metastasis [248, 252].
EVs, particularly exosomes, can carry cfDNA between cells within their cargo. This is
essential for communication between cells and may influence processes such as
tissue repair, immunological response, and disease progression [248]. EVs

containing cfDNA can also play a role in modulating immune responses. In some
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inflammatory disorders, EVs may carry DNA fragments that activate immunological
responses through TLRs, resulting in chronic inflammation or autoimmune disorders
[253].

In cancer, cfDNA contained within EVs is being studied as a potential
biomarker for early detection and an important diagnostic tool for disease
progression and treatment response, which may hold promise as a non-invasive
diagnostic target [254]. The body may interpret the release of EV-bound cfDNA as a
warning sign, activating immunological responses and prolonging inflammation.
Because of its stability, cfDNA in EVs is being investigated as a diagnostic tool. As
EVs protect cfDNA from enzyme breakdown, they provide a dependable source of
genetic material for identifying genetic changes in various diseases, including
cancer, cardiovascular diseases, and neurological disorders [255]. Therefore,
studying the role of EVs in carrying cfDNA could offer new insights into asthma
pathogenesis and may reveal novel therapeutic targets, while also highlighting their

potential as biomarkers for asthma diagnosis and monitoring.
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1.9 Summary

Asthma is a heterogeneous lung disorder that is characterized by
inflammation of the airway. There are two major endotypes of asthma; T2-high,
which is associated with eosinophilic airway inflammation, and non-T2, which is
associated primarily with less eosinophils but a predominance of neutrophils and
paucigranulocytic immune cells. Cigarette smoke combined with asthmatic
inflammation may induce important changes in the asthma endotype with a
predominance of activated macrophages and increased neutrophils in the airway,
suggesting that cigarette smoke might contribute to endotype switching in asthma.
Cigarette smoke extract (CSE) can alter inflammatory responses in human airway
smooth muscle cells (HASMCs), promoting a shift from steroid-sensitive type 2 high
(T2-high) eosinophilic inflammatory responses to steroid-insensitive Type 2 low
(Non-T2) neutrophilic inflammatory responses, at least partially via COX-2/PGE2-
dependent mechanism.

Human bronchial epithelial cells (HBECS) are the first line of defence against
inhaled insults, including cigarette smoke, viruses, and allergens such as house dust
mites (HDM), and are an important source of a group of cytokines termed alarmins.
Alarmins, including IL-25, IL-33, and thymic stromal lymphopoietin (TSLP), promote
innate immune and adaptive T2-high inflammatory responses and are released

during the epithelial layer response to viral infection and other inhaled insults.

In addition to the release of alarmins, exposure to inhaled insults is likely to cause
the release of cell-free DNA (cfDNA) from lung epithelial cells. cfDNA refers to all
non-encapsulated DNA in the bloodstream or other fluids, which consists of small
extracellular nucleic acid fragments released from cells due to apoptosis, active

cellular secretion, and impaired clearance mechanisms. Crucially, cfDNA
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concentrations are often associated with the extent of tissue damage and/or
inflammation in various pathologies. Whether CSE alters the responses of HBECs to
inhaled insults such as HDM and viruses through altered release of alarmins,
cytokines, and cfDNA, and alter remodeling and gene expression in HASMCs is

unclear and remains to be explored.
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1.10 Hypothesis and aims

1.10.1 Hypothesis

CSE alters the responses of human bronchial epithelial cells (HBECSs) to inhaled
insults such as HDM and viruses through the altered release of alarmins, cytokines,

and cell-free DNA (cfDNA), contributing to the pathogenesis of asthma.

1.10.2 Aims

The general aims of the study are:

1 To investigate the effect of cigarette smoke extract (CSE) onthe expression
and production of alarmins, (IL-25, IL-33, TSLP), Th2 cytokines (IL-4, IL-5, IL-
13), eosinophilic chemokines (Eotaxin, IP-10, RANTES), pleiotropic cytokine
IL-6, and the neutrophilic chemokine IL-8 in HBECs.

1 To assess the effect of house dust mite (HDM) allergen alone and in
combination with CSE on the expression and production (release) of the
above cytokines and chemokines, and assess the role of COX-2 expression in
response to inflammatory stimuli.

1 To investigate how CSE alters inflammatory responses to viral infection using
the viral mimic (poly (I:C)) by measuring the release of alarmins, (IL-25, IL-33,
and TSLP), Th2 cytokines (IL-4, IL-5, and IL-13), eosinophilic chemokines
(eotaxin, IP-10, and RANTES), and neutrophilic chemokine IL-8 in HBECs,
and assess the role of oxidative stress in the production of inflammatory
mediators .

1 To determine whether CSE and poly (I:C) alone and in combination cause the
release of cell-free DNA (cfDNA), an active participant in driving inflammation
and immune signaling, from HBECs and understand the functional effects of

released cfDNA on HASMC function by studying how cfDNA might contribute
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to epithelial-HASMC crosstalk in asthma, specifically HASMCs proliferation,

contraction, and gene expression.
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Chapter 2. General methods and
materials
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2.1 Introduction

This chapter outlines the general methods used in the course of this thesis. All

medium recipes, reagents, buffers, kits, and materials are listed in the Appendix.

2.2 Cell culture
2.2.1 Culture conditions
All culture medium and their supplements were made and maintained
according to the manufact ur-2)rThescellsweset ructi ons
maintained in a humidified incubator at 37°C with 21% O2 and 5% CO2. The medium
was changed every 48 hours until the cells reached 90-100% confluence. The cells
were then growth-arrested in unsupplemented medium for 24 hours prior to

experimentation.

2.2.1 Immortalised human bronchial epithelial cells (IHBECS)

Experiments of immortalised human bronchial epithelial cells ((HBECs) were
performed on immortalised human bronchial epithelial cells (IHBECs; a gift from Prof.
Jerry Shay, University of Texas, USA). Immortalized cell lines of HBECs were
generated by a serial introduction of retroviral expression vectors for cyclin-
dependent kinase 4 (CDK4) gene, followed by human telomerase reverse
transcriptase (hnTERT) [256] prior to receiving and using them in our lab. IHBECs
were cultured in keratinocyte serum-free medium (KSFM) supplemented with 25
€g/ml bovine pituitary extract (BPE), 0.2 ng/ml recombinant epithelial growth factor
(EGF), 250 ng/ml puromycin dihydrochloride, and 25 €g/ml G418 sulfate (Appendix

7.1.2).
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2.2.1 Human airway smooth muscle cells (HASMCs )

HASMCs from four donors were obtained from a cell bank at the University of
Nottingham NIHR Respiratory Biomedical Research Centre. The demographic
details for the donors from which HASMCs were derived are shown in Table 2.1. The
National Research Ethics Service (NRES) Committee East Midlands-Nottingham has
granted approval for the use of lung tissue samples under ethics number 08/H0407.
HASMCs were cultured in Dulbeccods Modified
supplemented with 10% Foetal Bovine Serum (FBS), (4nM) L-glutamine, (100
unit/ml) penicillin, (0.1 mg/ml) streptomycin, and (250 mg/ml) amphotericin-B.

(Appendix 7.1.2). The cells in this study were used at passage 6 in all experiments.

Table 2.1 Demographic details of HASMC donors

Donor ID Sex Phenotype Age at Smoking Inhaled
collection status corticosteroids
AZACO05 Female | Non-asthmatic 27 Never No
AZAC11 Male Non-asthmatic 47 Never No
AZAC12 Male Non-asthmatic 28 Never No
159 Male Non-asthmatic 36 Never No

2.2.2 Cell subculture

To achieve passage 6 of HASMCs for all experiments, early passage of cells
was cultured in a T-225 flask for 7-9 days. Immortalized HBECs were used at
various passages in the experiments, as the cells were modified to retain continuous

proliferation while maintaining genotypic and phenotypic characteristics. iIHBECs
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were also cultured in a T-225 flask for 7-9 days prior to experimentation. The
supplemented medium for all cells was changed every other day until 90%
confluence was reached. After the cells became confluent, the culture medium was
removed, followed by washing the flask with 10 ml of PBS. Then, 10 ml of 0.25%
Trypsin-EDTA solution (Appendix 7.1.1) was added to the cells and incubated for 3-4
minutes at 37 °C in a 21% O2 and 5% CO:2 humidified incubator. Following
incubation, the cells were checked under the microscope to ensure that detachment
had occurred. Trypsin-EDTA was neutralized by adding 10 ml of fresh FBS into the
flask. The contents were then transferred into a 50 ml Falcon® tube, and the cells
were centrifuged at 1200 rpm for 5 minutes. After centrifugation, the supernatant was
removed by the aspirator, leaving the cell pellet at the bottom of the Falcon® tube.
Then, 10 ml of fresh medium was added to the Falcon® tube. The cells then were
counted, and either the cells at a density of 0.5x10° cells per ml were stored in a
cryogenic tube with a freezing solution (90% FBS and 10% DMSO), or the cells were
seeded into a new flask for the following passage. The cryogenic tubes were placed
in a Mr FrostyE Freezing Container (Thermo Fisher Scientific) filled with 100%
isopropyl alcohol. The container was immediately placed in a -80°C freezer for 24
hours to ensure slow cooling. The cryogenic tubes were transferred to liquid nitrogen

storage on the following day for long-term cell storage.

2.2.3 Cell counting

Cell counting was performed using a glass haemocytometer and a coverslip.
A 10 el sample of cells was mixed with 10 €l of Trypan blue solution (Appendix 7.1.1)
in a 1:1 ratio to distinguish live from dead cells. A microscope was used to visualize
the glass haemocytometer, and all four squares were observed. The number of live

cells was counted in each quarter. Live (viable) cells with an intact cell membrane
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excluded the blue Trypan dye and appeared as bright cells under the microscope,
while the dead cells took up the dye and appeared blue. Then, the average number
of live cells in all four squares was multiplied by the dilution factor and then multiplied

by 10%to provide the total number of live cells.

2.2.4 Cell viability assay
The 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT)

assay was used to assess the cytotoxicity of the various treatments toward cells.

Foll owing specific cell treatments, the medi
mg/ml MTT solution in warm unsupplemnted medium was added. The culture plate

was then incubated in a humidified incubator at 37 °C for 30 minutes. The MTT

solution was removed and the plate was dried at room temperature overnight. The

foll owing day, 250tele®&iMsOwevlals, aamde d100 el ,
was transferred to a 96-well plate. The absorbance was measured at 550 nm using a

FLUOstar Omega microplate reader (BMG LABTECH). The viability data of treated

values were presented as a percentage relative to the control group (100%).

2.3 Cigarette smoke extract (CSE) preparation

3R4F research-grade cigarettes (Appendix 7.1.3) were used to prepare a
cigarette smoke extract (CSE). Two cigarettes, with the filters removed, were
connected to an 80 ml sterile glass bottle containing 20 ml of unsupplemented KSFM
medium via a rubber tube, and the bottle was connected to another big glass bottle
to direct the smoke via another tube to a vacuum pump DA7C (see Appendix 7.1.3).
The cigarette filters were placed between the rubber tube and the cigarette pump.

The vacuum pump pressure was set to 0.2 bar to maintain a consistent cigarette
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burning rate and ensure adequate bubbling in the medium. After the cigarettes were
burnt, the medium was filtered into a 50 ml Falcon® tube using a 0.02 em pore
syringe filter. The absorbance of CSE was measured using a NanoDropE 2000
Spectrophotometers (ThermoFisher) at 320 nm to measure CSE strength
(1.5=100%) (Figure 2.1). This CSE preparation was then diluted in unsupplemented
medium to the desired concentration. A fresh CSE for all experiments was made on

the same day of the experiment and used immediately after preparation.

Created in BioRender.com bivo

Figure 2. 1 In vitro cigarette smoke model

3R4F research-grade cigarettes were connected to 80 ml sterile glass bottle
containing 20 ml of unsupplemented medium via a rubber tube and the bottle was
connected to another big glass bottle to direct the smoke via another tube to vaccum
pump. The medium was then filtered into a 50 ml Falcon® tube and the absorbance
of CSE was measured using a NanoDropE 2000 at 320 nm.
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2.4 Der P1 preparation

The Dermatophagoides pteronyssinusl (Der P1) is one of the major allergens
of house dust mites produced by Dermatophagoides pteronyssinus that plays a key
role in allergenic responses [257]. 732 £g Der P1 protein was dissolved in 292.3 ¢l
unsupplemented KSFM medium to make a stock solution with a final concentration
of 25 eg/ml (Appendix 7.2). Sub-aliquots of this stock solution were distributed into
0.5 ml Eppendorf tubes and stored in a -20°C freezer to avoid repeated freeze and
thaw cycles until further use. The 25 eg/ml was then diluted 1:2.5 in unsupplemnted
KSFM medium to a working concentration of 10 eg/ml, which was used in our

experiments.

2.5 Poly (I:C) preparation
Polyinosinic-polycytidylic acid (Poly (1:C)) is a toll-like receptor 3 (TLR3)
agonist, that is structurally identical to the double-stranded RNA found in some
viruses and found to be [@58]il®eagpunfiediwbiteact i vat.
solid Poly (1:C), was dissolved in 10 ml dis
instructions to make the original stock of 1 mg/ml, which was aliquoted and stored at
-20°C to avoid repeated freeze and thaw cycles until further use. In my experiments,
the original stock of 1 mg/ml was diluted in unsupplemented KSFM medium in
1:1000 dilution ratio to generate the final working concentration of 10 £g/ml before

treating the cells (Appendix 7.3).
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2.6 L-Glutathione (GSH) preparation

L-Glutathione reduced (GSH) functions as a key endogenous antioxidant,
playing a vital role in reducing reactive oxygen species. GSH was dissolved and
prepared according to the manufacturer's instructions (Appendix 7.4). Solid GSH
was dissolved in deionised water to reach the original stock concentration of 0.05 M.
Sub-aliquots of this stock solution were stored in a -20°C freezer to avoid repeated
freeze and thaw cycles until further use. GSH was then dissolved in deionised water
toreach afinalworkingc oncent r at i avhichevas usedtO treat Me cells in

our experiments.

2.7 Cell lysate preparation

After a specific cell treatment, the conditioned media were collected from the
wells and stored in a -20°C freezer until further use. The plates were then washed
with PBS and 50 ¢l of complete radioimmunoprecipitation (RIPA) buffer (Appendix
7.6) added to each well. Cell scrapers were utilized to scrape the cells. The cell
lysates were then collected from each well into 1.5 ml Eppendorf tubes and stored in
a -80°C freezer until further use. The protein concentration was measured by a

bicinchoninic acid (BCA) assay kit.

2.8 Bicinchoninic acid protein assay

The total concentration of protein was measured using a bicinchoninic acid
(BCA) assay kit (Thermo Fisher Scientific). Bovine serum albumin (BSA) standards
(2000-0eg/ ml ) wer e prepared according to the mar

preparation, the BSA standards and protein samples (5 €l of each) were placed in
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duplicates into a 96-well plate. The BCA working reagents A and B were then
prepared and mixed in the ratio of 1:50, and 95 ¢l of the mixture reagents were
added to all the wells containing BSA standards and protein samples. The plate was
covered and incubated for 30 minutes at room temperature. Following the
incubation, the absorbance was measured using a FLUOstar Omega microplate
reader (BMG LABTECH) with an optical density reading at 562 nm. The protein
concentrations were measured and calculated as €g/ml using the Omega analysis

software.

2.9 Enzyme -Linked immunosorbent assay (ELISA)

The concentration of IL-8 in the collected supernatant was assessed and
measured using a Human IL-8/CXCL8 DuoSet ELISA kit (R&D System), which was

used according to the manufacturerdés instruc

2.9.1 Assay procedure

For each ELISA experiment, 96-well plates designed for high binding were
used. The capture antibody (mouse anti-human IL-8) was diluted in PBS.
Immediately, 100 ¢l of the diluted capture antibody was added to each well. The
plate was sealed with a plate sealer and incubated overnight at room temperature.
The following day, the plate was washed with a wash buffer (0.05% Tween 20 in
PBS) by filling each well with 400 ¢l wash puffer for a total of three washes. The
plate was then kept upside down on a clean paper towel for drying (5-10 minutes).
Subsequently, the plate was blocked by adding 300 ¢l of blocking buffer (1% BSA in
PBS) and incubated for one hour at room temperature. Then, the plate was

rewashed with wash buffer for a total of three washes. Human IL-8 standards were
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diluted in reagent diluent to create a seven-point standard curve (0.1% BSA, 0.05%
Tween 20 in TBS) using 2-fold serial dilutions with a concentration from 2000 to 31.3
pg/ml. In addition, blank wells containing only reagent diluent served as a negative
control. After washing, 100 el of samples and the diluted standard were added to the
wells, placed in duplicates, and incubated for two hours at room temperature. After
incubation, the plate was washed with wash buffer, as described previously. Next,
100 ¢l of diluted biotinylated goat anti-human detection antibody (specific for IL-8) at
a final concentration of 10 ng/ml was added to each well, covered, and incubated for
two hours at room temperature. After incubation, the plate was rewashed with wash
buffer, and 100 ¢l of the working dilution of streptavidin-horseradish peroxidase
(HRP) was added to each well and incubated for 20 minutes at room temperature in
a dark place. The plate was rewashed with wash buffer and 100 ¢l of substrate
solution (hydrogen peroxide and tetramethylbenzidine) was added to each well and
incubated at room temperature for 20 minutes in a dark place. Finally, 50 ¢l of stop
solution (2N sulfuric acid) was added to each well, and the plate was gently tapped
to ensure thorough mixing. The absorbance of IL-8 was measured using a FLUOstar
Omega microplate reader (BMG LABTECH) with an optical density reading set at
450 nm of each well. Following the reading, MARS software was used to analyse the
obtained data. All the data were normalized to the total amount of protein measured
by BCA assay. IL-8 concentrations (pg/ml) were averaged and then divided by the
total protein amount (mg/ml). The divided values were multiplied by the total volume

of protein lysate (0.05 ml) and expressed as pg/mg protein.
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2.10 Human Luminex® Discovery Assay

Human Premixed Multi-Analyte Kit, Luminex® Discovery Assay (R&D
System) was used to assess the production and concentration of alarmins (IL-25, IL-
33, and TSLP), Th2 cytokines (IL-4, IL-5, and IL-13), eosinophils chemokines
(Eotaxin, IP-10, and RANTES), pleiotropic cytokine IL-6, and neutrophil chemokine
IL-8 from the cell supernatant. All the reagents provided in the kit were placed at
room temperature before use and prepared according to the instructions of the
manufacturer. The calibrator diluent provided in the kit was used to reconstitute 7
unique standard cocktails for the specific analytes selected for the above cytokines
before mixing and combining them into one standard tube, which serves as the high
standard. Standard was then diluted to obtain a six-point standard curve using a 3-
fold dilution series. 50 ¢l of the prepared standard and supernatants were added into
96 well-plate, and a plate layout was written to record standard and samples
assayed. Then, 50 ¢l of the microparticle cocktail (mix of dyed microsphere beads)
was added to each well. A foil plate sealer was used to cover the plate, which was
then incubated at room temperature on a horizontal shaker at 800 rpm for 2 hours.
After incubation, the plate was placed on a round bottom microplate magnetic device
and incubated for 1 minute. Then, the liquid was removed, while the plate remained
in contact with the magnetic device to avoid the loss of magnetic beads. Each well
then was filled with 100 €l wash buffer and allowed 1 minute before removing the
liquid again, this procedure was repeated for total of three washes. After washing, 50
el of diluted Biotin-Antibody Cocktail were added to each well, covered with a foll
plate sealer and incubated at room temperature for 1 hour on a horizontal shaker at
800 rpm. After the incubation, the wash procedure was performed three times as

previously described, and 50 ¢l of diluted Streptavidin-PE was added to each well,
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covered with a foil plate sealer and incubated at room temperature for 30 minutes on
a horizontal shaker at 800 rpm. Then, the wash was performed three times, and the
beads were resuspended by adding 100 ¢l of wash buffer to each well. The final step
was to incubate the plate at room temperature for 2 minutes on a shaker at 800 rpm.
The plate was immediately read using the Bio-Plex™ 200 System (Bio-Rad), and the
Bio-Plex manager 6.1 Software was used to measure the concentration of multiple
biomarkers. A photomultiplier tube (PMT) with a low threshold was utilised to detect
the lowest concentration range of 7-17 pg/ml. The average concentrations of the
targeted cytokines (pg/ml) were divided by the total amount of protein (mg/ml). Then
the divided values were multiplied by the total volume of protein lysate (0.05 ml) and

expressed as pg/mg protein.

2.11 Western blotting

Western blotting was used to detect proteins of interest within a complicated
mixture of proteins collected from lysed cells [259]. Proteins were separated by
polyacrylamide gel electrophoresis (PAGE) according to their molecular weight using
a NUPAGE mini gel tank system (Invitrogen). The experimental protocol, including
running and transferring steps, blocking and antibody incubation, and detection, is

described in detail below.

2.11.1 Running and transferring steps

Cellular proteins were collected and their concentration was measured using
the BCA assay described in section 2.7. Protein samples were diluted at a 1:4 ratio
in 4x Laemml. buffer ¢ on(Appemdix hg). THe pretéin of r edu

samples were subsequently mixed and incubated at 80°C for 10 minutes to denature
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the protein. The Bolt Bis-Tris gel (Appendix 7.6), a pre-cast polyacrylamide gel with a
4-12% concentration gradient was utilised to separate the protein of interest by their
molecularweight. 1 0 €| oftaheegdrprotein marker and 20
were then loaded to the gel's wells. The electrophoresis tank was filled with running
buffer (Appendix 7.6), connected to the electrical supply, and electrophoresed at 160
volts for 60 minutes.
After electrophoresis, the gel was taken out of the tank and submerged in 1x
transfer buffer (Appendix 7.6) to facilitate the transfer of protein to nitrocellulose
blotting membrane (Appendix7.6) . A fAsandwicho of sponge, fi
membrane pre-soaked in 100% methanol, filter paper, and another sponge was
subsequently made accordingly in 1x transfer buffer. It was inserted between the
positive and negative electrodes in the mini blot module, which was then placed in
the electrophoresis tank. The tank was filled with 1x transfer buffer, and

electrophoresis was run at 10 volts for 90 minutes.

2.11.2 Blocking and antibody incubation

Upon completion of the transfer, Ponceau Red staining (Appendix 7.6) was
applied to the membrane to confirm protein transfer. Three washes of the membrane
were performed using 1x TBS-T (tris-buffered saline with Tween 20) (Appendix 7.6)
before the membrane was incubated with blocking buffer (Appendix 7.6) for 1 hour at
room temperature to minimize the non-specific binding of antibodies to the
membrane. The membrane was placed into a 50 ml Falcon® tube, and the primary
antibody (mouse anti-human COX-2 monoclonal antibody) at 1:1000 dilution and
rabbit anti-h u ma #Actib antibody at 1:50000 dilution (Appendix 7.6) were added

and incubated at 4°C overnight on the roller.
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The following day, the membrane was washed three time with 1x TBS-T, each
wash lasting for 10 minutes followed by adding the secondary antibodies with the 10
ml blocking buffer and incubated at room temperature for 1 hour. In this study, we
used polyclonal goat anti-mouse immunoglobulins/HRP antibody in 1:2500 ratio for
mouse anti-human COX-2 monoclonal antibody and polyclonal goat anti-rabbit
immunoglobins/HRP antibody in 1:2500 ratio for rabbit anti-h u ma +Actib antibody

as secondary antibodies (Appendix 7.6).

2.11.3 Detection

Following the incubation with secondary antibodies, the membrane was
washed three times, each time for 10 minutes with 1x TBS-T. Lastly, the membrane
was immersed with a mixture of enhanced chemiluminescence solutions (Clarity™
Western ECL substrate) (Appendix 7.6) for 5 minutes. ECL substrate is used to
detect and visualize the band of proteins in WB. The membrane was then scanned
using Odyssey LI_COR scanner. Using Image Studio 5.2 software, the density of
protein bands on the membrane waAdnamdasur ed,
compared to the control. The outcomes were presented as fold changes compared

to the control.
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2.12 Cell-free DNA (cfDNA) isolation

IHBEC conditioned media was collected after each experiment in Eppendorf
tubes, and centrifuged for 10 minutes at 10,000 xg. The supernatants were
transferred to new Eppendorf tubes and were immediately stored in a -20°C freezer
for a cfDNA isolation while the pellet was discarded.

The QIAamp®DNA Blood Mini Kit (Qiagen) was used to isolate cfDNA
present in the conditioned media accordingtothemanuf act urer 6s i nstruc
Initially, 200 ¢l of cell lysate was lysed with 20 ¢l proteinase K (Appendix 7.6), and
200 ¢l lysis buffer AL in an Eppendorf tube. The lysate was homogenized by
vortexing and incubated at 56°C for 10 minutes then briefly centrifuged to remove
drops from Eppendorf's lid. 200 €l 100% ethanol was added to the lysate and mixed
thoroughly by vortexing. The lysate was then transferred to the QlAamp mini-spin
column in a 2 ml collection tube and centrifuged for 1 minute at 8000 rpm to bind
cfDNA. The flow-through was discarded, and the QIAamp mini-spin column
was placed in a new 2 ml collection tube. 500 €| of membrane desalting buffer AW1
was added, and the column was centrifuged for 1 minute at 8000 rpm to remove
impurities. The flow-through was discarded, and the QIAamp mini-spin column
was placed in a new 2 ml collection tube. 500 ¢l of desalting buffer AW2 was added,
and the column was centrifuged for 3 minutes at 14,000 rpm. The column was then
placed in a new 2 ml collection tube and centrifuged at 14,000 rpm for 1 minute to
eliminate the chance of possible desalting buffer AW2 carryover. Finally, 100 ¢l of
elution buffer was added to the QlAamp mini-spin column and incubated for 5
minutes at room temperature prior to the final centrifugation at 8000 rpm for 1

minute. Eluted cfDNA was placed in a -20°C freezer.
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2.13 Cell-free DNA (cfDNA) quantification

2.13.1 Quantitative real -time PCR

A quantitative real-time PCR (qPCR) targeting telomerase enzyme reverse
transcriptase (TERT) gene was used to quantify cfDNA from iIHBEC samples. TERT
is rich in cfDNA fractions and has been an extensively reported target for
assessing the theoretical cfDNA concentration [260]. A 10 €l reaction mixture was
made by combining the components shown in Table 2.2. gPCR was performed using
Ariamx Real-Time PCR System (Agilent®). Table 2.3 shows the thermocycling
conditions that were used for each experiment. iIHBEC genomic DNA was used to
obtain a seven-point standard curve; a 1:100 dilution of genomic DNA in nuclease
free water generated the top standard, with remaining standards generated by 1:2
serial dilutions. All standards, no template control (NTC), and samples, were run in
triplicate. The cfDNA level of the treatment groups was shown in relation to the
cfDNA of control samples, and Raw quantification cycle (Cq) values were presented
relative to the control group. A higher quantification cycle (Cq) value reflects lower
cfDNA levels. Therefore, 1/Cq was plotted to represent cfDNA concentration, where
higher 1/Cq values indicate more cfDNA release. Primer sequences used were

(TERT) gene (Appendix 7.5):
For war d PAGCTCAEATARADIGCTACCAAACGA-3 0

Rever se HTGCARGAAGEAGGCCATAGTC-3
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Table 2.2 Components for quantitative real -time PCR reaction mixture.

Reaction components Volume
Forward primer (10uM) 05¢l
Reverse primer (10uM) 0.5¢l
PerfeCTa® SYBR® Green FastMixE | 5 ¢l

DNA

2 ¢l (Standard)

4 ¢l (Samples)

Nuclease free water

2 ¢l (Standard)

~ (Samples)

Table 2.3Thermocycling conditions for measuring gene expression using guantitative

real-time PCR.
Steps Temperature °C Time (minutes, seconds)
1- Hot start (1 cycle)
Initial denaturation 95 10:00
2- Amplification (40 cycles)
Denaturation 95 00:10
Annealing 60 00:30
Extension 72 00:20
3- Melt (1 cycle)
Denaturation 95 01:00
Annealing 55 00:30
Extension 95 00:30
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2.13.2 TapeStation

The concentration of DNA isolated from conditioned media samples was also
measured using Agilent 4200 TapeStation system (Agilent). A cfDNA screen tape
assay was used, which was designed for the analysis of cfDNA fragments ranging
from 50 to 800 bp in length. Samples were prepared according to the Quick Guide of
Agilent 4200 TapeStation system. After allowing the cfDNA screen tape assay
reagents to be equilibrated for 30 minutes at room temperature, the screen tape and
the required pipette tips were inserted into the instrument. 2 ¢l of sample buffer was
mixed with 2 €l of each cfDNA sample in a 96-well sample plate. 15 ¢l of size marker
ladder was combined with a 15 ¢l sample buffer and added to the 96 well plate. The
plate was covered with a foil seal and vortexed at 2000 rpm for 1 minute, centrifuged
for 1 minute, and loaded into the Tapestation instrument. The TapeStation results

were analyzed using TapeStation Analysis 5.1 Software.

2.14 RNA isolation

HASMCs were stimulated with cfDNA from iHBECs for 24 hours in 12-well
plates. The supernatants were collected in Eppendorf tubes and stored in a -20°C
freezer for downstream analysis. AllPrep DNA/RNA Mini Kit (Qiagen) was used for
RNA and DNA isolation processes. After removing the supernatant, each well
was washed with PBS. A 300 ¢l of RNA lysis buffer (RLT+)  +memrsaptoethanol (10
el/ml) (Sigma-Aldrich) was then added to each well, and the plates were immediately
stored in a -80°C until further use. The homogenized lysate was mixed well by
pipetting and transferred to AllPrep DNA/RNA spin column in a 2 ml collection tube.
The spin columns were centrifuged at 10,000 rpm for 30 seconds, and 300 ¢l of 70%

ethanol was then mixed with the flowthrough. The mixture was transferred to the
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RNeasy spin column, placed in a 2 ml collection tube, and centrifuged at 10,000 rpm
for 15 seconds to bind RNA. The flowthrough was discarded after centrifugation.
After that, 350 ¢l buffer RW1 was added and centrifuged at 10,000 rpm for 15
seconds to wash the spin column membrane. The flowthrough was discarded, and
95 ¢l of DNase mixture was directly added to the RNeasy spin column membrane
and incubated at room temperature for 15 minutes. 350 ¢l buffer RW1 was added to
then the RNeasy spin column and centrifuged at 10,000 rpm for 15 seconds. The
flowthrough was discarded, and two washes with RPE to the RNeasy spin column
membrane were performed at 10,000 rpm for 15 seconds and 2 minutes,
respectively. The flowthrough was discarded, and the RNeasy spin column was
placed in a new 2 ml collection tube and centrifuged at 14,000 rpm for 1 minute to
eliminate any possible carryover of RPE. The RNeasy spin column was placed then
in a new 1.5 ml collection tube, and 30 €l RNase-free water was directly added to the
spin column membrane and incubated at room temperature for 5 minutes prior to
centrifuging at 10,000 rpm for 1 minute to elute the RNA. The eluted flowthrough was
placed back into the spin column and centrifuged again at 10,000 rpm for 1 minute to
elute a higher RNA concentration. The RNA samples were immediately stored in a -
80°C freezer. The DNA was also extracted from the samples according to the

manuf act ur er @ storedsntar20 fteezeramtilsfurther use.

2.15 Extracellular vesicles (EVs)

2.15.1 Cell culture

To isolate enough EVs for these experiments, iIHBECs were cultured in T75

flasks (Thermo Fisher Scientific) rather than well-plates. The cells were cultured in
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12 ml of KSFM+ medium, and followed the same culture conditions described

previously (Section 2.2.1).

2.15.2 EVs isolation

The cells were treated with CSE (3%), Poly (I:C) (10 eg/ml), and a
combination of CSE and Poly (I:C) for 24 hours and incubated in a humidified
incubator. The next day, the supernatant was collected in 15 ml Conical Centrifuge
tubes and centrifuged at 300xg for 10 minutes, 2000xg for 10 minutes, and 10 000xg
for 30 minutes, respectively. The supernatants were immediately stored in a -80°C

freezer for 24 hours.

The supernatant was then removed from the 15 mL conical tube and
concentrated to 500 ¢ | u \éivagpig 20 centrifugal concentrator (Appendix 7.9) by
centrifugation at 2000xg for 2 minutes to pre-clear cell culture supernatant. EVs were
then isolated manually by size exclusion chromatography using gEV original 35
columns (Appendix 7.9), which collects EVs ranging from 35 nm to 350 nm.
Fractions 1-6 of 0.5 ml were then collected, pooled, and concentrated again using
Vivaspin 20 centrifugal concentrator at 2000xg for 2 minutes. EV fractions
(approximately200-3 00 ¢l ) were then transferred

parafilm to prevent drying, and immediately stored in a -80°C freezer for analysis.

2.15.3 EVs Nanopatrticle tracking analysis (NTA)

Nanoparticle tracking analysis (NTA) is a light-scattering technique used to
size and identify EVs rapidly [261]. As previously described, EVs for NTA analysis
were isolated using size exclusion chromatography (Section 2.15.2).

NTA was performed using a ZataView® Particle Tracking Analyzer (Appendix 7.9)

with the technical help of Miss Mariana Rodrigues at the Biodiscovery Institute at the
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University of Nottingham. AlIl the iIinstrument
Prior to analysis, a dilution of 1:100,000 and 1:250,000 in particle-free water of

alignment suspension polystyrene beads was u
sensitivity. 100 ¢ lof EV samples were then diluted to a final volume of 2 ml in PBS.

For each measurement, three cycles were performed by scanning 11 positions. The

particle drifts were checked, and a high-resolution video was selected under the

following settings: 30 frames per position, automatically sensed cell temperature and

Scattering Intensity detected automatically. Focus: autofocus; Camera sensitivity for

all samples: (80-90); Shutter: 160-257); analysis parameters: Maximum area: 1000,

Minimum area 10, Minimum brightness: 30. The data and the distribution of particle

size were analyzed by the in-built ZetaView Software (version 8.06.01).

2.15.4 Transmission electron microscopy (TEM)

TEM was carried out with theattheel p of Dr .
Biodiscovery Institute at the University of Nottingham.1 0 ¢l of EV sampl es
used per condition. EVs were f i xAppgendxky addi ng
7.6) and incubated for 10 minutes. TEM carbon film 200 mesh copper grids
(Appendix 7.6) were placed onto fixed EV samples and incubated for 30 minutes in a
closed humidity chamber. After incubation, TEM grids were removed using a
tweezer, all excess solution was blotted away using filter paper, and TEM grids were
positioned upright with their face exposed. EV samples were then washed by placing
TEM grids onto double-distilled water (ddH20) droplets face down on a parafilm strip
for a total of two washes. The EV samples were then stained with 2% filtered uranyl
acetate (UA) and incubated for 1 minute. The excess UA solution was blotted away
using filter paper, and the TEM grids were air-dried for 10 minutes. TEM was

performed using Technai T12 (nmRC) with an accelerating voltage of 100 kV.

96



2.15.5 Exo-Check E Exosome Antibody Arrays

The presence of EV markers was assessed using Exo-CheckE Exosome
Antibody Arrays kit (Appendix 7.7). 12 pre-printed spots, including eight EV
antibodies for known exosome markers including tetraspanin (CD63) and (CD81),
Programmed cell death 6 interacting protein (ALIX), Flotillin-1 (FLOT1), Intercellular
adhesion molecule 1 (ICAM1), epithelial cell adhesion molecule (EpCam), Annexin
A5 (ANXADB), and Tumor susceptibility gene 101 (TSG101) (see Table 2.4), were
already embedded in the kitdéds membrane and a
were followed. Initially, EV proteins were measured using a BCA assay (Section 2.8)
50el of the EV sampl es wer elyshtygwashbmdgenizddy si s bt
by vortexing for 30 seconds. Labelling reagent was added to the lysate, vortexed,
and incubated at room temperature for 30 minutes. After incubation, the mixed lysate
was combined with 5 mL blocking buffer in a 15 mL conical tube. The exosome
membrane was gently removed using forceps and briefly wetted in 5 mL distilled
water for 2 minutes. The membrane was placed into a 50 ml Falcon® tube, and a 5
ml labelled exosome lysate/blocking buffer mixture was added to the membrane and
incubated overnight at 4°C on the roller. On the next day, the lysate/blocking mixture
was removed, and the membrane was washed with a wash buffer provided in the kit
for 5 minutes and placed on the roller for a total of 3 washes. Subsequently, a 5 ml
Detection Buffer was added to the membrane and incubated at room temperature for
30 minutes on the roller. The membrane was washed 3 times with a wash buffer as
previously described. The membrane was then immersed with a developer mixture
in a 1:1 ratio for 5 minutes Clarity™ Western ECL substrate (Appendix 7.6) for better
detection and visualization for the band of proteins. The membrane was then

scanned using Odyssey LI _COR scanner, and the density of EV markers on the
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membrane was measured using Image Studio 5.2 software.

Table 2.4 Pre-printed spots for Exosome protein targets

Location ID Protein Name
Al Positive Labeled positive control for HRP detection
A2 Blank Negative control for background

A3 FLOT1 Flotillin-1

A4 ICAM1 Intercellular adhesion molecule 1
A5 ALIX Programmed cell death 6 interacting protein (PDCDG6IP)
A6 CD81 Tetraspanin

IGSF8, Immunoglobulin superfamily, member 8

Bl CD63 Tetraspanin
CD63, LAMP-3
B2 EpCam Epithelial cell adhesion molecule; often found in cancer-

derived exosomes

B3 ANXA5 Annexin A5

B4 TSG101 | Tumor susceptibility gene 101

B5 GM130 Cis-golgi matrix protein T control for cellular contamination

in exosome preparation

B6 Positive Labeled positive control for HRP detection
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2.16 Cell proliferation

Cell proliferation of HASMCs was assessed using two methods: the BrdU Cell

Proliferation ELISA kit and PrestoBlue ™ Cell Viability Reagent.

2.16.1 BrdU Cell Proliferation ELISA Kit

The gold standard method for evaluating cell proliferation is to measure the
proportion of cells engaged in DNA synthesis during a specific timeframe [262].
Since the early 1980s, more sensitive and nonradioactive techniques, particularly
those using the thymidine analog 5-bromo-2 -Ngoxyuridine (BrdU), have been
developed [263]. BrdU ELISAs have become a widely used assay for assessing cell
proliferation. A BrdU Cell Proliferation ELISA Kit (Abcam), was used in this study. All
the reagents provided were prepared according to the manufacturer's instructions.
Initially, cells were resuspended and seeded at 2x10* cells/ml in an unsupplemented
DMEM medi um i n a 96iwel0plate. THe wedd were subsegaently
incubated overnight in a humidified incubator set to 37°C with 21% O2 and 5% CO2.
The cells were then stimulated with 33.33 £ bf cfDNA from iHBECs on the top of
individual wells and placed in the humidified incubator for 2 hours. This was
calculated as the final volume of 1000 € EfDNA generated from iHBECs experiments
were carried out in 6 well plates with a surface area of 9.6 cm?, and the surface area
of the HASMC cell-culture plates for the proliferation assay was 0.32 cm?.
Subsequently,20e | of BrdU | abel was added to each w
incubated in a humidified incubator for 22 hours. After incubation, the culture
medium was removed from the plate wells, and the plate was blotted on an
absorbent paper towel. 200e | / wel I of fi xing solution was :
incubated at room temperature for 30 minutes. The fixing solution was removed, and

the plate was then blotted dry on an absorbent paper towel. On the next day, the
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plate was washed with a wash buffer that was provided with the kit for a total of three
washes before adding 100 € | / w e-BrdU naonotlonal Detector Antibody to each
well and incubated at room temperature for 1 hour. The plate was washed as
previously described, and IMblselgG Comundtion Per o Xx i
was added to each well and incubated at room temperature for 30 minutes. The
plate was then washed as previously described, and a final water wash was
performed by flooding the entire plate with distilled water, and the plate was blotted
dry on an absorbent paper towel. Subsequently, 1 0 0 ¢ bf/Tetramethylbenzidine
(TMB) peroxidase substrate was added to each well and incubated at room
temperature for 30 minutes in the dark before stopping the reaction by adding 100
el / well of Medswgmend a Absotbanoenwas performed using a
FLUOstar Omega microplate reader (BMG LABTECH) with an optical density

reading set at 450 nm of each well.

2.16.2 PrestoBlue ™ Cell Viability Reagent

The second method for assessing cell proliferation of HASMCs was
performed using PrestoBlue™ Cell Viability Reagent (Appendix 7.7). PrestoBlue® is
a cell-permeable resazurin-based solution that functions as a cell viability indicator
by quantitatively measuring cell proliferation utilizing the reducing power of living
cells. Applying the PrestoBlue® reagent to cells causes the reducing environment of
live cells to change color to red and emit fluorescence, which can be quantified using
absorbance or fluorescence techniques. Initially, cells were resuspended and
seeded at2x10*c el | s/ ml i n an unsupplemented DMEM m
96-well plate. The cells were then incubated overnight in a humidified incubator at
37°C with 21% O2 and 5% CO2. The cells were stimulated with 33.33 ¢ lof cfDNA

from iIHBECs on the top of individual wells and incubated in a humidified incubator at
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37°C for 24 hours. After incubation, 11¢ | PrestoBl ueE r ethatepnt
of individual wells and incubated in a humidified incubator at 37°C for 10 minutes.
Measurement of fluorescence was performed using a FLUOstar Omega microplate

reader (BMG LABTECH) with a dual wavelength of 560/590 nm for each well.

2.17 Cell contraction

HASMC contraction was assessed using a Cell Collagen-based Contraction
Assay kit (Appendix 7.7) according to the manufacturer's protocol. Cells were
harvested and resuspended in unsupplemented DMEM medium at 2x10° cells/ml.
The collagen lattice was prepared by mixing the HASMCs suspension with the cold
Collagen Gel Working Solution at 1:4. 0.5 ml of the mixture was then dispensed into
individual wells in a 24-well plate and incubated in a humidified incubator at 37°C for
1 hour to allow for collagen polymerization. After incubation, 1 ml of unsupplemented
DMEM medium was added to each collagen gel lattice. Subsequently, the cells were
incubated for two days in a humidified incubator at 37°C with 21% Oz and 5% CO..
After incubation, the collagen gels were gently released from the side of each well of
the plate with a sterile spatula, and the circumference size of the collagen gels was
captured by EVOS Cell Imaging System (ThermoFisher Scientific). The cells were
then stimulated with 197 ¢ bf cfDNA from iIHBECs added on the collagen gel lattice
for 24 hours. The EVOS Cell Imaging System then captured the circumference size
of the collagen gels change. The diameter of gel contraction at zero hours and at 24
hours after the stimulation was measured using ImageJ software, and the difference
between the baseline and 24 hours was expressed as a percentage of gel

contraction.
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2.18 RNA sequencing (RNA -Seq)
2.18.1 Principles

The Deep Seq Core facility, Centre for Genetics and Genomics at the
University of Nottingham, performed RNA-Seq methodology steps and RNA-seq
data analysis in this thesis. | isolated RNA samples from HASMCs exposed to
iIHBEC-released cfDNA following iHBEC stimulation with CSE, Poly I:C, or CSE +
Poly I:.C and handed the samples to Deep Seq for RNA-Seq process. The aim was
to determine whether HASMCs gene sets show significantly different expressions in
response to iIHBEC derived cfDNA generated in response to poly (I:C) and co-

stimulation of CSE and poly (I:C).

2.18.2 Samples quality control, library preparation, and sequencing

According to the report of the RNA-Seq data by Deep Seq facility, the Qubit
Fluorometer and the Qubit RNA BR Assay Kit (ThermoFisher Scientific) were used
to measure the concentration of RNA.Qu ant Se q -3y libraR grap kit for
lllumina (FWD) (Lexogen) was used to generate complementary DNA (cDNA) from
10ng of total RNA for each sample. The Lexogen i7 6nt Index Set (Lexogen) was
then used to create indexing sequencing libraries. All samples underwent 17 PCR
cycles. The Qubit Fluorometer and the Qubit dsSDNA HS Kit (ThermoFisher
Scientific) were used to quantify the libraries. The Agilent High Sensitivity D1000
ScreenTape Assay (Agilent) and the Agilent TapeStation 4200 were used to analyze
library fragment-length distributions. Libraries were pooled in equimolar proportions,
and final library quantification was carried out with the KAPA Library Quantification

Kit for lllumina (Roche). The library pool was sequenced on the Element Biosciences
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Aviti platform, with an Aviti 2x75 Sequencing Kit - Cloudbreak FS Medium Output
(Element Biosciences), generating about 5 million 150bp single-end reads per

sample.

2.18.3 Quiality Control

All primary bioinformatics analysis of sequence data was carried out using the
Lexogen QuantSeq procedure, designed particularly for data obtained by lllumina's
QuantSeq 3' mMRNA-Seq library prep kits including AVITI. Raw readings were
trimmed of Polyadenylation (poly(A)) tails and lllumina NextSeq adapters using
Cutadapt during the Lexogen QuantSeq [264]. The STAR aligner was used to align
the trimmed reads to the human reference genome (Homo sapiens
GRCh38_ensembl_release_107_ERCC_SIRV) [265]. Aligned reads were then
passed to 'featureCounts' [266], which classified and counted each alignment
against the reference using the proper annotation data. Genes with fewer than ten
readings across all samples were removed. Using the annotation data, genes coding

for INcCRNA, rRNA, and mt_tRNA were excluded from further study.

2.18.4 Differential expression analysis

Differential expression analysis was performed outside of the Lexogen
QuantSeq approach to allow for more customized studies. Comparisons were made
bet ween the contrasts and asses[86d,®268usi ng the
Genes with substantial differential expression (adjusted p-value < 0.05) were
analysed in each contrast. Log2 fold changes were shrunk using the ‘apegim’
method. The extent of clustering of different cell lines and separation of different

treatments, was analysed using PCA analyses.
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2.18.5 Pathway analysis

Genes showing significant differential expression (adjusted p < 0.05) with a
baseMean value of > 50 and log2FoldChange of +/- > 0.5 were selected for Gene
Ontology (GO) analysis. The 'enrichGO' function of the R package ‘clusterProfiler’
[269, 270], was used to assign enrichment GO categories to each collection of
genes, with annotations from the R package 'org.Hs.eg.db' as the annotation source
[271]. Cellular component sub-ontologies, biological processes, and molecular
functions were calculated for each set. Gene lists also underwent a Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment analysis, again using

6clusterProfilero.

2.19 Statistical analysis

Besides the RNAseq analysis described above, all the data were analysed
using GraphPad Prism 10.3 software. Data were expressed as mean + standard
error of the mean (SEM) from repeated experiments or from experiments conducted
in the specified number of cell lines. An unpaired Student's t-test was used to
compare two data sets. A one-way analysis of variance (ANOVA) followed by
Dunnettdés multiple comparisons test was used
between the control and the treated cells were significant. Results with p-values

under 0.05 were considered statistically significant.
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Chapter 3. Effect of cigarette smoke
extract on house dust mite ( Der P1)
iInflammatory responses in human

bronchial epithelial cells
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3.1 Introduction

As previously described in section 1.4, airway inflammation is a primary
characteristic of asthma, and the endotypes of asthma are classified into two main
types based of inflammatory profiles, namely Type 2-high allergic asthma (T2-high)
and non-Type 2 asthma (Non-T2) [272]. Cigarette smoke combined with asthmatic
inflammation may induce important changes in the asthma endotype with a
predominance of activated macrophages and increased neutrophils in the airway
[136]. In addition, cigarette smoke may contribute to lung inflammation by
upregulating COX-2 expression in the airways [167]. An expanding body of
evidence indicates that the majority of asthmatic smokers have non-eosinophilic
endotypes in the airway compared with asthmatic non-smokers who have largely
eosinophilic-driven inflammation [138, 273]. Crucially, asthmatic smokers have poor
responses to inhaled steroids, the primary anti-inflammatory treatment for asthma
management [274].

HBECs are the first line of defence against inhaled insults, including cigarette
smoke, viruses, and allergens such as HDM, and are an important source of a group
of cytokines termed alarmins. Alarmins, including IL-25, IL-33, and TSLP, promote
innate immune responses, which lead to the downstream production of T2-high
inflammatory responses that are characterized by inducing the production of Th2
cytokines, including IL-4, IL-5, and IL-13, and eosinophilic inflammation [214].

HDM is one of the main sources of persistent allergens and an essential
contributor to allergic rhinitis and allergic asthma [275]. An expanding body of
evidence indicates that HDM is one of the most common allergens in asthma
pathogenesis leading to exacerbation and poorly controlled asthma [276-278].

Continued exposure to HDM is associated with chronic eosinophilic airway
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inflammation, bronchial hyperresponsiveness, and tissue remodeling, all considered
hallmarks of allergic asthma [75]. HDM particles can induce sensitization, and mite
proteases have direct effects on epithelial cells, including the stimulation of protease-
activated receptors, which leads to epithelial dysfunction and release of cytokines
[277]. The epithelium is important as an orchestrator of immune responses in
asthma, acting as a barrier against environmental stimulants such as HDM allergens
through crosstalk with immune cells to maintain homeostasis and activation of innate
and adaptive immunity against allergens [98].

Evidence suggests that increased non-T2 inflammation among asthmatic
patients positively correlates with increased neutrophilic chemoattractant IL-8 [279].
CSE can induce the production of IL-8 in HBECs [280, 281]. In addition, our group
has reported that CSE can modify the inflammatory responses in HASMCs,
favouring a switch from steroid-sensitive type 2 high (T2-high) eosinophilic
inflammatory responses to steroid-insensitive Type 2 low (Non-T2) neutrophilic
inflammatory responses, at least partially via a cyclooxygenase-2 (COX-2)/PGE:z-
dependent mechanism (manuscript in preparation) [153].

Several studies have investigated the interaction between CSE and HDM.
Short term exposure of HBECs to CSE (20 minutes) increases IL-8 and IL-1beta
release, while longer exposure of CSE (1-6 hours) cause damage to epithelial cells
[188]. Moreover, combined CSE and HDM leads to a loss of epithelial cell barrier
integrity [282]. In vivo, CS increased HDM-induced eosinophils and neutrophils of the
airway and increased the production of IL-4, IL-5, and IL-13 in BAL fluid of mice
[283]. On the contrary, a separate study found that CSE and HDM significantly
attenuated eosinophilia in BAL of mice compared to HDM alone treatment while the

expression of IL-5, IL-13,and TGF-b had wer e not [lb4].fTeect ed by
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studies in the current literature on the interaction between CSE and HDM on the

release of inflammatory mediators from HBECs are still limited. Therefore, whether

CSE can modify HDM allergen-induced alarmins and T2-high eosinophilic

inflammatory responses and promote non-T2 neutrophilic inflammatory responses in

HBECsSs is not fully clear and remains to be explored.

3.2 Hypothesis and Aims

Within this chapter, | hypothesized that CSE modifies HDM allergen-induced

T2-high inflammatory responses and promotes non-T2 neutrophilic inflammatory

responses in HBECs.

The specific aims for this chapter were:

1

1

T

To investigate the effect of cigarette smoke extract (CSE) onthe expression of
alarmins (IL-25, IL-33, TSLP), Th2 cytokines (IL-4, IL-5, IL-13), eosinophilic
chemokines (Eotaxin, IP-10, RANTES), non-T2 inflammatory cytokines,
including pleiotropic cytokine (IL-6) and the neutrophilic chemokine (IL-8) in
iHBEC:s.

To assess the effect of HDM allergen (Der P1) alone and combined with CSE,
on the expression of the above cytokines and chemokines.

To investigate the potential role of the COX-2 pathway in CSE-

induced production of non-T2 neutrophilic inflammatory responses in iHBECs.
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3.3 Methods

CSE was generated by bubbling the smoke from two 3R4F research-grade
cigarettes into 20 ml of cell culture medium as described in the general methods and
materials (section 2.3). A pilot investigation of an extended range of CSE and Der
P1 concentrations was conducted before the optimal concentrations were chosen for
the following experiments. Fresh aqueous CSE was prepared on the day of the
experiment and used immediately for all experiments.

Cells were distributed into 24-well plates at a density of 41,666 per well.
Following seeding, the fresh medium was changed every 48 hours until 90-100%
confluence was reached. The cells were then growth-arrested with unsupplemented
KSFM medium for 24 hours prior to each experiment. The cells were treated with
CSE (3%), Der P1 (10 eg/ml), and a combination of CSE and Der P1 for 24 hours.
After collecting the supernatant, 50 ¢ RIPA buffer (Appendix 7.6) was added to the
cells and stored in a -20°C freezer until further use. ELISA (General methods,
section 2.9) and Luminex® Discovery Assay (General methods, section 2.10) were
used to detect the concentration of the desired cytokines and chemokines in the
collected supernatants. COX-2 protein expression was assessed using a Western
Bl ot ( sect i cactin&ervihdlay a loading tdmtrobto ensure equal loading

of samples.
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3.4 Results

3.4.1 Effect of CSE and Der P1 on the production of neutrophilic chemokine IL -
8 in IHBECs

In this chapter, pilot studies were initially conducted to determine the optimal
concentration of CSE and Der P1 for subsequent experiments. Four CSE
concentrations: 2%, 3%, 4%, and 5% (Figure 3.1), and three Der P1 concentrations:
1 eg/ml, 10 eg/ml, and 25 eg/ml (Figure 3.2), were used. | assessed the effect of
different CSE concentrations on the production of neutrophilic chemoattractant IL-8
in IHBECs. IL-8 was basally produced by iHBECs (884.2 £ 277.5 pg/mg protein,
Figure 3.1). CSE 3% and CSE 4% significantly increased the production of IL-8
(3075 £ 379.1 pg/mg protein, **P<0.01, and 2276 £ 145.6 pg/mg protein, *P<0.05,
respectively, Figure 3.1) compared with control. No decrease in the cell viability was
observed when iHBECs were treated with CSE concentration 2% and 3% compared
to the control (Figure 3.2). However, a significant reduction was seen with CSE
concentration 4% and 5%, (*P<0.05 and ****P<0.0001, respectively, Figure 3.2).
CSE 3% was then chosen as the optimal CSE concentration, which showed the

highest significance of IL-8 production and had no decreases in the cell viability.
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Figure 3. 1 Effect of increasing CSE concentrations on IL -8 production

iHBECs were treated with varying concentrations of CSE (0%, 2%, 3%, 4%, and 5%) for 24
hours. The concentration of IL-8 in cell supernatants was measured by ELISA. Data were
normalised to total protein and presented as pg/mg protein. Each data point represents
mean + SEM of three independent experiments, each performed with triplicate samples.
*P<0.05 and **P<0.01, compared with untreated cells (control).

5558
S 1507 | ]
r= S
S [
>
£ 2 100+ —
25 =
>
6
3 o 50+
c
©
e
O
X O T
o\*o\ @(ﬁ\e @‘*’0\0 @"?\0 ég\o

Figure 3 .2 Effect of increasing CSE concentrations on cell viability in iIHBECs

iIHBECs were treated with varying concentrations of CSE (0%, 2%, 3%, 4%, and 5%) for 24
hours. MTT was used to assess the cell viability, and was expressed as % change over the
control. Each data point represents mean + SEM of three individual experiments carried out
in triplicate samples. *P<0.05 and ****P<0.0001 compared with untreated cells (control).
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Having confirmed that 3% CSE induced IL-8 release without significantly
affecting iIHBEC viability, | next investigated the effect of 3% CSE plus varying Der
P1 concentrations on the production of IL-8 in IHBECs. Confirming previous data
(Figure 3.1), IL-8 was basally produced by iIHBECs (681.7 + 148.5 pg/mg protein),
and CSE significantly increased IL-8 release (2496 + 243 pg/mg protein, **P<0.01,
Figure 3.3) compared with control. Treatment of iIHBECs with 10 eg/ml and 25 gg/ml
Der P1 alone significantly increased the production of IL-8 (2510 = 592.8 pg/mg
protein, **P<0.01 and 2310 £ 164 pg/mg protein,*P<0.05, respectively, Figure 3.3)
compared with control. Co-stimulation of IHBECs with 3% CSE and 10eg/ml Der P1
significantly increased the production of IL-8 (3844 + 232.5 pg/mg protein,
****P<(0.0001, Figure 3.3) compared with control but had no significant additive effect
compared to each individual treatment alone. These results suggest that CSE and
Der P1 can promote (Non-T2) neutrophilic inflammatory responses by inducing the
production of neutrophilic chemoattractant IL-8 in iIHBECs. Based on these data CSE

3% and Der P1 10 eg/ml were used in the following experiments.
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Figure 3 .3 Effect of CSE and varying concentrations of Der PLon IL -8 production

iHBECs were treated with or without CSE (3%), different concentrations of Der P1 (1 eg/ml,
10 eg/ml, and 25 £g/ml), or CSE + different concentrations of Der P1 for 24 hours, and the
concentration of IL-8 in cell supernatants was measured by ELISA. Data were normalised
with total protein and presented as pg/mg protein. Each data point represents mean + SEM
of three individual experiments carried out in triplicate samples. *P<0.05, **P<0.01, and
***+*P<(0.0001 compared with untreated cells (control).

3.4.2 Effect of CSE and Der P1 on the production of alarmins in iHBECs

HBECs are well known to play a vital role in airway inflammation, in part
through the release of alarmins, including IL-25, IL-33, and TSLP, in response to
allergens, which contributes to activating Th2 cytokines and eosinophilic
inflammation [284, 285]. | sought to explore the effect of CSE and Der P1 on the
release of alarmins from iHBECs. IL-25 (Figure 3.4 A), IL-33 (Figure 3.4 B), and
TSLP (Figure 3.4 C) were basally produced by iIHBECs at low levels (169.2 + 8,
309.5 £ 6.3, 339.2 + 6.2 pg/mg protein, respectively). CSE, Der P1, and CSE+ Der

P1 did not affect the production of IL-25, IL-33, and TSLP. Overall, these results
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suggest that combined treatment of IHBECs with CSE and Der P1 does not alter

alarmin production.
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Figure 3 .4 Effect of CSE and Der P1 on the production of alarmins

iHBECs were treated with or without CSE (3%), Der P1 10eg/ml, or CSE + Der P1 for 24
hours. The supernatants were collected, and the concentration of (A) IL-25, (B) IL-33, and
(C) TSLP were measured by Luminex® Discovery Assay. Data were normalised with total
protein and presented as pg/mg protein. Each data point represents the mean of one
experiment carried out in triplicate samples.

3.4.3 Effect of CSE and Der P1 on the production of Th2 cytokines in iHBECs

Type 2 inflammation is mediated by Th2 cells and characterised by the
production of Th2 cytokines including IL-4, IL-5, and IL-13 [32]. | assessed the effect
of CSE and Der P1 on the release of Th2 cytokines. IL-4 (Figure 3.5 A), IL-5 (Figure
3.5 B), and IL-13 (Figure 3.5 C) were basally produced by iIHBECs at low levels
(157.3 £5.8, 141.9 + 6.4, 247.7 £ 8 pg/mg protein, respectively) but CSE, Der P1,
and CSE+ Der P1 did not affect their release. Together, these results show that
similar to alarmin production, CSE, Der P1, and combined treatment of CSE and Der

P1 did not affect the production of Th2 cytokines in iHBECs.
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Figure 3. 5 Effect of CSE and Der P1 on the production of Th2 cytokines

iHBECs were treated with or without CSE (3%), Der P1 10eg/ml, or CSE + Der P1 for 24
hours. The supernatants were collected, and the concentration of (A) IL-4, (B) IL-5, and (C)
IL-13 were measured by Luminex® Discovery Assay. Data were normalised with total
protein and presented as pg/mg protein. Each data point represents the mean of one
experiment carried out in triplicate samples.

3.4.4 Effect of CSE and Der P1 on the production of eosinophil chemokines in
iHBECs

Chemokines such as eotaxin, IP-10, and RANTES play a vital role in
recruiting and activating eosinophils in response to inflammatory stimulation [286]. |
sought to assess the effect of CSE and Der P1 on the release of eosinophil
chemokines. Eotaxin (Figure 3.6 A), IP-10 (Figure 3.6 B), and RANTES (Figure 3.6
C) were basally produced by iHBECs at low levels (222.9 + 9.2, 226.1 £ 5.4, 142.1 +
8.6 pg/mg protein, respectively) but neither CSE, Der P1, nor CSE plus Der P1
altered the production of eotaxin, IP-10, and RANTES. The data presented here
suggests that CSE and Der P1 do not alter the production of eosinophil chemokines

in iIHBECs.
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Figure 3. 6 Effect of CSE and Der P1 on the production of eosinophil chemokines

iHBECs were treated with or without CSE (3%), Der P1 10eg/ml, or CSE + Der P1 for 24
hours. The supernatants were collected, and the concentration of (A) Eotaxin, (B) IP-10, and
(C) RANTES were measured by Luminex® Discovery Assay. Data were normalised with
total protein and presented as pg/mg protein. Each data point represents the mean of one
experiment carried out in triplicate samples.

3.4.5 Effect of CSE and Der P1 on the production of non-T2 inflammatory
cytokines in IHBECs.

Non-T2 inflammatory cytokines, such as IL-6 and IL-8, are associated with the
presence of neutrophilic airway inflammation in respiratory diseases [287, 288] and
CSE is known to cause neutrophilic inflammation in asthma [289]. | investigated the
effect of CSE and Der P1 on the release of proinflammatory cytokine IL-6 (Figure 3.7
A). IL-6 was basally produced by iIHBECs at low levels of 152.4 + 3.36 pg/mg
protein. CSE and CSE + Der P1 increased the production of IL-6 (235.6 + 8.5 and
184.8 + 8.6 pg/mg protein, respectively). As this result from n=1 experiment, | was
unable to perform a statistical significance of the treatment groups compared to the

control.

IL-8 was also included in the Luminex® Discovery Assay and mirrored the

previous findings of IL-8, which was originally assessed by ELISA (Figure 3.3). IL-8
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(Figure 3.7 B) was basally produced by iHBECs (4827 + 526 pg/mg protein), and
CSE, Der P1, and CSE + Der P1 increased the production of IL-8 (14630 £ 262.4,
9727 + 477.4, and 16866 = 1536 pg/mg protein, respectively). These results suggest
that CSE may promote neutrophilic inflammation in iHBECs by increasing non-T2

inflammatory cytokines, including IL-6 and IL-8.
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Figure 3. 7 Effect of CSE and Der P1 on the production of  non-T2 inflammatory
cytokines

iHBECs were treated with or without CSE (3%), Der P1 10eg/ml, or CSE + Der P1 for 24
hours. The supernatants were collected, and the concentration of (A) IL-6 and (B) IL-8 were
measured by Luminex® Discovery Assay. Data were normalised with total protein and
presented as pg/mg protein. Each data point represents the mean of one experiment carried
out in triplicate samples.
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3.4.6 More cellular protein was measured in response to DerP1 in iHBECs
stimulated with CSE, Der P1, and CSE+Der P1

It was observed from all the data measured by Luminex® Discovery Assay
that more cellular protein was measured in response to Der P1, which may have
affected the results given the manner in which data were normalised to total cell
protein. The mean of total cell protein for control, CSE, and CSE + Der P1 was 1296,
1279, and 1265 g/ml, respectively, while the mean of total cell protein for Der P1
was 1987 eg/ml (Figure 3.8). The measurements of the total cell protein were used
to control for the differences in the protein concentration between conditions. The
results of Luminex® Discovery Assay on the production of all cytokines tested were
normalised for the total protein from the same experiment, which show that DerP1
reduces the production of tested cytokines when expressed in pg/ml protein.
Nevertheless, there was no interaction between CSE and Der P1 on the production
of the inflammatory mediators assessed. The main findings by Luminex® Discovery

Assay of the chapter are summarized in (Figure 3.9).
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Figure 3. 8 Effect of CSE and Der P1 on the total concentration of the protein

iHBECs were treated with or without CSE (3%), Der P1 10eg/ml, or CSE + Der P1 for 24
hours. The supernatants were collected, and the total concentration of the protein was
measured using a bicinchoninic acid (BCA)
data point represents the mean of one experiment carried out in triplicate samples.
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Figure 3. 9 Heat map summarized the main findings on the effect of CSE and Der P1 on
the expression of alarmins, cytokines, and chemokines

The summary of Luminex® Discovery Assay results data were log-transformed and plotted
in heat maps showing the effect of CSE and Der P1 on the production of alarmins (IL-25, IL-
33, and TSLP), Th2 cytokines (IL-4, IL5, and IL-13), eosinophil chemokines (Eotaxin, IP-10,
and RANTES), pro-inflammatory cytokine IL-6, and neutrophilic chemokine IL-8 in iHBECs.
A, After data were normalised with total protein and presented as pg/mg protein. B, Data
were not normalised with total protein and presented as pg/ml. Each data point represents
the mean of one experiment carried out in triplicate samples. Data were logg ftansformed,
and the heatmap colour intensity reflects the relative expression levels on a logg Scale.
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3.4.6 Effect of CSE and Der P1 on the protein expression of COX -2 in iHBECSs.
CSE has been shown to induce COX-2 expression in many cells [290],
including HASMCs [291] and HBECs [292]. In this part of the study, it was of interest
to assess whether effect of CSE on COX-2 expression in the iIHBECs utilised in this
thesis. The protein expression of COX-2 was undetectable in iIHBECs at the basal
level (Figure 3.10 A and B), however, CSE and CSE + Der P1 significantly induced

COX-2 protein expression (fold change 8.38 + 0.9, **P<0.001 and 9.25 £ 1.2
***P<0.001, respectively) over the basal level. These findings of increased COX-2
expression raise the possibility that CSE-induced non-T2 inflammatory cytokines

were via COX-2 upregulation.
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Figure 3. 10 Effect of CSE and Der P1 on COX -2 protein expression
iHBECs were treated with or without CSE (3%), Der P1 10eg/ml, or CSE + Der P1 for 24

hours. The collected cell lysates were used to assess COX-2 protein expression by Western

Blot analysis. A, a representative Western Blot showing two experiments out of the three

individual experiments exhibiting the effect of CSE, Der P1, and combined CSE+Der P1 on

the protein expression of COX-2. Sample of HASMCs stimulated with CSE was used as a

positive control. B, a densitometry analysis of Western blotting bands from at least three
individual experiments. ***P<0.001, compared with untreated cells (control).
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3.5 Discussion

The main aim of this chapter was to explore the impact of CSE on the
expression and production of alarmins, Th2 cytokines, eosinophilic chemokines, and
non-T2 cytokines in response to HDM in iIHBECs. HBECs are the primary source of
alarmins, including IL-25, IL-33, and TSLP [293]. The release of alarmins from
HBECSs plays a crucial role in orchestrating T2 inflammatory responses by releasing
Th2 cytokines such as IL-4, IL-5, and IL-13 to amplify the recruitment of eosinophils
[294]. An expanding quantity of evidence indicates that HDM stimulates HBECs to
release alarmins [295-297]. Therefore, | sought to use the allergen protease HDM,
particularly Der P1, as a potent allergen that can exacerbate alarmins and T2
inflammatory responses, and to assess the impact of CSE on the production and
release of alarmins, Th2 cytokines, eosinophilic chemokines, and non-T2 cytokines
on the effect of Der P1 in iIHBECs. Contrary to my hypothesis, CSE and Der P1
showed no synergistic or additive effect on the production of alarmins, Th2
cytokines, and eosinophilic chemokines.

Der P1 can induce alarmin production. For example, exposure to HDM
increases IL-25, IL-33, and TSLP release from HBECSs, which are critical in driving
allergic airway inflammation and remodeling [295, 298, 299]. Alarmins act as an
upstream activator of T2 high responses driven by Th2 cytokines, including IL-4, IL-
5, and IL-13 [300]. Th2 cytokines play essential roles in developing allergic asthma.
IL-4 promotes Ig isotype switching in B cells, leading to the production of IgE and
IgG [288]. IL-5 is an essential cytokine for eosinophil survival, differentiation, and
migration, whereas IL-13 promotes mucus metaplasia and induces airway
hyperresponsiveness [288]. Moreover, Th2 cytokines are essential for inducing

eosinophilic inflammation and enhancing the production of IgE, resulting in AHR in
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asthma [301]. An animal model of allergic airway inflammation found that HDM
significantly increased expression of IL-4 and IL-13 following 2 and 8 weeks of
exposure to HDM [302]. The same study also found that the expression of eotaxin-1
showed progressively increased expression with more prolonged exposure to HDM
in 2, 4, and 8 weeks of exposure, while IL-6 showed a significant expression only in
2 weeks of exposure to HDM [302]. Additionally, Der P1 dose-dependently increases
the production of IL-6 and IL-8, and the action of Der P1 is inhibited by cysteine-
protease inhibitors in a human airway-derived epithelial cell line (A549) [303]. It is
well known from the literature that continued exposure to HDM is associated with
chronic eosinophilic airway inflammation, bronchial hyperresponsiveness, and tissue
remodeling, and HDM patrticles can induce sensitization. Mite proteases have direct
effects on epithelial cells, including the stimulation of protease-activated receptors,
which leads to epithelial dysfunction and release of cytokines, all considered
hallmarks of allergic asthma [75, 277]. Contrary to these findings, our results showed
that Der P1 had no effects on the release of alarmins, Th2 cytokines, eosinophilic
chemokines, and pleiotropic cytokine IL-6 in iIHBECs. However, Der P1 signifacntly
increased the production of the neutrophilic chemoattractant IL-8 in iIHBECs. In
support of this finding, Der P1 stimulation caused a significant elevation in IL-8
production in primary cultured nasal epithelial cells (NECs) but also caused a
significant elevation of IL-6, which is in opposition to our findings [304]. The lack of
effect of Der P1 on alarmin and cytokine production in our study may be attributed to
several factors, including cell type, exposure duration, and experimental model, as
our in vitro IHBECs were exposed to purified Der P1 rather than the full HDM extract.
On the other hand, CSE can cause the release of TSLP from primary HBECs,

which is associated with increased oxidative stress [305]. While mice exposed to CS
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have significantly reduced IL-4 and IL-5 and eosinophils in BALF [155]. Furthermore,
CSE reduces Lipopolysaccharide (LPS)-induced production of eosinophilic
chemokine IP-10 in the HBEC line,16-HBE [306]. Similar to the effect of Der P1 in
our study, the results from this investigation showed that CSE had no effects on the
release of alarmins, Th2 cytokines, and eosinophilic chemokines but increased the
production of IL-6 and IL-8 in iIHBECSs. In line with our findings, CSE significantly
increased the production of IL-6 and IL-8, and the production was further increased
when CSE was combined with an air pollutant, particulate matter (PM) in HBECs
(BEAS-2B) cell line [307]. Oltmanns et al. also showed that CSE can enhance the
production of IL-8 and that TNFU-induced eotaxin and RANTES production was
inhibited by CSE in HASMCs [308]. Furthermore, our group also showed that CSE
significantly increased the production of IL-8 in HASMCs (manuscript in preparation)
[153].

Several studies investigated the interaction between CSE and HDM, showing
a synergistic effect on the combination of CSE and HDM in exacerbating airway
inflammation leading to increased severity of asthma. The BALF of mice exposed to
3 weeks of HDM and CS exposure displays a significant increase in airway
eosinophilia and significant release of IL-25 and IL-33 but not TSLP when HDM and
CS were combined compared to sole HDM or CSE exposure [189]. In addition, a
combination of CSE and HDM induced IL-33 in a murine model of CSE asthma and
caused upregulation of gene expression of IL-33 and IL-13 in vivo [309, 310]. In vivo
CS increases HDM-induced eosinophils and neutrophils of the airway and the
production of IL-4, IL-5, and IL-13 in the BAL fluid of mice [283]. Supporting this, an
in vivo study showed that IL-5 was increased in BAL fluid leading to increase

eosinophils in mouse model of allergic asthma exposed to environmental tobacco
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smoke (ETS) and HDM [311]. On the contrary, a study found that a combination of

CSE and HDM significantly attenuated eosinophilia in BAL of mice compared to

HDM alone treatment, while the expression of IL-5, IL-13, and TGF-b wer e no't
affected by CSE [154]. The effect of combined CSE and HDM in airway structural

cells, particularly HBECs has not been well explored in vitro. Therefore, it was of

interest to investigate the impact of CSE on the release of alarmins, Th2 cytokines,

eosinophilic chemokines, and non-T2 cytokines in iHBECS.

Taking together the findings of this chapter, the results did not align with the
original hypothesis and the literature findings, as there was no synergistic effect
between CSE and Der P1 on the release of the alarmins, Th2 cytokines, and
eosinophilic chemokines, but they increased the production of neutrophilic
chemokine IL-8 in our study model. Several reasons could explain the lack of effects
of CSE and Der P1 in our study model. | utilised an immortalised HBEC cell line in
these studies, which was generated by a serial introduction of retroviral expression
vectors for cyclin-dependent kinase 4 (CDK4) gene and human telomerase reverse
transcriptase (hnTERT) [256]. IHBECs have many normal features of primary airway
epithelial cells, including inflammatory responses and the ability to differentiate.
However, these cells are still limited by the genetic manipulations that give them
immortality, but are more relevant than other HBEC cell lines, particularly once of
cancerous lineage, that often have an abnormal number of chromosomes [256].
Different cell lines can exhibit varied responses to treatments. For example, A549
and BEAS-2B cells differ in their expression of proinflammatory cytokines and
interferons following stimulation with recombinant RSV [312]. iIHBECs were selected

for the experiments in this study due to their ease of culture and the fact that they
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have been shown to exhibit phenotypic similarities with primary HBECs [256], and it

was aimed to confirm the findings on the primary cells.

The composition of HDM could be another potential reason for the observed
different responses between this study and other published studies. HDM is a
complex of constituents that include proteases belonging to the cysteine protease
family, such as Dermatophagoides pteronyssinusl (Der P1), and serine protease
family, such as Der P3, 6, and 9 [175]. Different HDM extracts vary extensively in
their effect on airway inflammation and remodeling, as well as the release of
cytokines in normal HBECs,16HBE cell lines, and in a mouse model [313]. Der P1 is
a major allergen in allergic airway inflammation and was the focus of this study.
However, its effects are regulated by protease activity, cell variability, concentration,
and exposure time. HDM extracts showed marked variation in their biochemical
profiles and triggered diverse responses in vitro and in vivo [313]. The observed
variability in the biochemical properties and corresponding responses of HDM
extracts may, in part, arise from factors such as incorrect protein folding or
differences in the preparation of major allergens like Der P1. Employing a cocktail or
6 mat r HDM allergehs could provide a more standardized and robust stimulus in
experimental models. A study of A549 and BEAS-2B cell lines found that the effect
of Der P1 on protease inhibitors can vary depending on treatment duration and the
presence or absence of Th2 cytokines [314]. Therefore, mitigation strategies of this
variance by controlling protease-independent effects and using chronic exposure
models could be a potential way to address the variability on Der P1 effects.
Furthermore, as a lack of protease function could potentially explain the absence of
cytokine responses observed in this study, the significant increase in IL-8 production

following Der P1 stimulation suggests that the allergen retained some functionality.
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COX-2 expression is increased in response to inflammatory stimuli, including
CSE, and is important in asthma pathogenesis due to its role in promoting airway
inflammation through the production of pro-inflammatory prostaglandins [290]. CSE
induces COX-2 expression in airway cells via different mechanisms [315, 316].
Zhang et al. reported that CSE induced the production of IL-6 and TNF-U, an d
increased the protein expression level of COX-2 and in HBECs 16HBE cell line
[292]. They also reported that CSE-mediated an increase in oxidative stress, and the
use of oxidative stress inhibitor (FAPB4) blocked the effect, which may suggest that
oxidative stress may mediate COX-2 expression induced by CSE in HBECs [292].
Additionally, our group has previously demonstrated that CSE alters Th2 cytokines
production in HASMCs through a COX-2/PGE2/EP2/EP4 pathway via oxidative stress
(manuscript in preparation) [153]. Supporting these previous studies, here | show
that CSE increased COX-2 protein expression, raising the possibility that CSE-
induced non-T2 inflammatory cytokines in iHBECs were via COX2 upregulation.

In conclusion, there was no interaction between CSE and Der P1 expression
on the production of alarmins (IL-25, IL-33, TSLP), Th2 cytokines (IL-4, IL-5, IL-13),
eosinophilic chemokines (Eotaxin, IP-10, RANTES). However, CSE significantly
increased the production of IL-8, which might suggest that CSE may promote
neutrophilic inflammation in iIHBECs by increasing non-T2 inflammatory cytokines,
and the effect of CSE on the production of non-T2 inflammation might be mediated
by COX-2 expression. In the next chapter, | will assess the effect of CSE on the

inflammatory responses from iHBECSs in response to viral infection.
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Chapter 4. Effect of cigarette smoke
extract on viral responses in human

bronchial epithelial cells
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4.1 Introduction

In addition to investigating HDM, this thesis also aimed to assess the effect of
CSE on the inflammatory responses of IHBECSs in response to viral infection using
the viral mimic Polyinosinic:polycytidylic acid (poly (I:C)). Viral respiratory infections
are a major trigger of asthma and the most common cause of asthma exacerbation
in children and adults [194, 317]. Pathological changes related to viral infections in
asthma are generally characterised by increased virus replication and altered innate
immune responses, with augmented Th2 cytokine responses leading to heightened
inflammation and more severe asthma exacerbation [193, 318]. HBECs are the first
line of defence against viruses and are capable of mounting innate immune and
other biological responses [319]. In this study, | used the viral mimic Poly (I:C) to
study the effect of CSE on viral responses in iHBECs. Poly (I:C) is a synthetic
double-stranded RNA (dsRNA) that mimics viral RNA, which induces inflammatory
responses in the cells [320]. Poly (I:C) can modulate the responses of HBECs by
enhancing the release of cytokines such as IL-6,IL-8 , TNF U a[82d], afidS L P

upregulate the expression of anti-viral genes such as IFN-U [322].

An expanding body of evidence indicates that cigarette smoke increases
susceptibility to viral infection [323-325]. Nasal epithelial cells from smokers express
more TSLP than cells from non-smokers in response to influenza infection [326].
Cigarette smoke decreases innate immune responses and cytokine production of
HBECSs to viral infection. Eddleston et al. found that CSE altered the responses of
HBECs (BEAS-2B) to HRYV infection, leading to the suppression of RANTES and IP-
10 production [213]. In addition, CS exposure-induced disruption of epithelial barrier
function was enhanced by challenge with poly (I:C) or infection with influenza HIN1

in a mouse model [327]. In vivo, CS increases IL-33 expression and exacerbates the
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effect of viral infection [328]. Collectively, these findings suggest that cigarette smoke
may influence immune responses to viral infections. While existing literature
demonstrates that CSE can modulate immune function, it remains unclear whether

such modulation contributes to inflammatory endotype switching in asthma.

Cell-free DNA (cfDNA), a small extracellular fragment, refers to all non-
encapsulated DNA in the bloodstream or other fluids that occurs via active secretion
from the cells and during normal apoptotic and necrotic processes. The
concentration of cfDNA is associated with the extent of tissue damage and/or
inflammation in various pathologies [329]. Extracellular vesicles (EVSs) play a crucial
role in carrying cfDNA, and a large proportion of cfDNA in human blood plasma is
found within EVs [330]. Airway structural and immune cells secrete EVs containing
cfDNA, along with various lipids, proteins, and nucleic acids, that can alter normal
airway function and initiate respiratory disease processes [331-333]. The discovery
of cell-free DNA (cfDNA) as a biologically active molecule that can enhance oxidative
stress, promote proinflammatory cytokine synthesis, and activate signalling
pathways in various cell types has led to its characterization as a signalling molecule
in disease processes [334-336]. The lung epithelium releases cfDNA into
bronchoalveolar lavage (BAL) fluid during normal cell turnover, and lung-specific
cfDNA is increased in various lung diseases, including exacerbated COPD,
compared to stable COPD [238], following viral infection [244, 337], and in response
to smoke inhalation injury [241], Crucially, in vitro CSE activates innate immune
responses and significantly increases the release of cfDNA into the culture medium

from human endothelial cells, as quantified by qPCR [242].

As HBECs play a central role in viral-induced asthma pathogenesis through

the release of alarmins that can activate type 2 immune responses, the impact of
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CSE on viral infection in the context of releasing alarmins and other inflammatory
mediators, and the release of cfDNA from HBECs is still limited. and requires further

investigation.

4.2 Hypothesis and Aims

Within this chapter, | hypothesized that CSE modulates the inflammatory

responses of IHBECs to poly (I:C) and causes enhanced release of cfDNA.
The specific aims for this chapter were:

1 To understand how combined CSE and poly (I:C) affects the release of
alarmins, (IL-25, IL-33, and TSLP), Th2 cytokines (IL-4, IL-5, and IL-13),
eosinophilic chemokines (Eotaxin, IP-10, and RANTES), pleiotropic cytokine
IL-6, and neutrophilic chemokine IL-8 from iHBECSs.

1 To investigate the potential role of oxidative stress in CSE-mediated effects
on inflammatory cytokine and alarmin production by applying the oxidative
stress inhibitor GSH.

1 To determine whether CSE, poly (I:C) and CSE + poly (I:C) cause the release
of cfDNA from iIHBECs.

1 To assess whether cfDNA released in response to CSE and poly (I:.C) is

found within EVs.
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4.2 Methods

CSE was generated by bubbling the smoke of two cigarettes (3R4F) into 20
ml of cell culture medium as described in the general methods and materials
(Section 2.3). Cells were distributed into 24-well plates at a density of 41,666 per
well. Following the seeding, the medium was changed every 48 hours until 90-100%
confluence was reached. The cells were then growth-arrested with unsupplemented
KSFM medium for 24 hours prior to each experiment. To explore the effect of CSE
and poly (I:C), iIHBECs were treated with and without CSE (3%) and/or Poly(l:C) 10
eg/ ml for 24 hours. The supernnellwe@RPMNas t hen
buffer (Appendix 7.6) was added to the cells and stored in a -20°C freezer until
further use. To assess the role of oxidative stress on the effect of CSE and Poly
(I:C), growth arrested iIHBECs were treated as above but with or without antioxidant
GSH (100 €M) for 1 hour before incubation wi
ELISA and Luminex® Discovery Assay were used to detect the concentration of the
desired cytokines and chemokines in the collected supernatants. Quantitative real-
time PCR for telomerase reverse transcript (TERT) and TapeStation were used to
investigate the concentration of cfDNA released (general methods and materials,

section 2.13).

To assess the effect of CSE and poly (I:C) on the release of EVs, IHBECs
were cultured in T75 flasks. The cells were treated with and without CSE (3%) and/or
Poly(I:C) 10 eg/ml for 24 hours and followed the same culture conditions as in well
plates. The supernatant was collected and centrifuged at 300xg for 10 minutes,
2000xg for 10 minutes, and 10,000xg for 30 minutes, sequentially. The supernatants
were immediately stored in a -80°C freezer until further use. EVs were isolated

manually by size exclusion chromatography using gEV original 35 columns and
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concentrated using Vivaspin 20 centrifugal concentrator. Nanoparticle tracking
analysis (NTA) and transmission electron microscopy (TEM) were used to
characterize and visualize EVs in the samples. The presence of EV markers was
assessed using Exo-CheckE Exosome Antibody Arrays kit. Detailed EVs
methodology was previously explained in general methods and materials (section

2.15).

4.4 Results

4.4.1 Effect of CSE and poly (I:C) on the total protein concentration and cell
viability in iIHBECs

As previously reported in Chapter 3, CSE 3% was chosen in the experimental
models of this thesis because it was the highest concentration that showed no
toxicity on the iIHBECSs. In this chapter, poly (I:C) 10 eg/ml was chosen based on
studies from the literature as a viral mimic to assess the impact of CSE on viral
responses in iIHBECs [338, 339]. I initially assessed the effect of CSE 3%, poly (I:C)
10 eg/ml, and a combination of CSE and poly (I:C) on the total cell protein
concentration and evaluated the cytotoxicity of these stimulants on IHBECs to
ensured that observed effects were not due to cell death or compromised viability.
Cells were stimulated with or without CSE 3%, poly (I:C) 10 €g/ml or CSE+poly (I:C)
for 24 hours. The results showed that all conditions caused the release of similar
amount of protein in the region of 1200 € g/ml, indicating that there was no significant
difference between untreated and treated cells on the total protein concentration
(Figure 4.2 A). Cell viability was then assessed by MTT (General methods, section

2.2.4). There was no decrease in cell viability when iHBECs were treated with CSE,
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poly (I:C) and a combination of CSE + poly (I:C) compared with control (Figure 4.2
B). However, a stimulation of CSE 3% alone showed an 8.2% increase in viability
compared with control (*P<0.05 ), indicating a small but statistically significant
increase. CSE 3% and poly (I:C) 10 eg/ml were then used for further experiments in

this chapter.
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Figure 4 .1 Effect of CSE and poly (I:C) on the total protein concentration and cell
viability in iIHBECs

iHBECs were treated with or without CSE (3%), poly (I:C) (10 £g/ml), or CSE + poly (I:C) for
24 hours. (A) BCA assay was used to measure the total protein concentration. (B) MTT was
used to assess the cell viability and was expressed as % change over the control. Each data
point represents mean + SEM of three individual experiments carried out in triplicate
samples. *P<0.05 compared with untreated cells (control).
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4.4.2 Effect of CSE and poly (I:C) on the production of neutrophilic chemokine
IL-8 in IHBECs

In order to understand the impact of CSE on virus-induced neutrophilic
inflammation, | next explored the effect of CSE and poly (I:C) on the neutrophilic
chemoattractant IL-8 production at 24 and 48 hours. IL-8 was basally produced by
IHBECs at 24 and 48 hours (442.3 £ 27.55 and 468.6 + 24.39 pg/mg protein,
respectively) (Figure 4.2). As shown in Chapter 3 (Section 3.4.1), CSE significantly
increased the production of IL-8 at 24 and 48 hours (2104 + 86.11 and 5867 + 461
pg/mg protein, *P<0.05, respectively) (Figure 4.2A) compared with the control.
Stimulation with poly (I:C) also caused a significant increase in IL-8 production at 24
and 48 hours (5473 + 244.3 and 44096 + 896.1 pg/mg protein, ****P<0.0001,
respectively) (Figure 4.2A and B) compared with control. Interestingly, a synergistic
effect was observed when cells were stimulated with CSE and poly (I:C) in
combination at 24 hours6é t poini€6251 + 623.9 pg/mg protein, **p<0.001)
compared to poly (I:C) alone, while CSE inhibited poly (I:C)-induced production of IL-
8 by 40% (**p<0.01) compared with poly (I:C) alone at 48 hours. These findings
suggest that both CSE and poly (I:C) can induce the neutrophilic chemoattractant IL-
8 production in iIHBECs at different time points of 24 and 48 hours, and the
combination of CSE and poly (I:C) suggests a potential synergistic effect between
the CSE and poly (I:C) at an early exposure on the inflammatory response. However,
a time-dependent regulatory role of CSE on IL-8 production and large production of
IL-8 after stimulation with poly (I:C) at a later exposure (48 hours) might explain the

inhibitory effect of CSE on poly (I:C)-induced the production of IL-8.
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Figure 4 .2 Effect of CSE and poly (I:C) on IL -8 production

iHBECs were treated with or without CSE (3%), poly (I:C) (10 £g/ml), or CSE + poly (I:C) for
24 and 48 hours. The concentration of IL-8 for (A) 24 hours and (B) 48 hours in cell
supernatants was measured by ELISA. Data were normalised with total protein and
presented as pg/mg protein. Each data point represents mean = SEM of three individual
experiments carried out in triplicate samples. *P<0.05 and ****P<0.0001 compared with
untreated cells (control), ##p<0.01 and ###P<0.001 compared with poly (I:C) alone.

4.4.3 Effect of CSE and poly (I:C) on the production of alarmins in iIHBECs

HBECSs release alarmins, including IL-25, IL-33, and TSLP, in response to
viral infection to maintain tissue immunity [340, 341]. The impact of CSE on viral-
induced alarmins in HBECs has not been widely investigated. Therefore, |
investigated the effect of CSE and poly (I:C) on the production of IL-25, IL-33, and
TSLP in iHBECs. iIHBECs basally produced low levels of IL-25 at 24 hours (155.2 +

1.74 pg/mg protein, Figure 4.3 A) and at 48 hours (170.3 + 5.8 pg/mg protein, Figure
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4.3 B), IL-33 at 24 hours (311.6 £ 4.9 pg/mg protein, Figure 4.3 C) and at 48 hours
(324.5 £ 10.72 pg/mg protein, Figure 4.3 D), TSLP at 24 hours (243.2 + 7.67 pg/mg
protein, Figure 4.3 E) and at 48 hours (297.2 = 6.14 pg/mg protein, Figure 4.3 F).
CSE significantly increased IL-25 at 24 hours (188.8 £ 1.7 pg/mg protein,
****%n<0.0001) and IL-33 at 48 hours (536 = 45.16 pg/mg protein, **p<0.001) without
affecting TSLP. Stimulation with poly (1:C) alone significantly increased production of
all the alarmins, IL-25 at 24 and 48 hours (250 = 1.5 pg/mg protein, ****p<0.0001 and
466.9 + 17.65 pg/mg protein,****p<0.0001, Figure 4.3 A and B), IL-33 at 24 and 48
hours (602.9 £ 70.72 pg/mg protein, **p<0.01 and 1519 £ 18.65 pg/mg protein,
****%n<0.0001, Figure 4.3 C and D) and TSLP at 24 and 48 hours (1143 + 73.86
pg/mg protein, ***p<0.0001 and 1729 + 137.6 pg/mg protein, ****p<0.0001, Figure
4.3 E and F), compared with untreated cells (control).

Interestingly, poly I:C-induced production of alarmins at 24 and 48 hours was
inhibited by CSE. Specifically, IL-25 production was reduced by 26%, ****p<0.0001
at 24 hours and 18%, *P<0.05 at 48 hours (Figure 4.3 A and B), IL-33 production
was reduced by 39%, *P<0.05 at 24 hours and 20%, ***p<0.001 at 48 hours (Figure
4.3 C and D), and TSLP production was reduced by 70%, ***p<0.001 at 24 hours
and 62%, **p<0.01 at 48 hours (Figure 4.3 E and F), compared with poly (I:C) alone
stimulation. These findings showed that CSE inhibits the release of alarmins in
response to poly (I:C), which might affect the inflammatory response of iIHBECs to

viruses by suppressing the production of alarmins.
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Figure 4 .3 Effect of CSE and poly (I:C) on the production of alarmins

iHBECs were treated with or without CSE (3%), poly (I:C) 10eg/ml, or CSE + poly (I:C) for 24
and 48 hours. The supernatants were collected, and the concentration of IL-25 for (A) 24
hours, (B) 48 hours, IL-33 for (C) 24 hours, (D) 48 hours, and TSLP for (E) 24 hours, (F) 48
hours were measured by Luminex® Discovery Assay. Data were normalised with total
protein and presented as pg/mg protein. Each data point represents mean + SEM of three
individual experiments carried out in triplicate samples. *p<0.05, **p<0.01, ***p<0.001, and
****p<0.0001 compared with untreated cells (control), and #p<0.05, ##p<0.01, ###p<0.001,
and ####p<0.0001 compared with poly (I:C) alone.
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4.4.4 Effect of CSE and poly (I:C) on the production of Th2 cytokines in iIHBECs

Alarmins such as IL-25, 1I-33, and TSLP can promote Th2 cytokine responses
by activating innate immune response in HBECs [284]. Therefore, | sought to assess
the effect of CSE and poly (I:C) on the production of Th2 cytokines, IL-4, IL-5, and
IL-13. iIHBECSs basally produced IL-4, IL-5, and IL-13 at low levels at 24 and 48
hours. The production of IL-4 at 24 hours (Figure 4.4 A) and 48 hours (Figure 4.4 B)
was 92.91 + 3.15 and 203.9 £5.28, pg/mg protein, respectively. The production of IL-
5 at 24 hours (Figure 4.4 C) and 48 hours (Figure 4.4 D) was 128 + 2.35 and 388.5 +
3.6, pg/mg protein, respectively, and the production of IL-13 at 24 hours (Figure 4.4
E) and 48 hours (Figure 4.4 F) was 190 £ 4.7 and 218.8 + 7.2, pg/mg protein,

respectively.

CSE significantly increased the production of IL-4 at 24 hours (121.5 + 2.29
pg/mg protein, **p<0.01, Figure 4.4 A) and at 48 hours (442.9 + 54.17 pg/mg protein,
**p<0.01, Figure 4.4 B), IL-5 at 24 hours (152.9 + 1.4 pg/mg protein, **p<0.01, Figure
4.4 C), and IL-13 at 48 hours (302.5 + 11.26 pg/mg protein, **p<0.01, Figure 4.4 F ).
Poly (I:C) alone significantly increased the production of IL-4 at 24 hours (156.2 +
2.29 pg/mg protein, ****p<0.0001, Figure 4.4 A) and 48 hours (1530 * 21.86 pg/mg
protein, ****p<0.0001, Figure 4.4 B), IL-5 at 48 hours (28382 + 606 pg/mg protein,
****%n<0.0001, Figure 4.4 D), and IL-13 at 48 hours (528.7 + 6.13 pg/mg protein,
****n<0.0001, Figure 4.4 F), compared with control. A synergistic effect was
observed in IL-4 at 24 hours when cells were co-stimulated with CSE and poly (I:C)
(216.7 £ 7.1 pg/mg protein, ***p<0.0001, Figure 4.4 A), compared to control, and
increased by 27%, compared to poly (I:C) alone (**p<0.01, Figure 4.4 A). On the
contrary, CSE inhibited poly (I:C)-induced IL-4 at 48 hours by 21%, (p<0.001, Figure

4.4 B) and IL-5 at 48 hours by 45%, (p<0.01, Figure 4.4 D), compared to poly (I:C)

140



alone stimulation. There was no significant effect of co-stimulation of CSE and poly
(I:C) on IL-13 production observed at either 24 or 48 hours. These findings suggest
that CSE may modulate some of the Th2 responses. However, CSE may have dual-
phase effects on poly (I:C)-induced Th2 cytokines responses at early and late

exposures.
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Figure 4 .4 Effect of CSE and poly (I:C) on the production of Th2 cytokines

iIHBECs were treated with or without CSE (3%), poly (I:C) 10eg/ml, or CSE + poly (I:C) for 24
and 48 hours. The supernatants were collected, and the concentration of IL-4 for (A) 24
hours, (B) 48 hours, IL-5 for (C) 24 hours, (D) 48 hours, and IL-13 for (E) 24 hours, (F) 48
hours were measured by Luminex® Discovery Assay. Data were normalised with total
protein and presented as pg/mg protein. Each data point represents mean + SEM of three
individual experiments carried out in triplicate samples. **p<0.01 and ****p<0.0001
compared with untreated cells (control), and ##p<0.01 and ###p<0.001 compared with poly
(I:C) alone.
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4.4.5 Effect of CSE and poly (I:C) on the production of eosinophil chemokines
in IHBECs

To further elucidate the effect of CSE on poly (I:C)-induced production of Th2
mediators, | investigated the effect of CSE and poly (I:C) on eosinophil chemokines,
including eotaxin, IP-10, and RANTES. The results revealed that iIHBECs produced
relatively low levels of eotaxin at 24 and 48 hours (210 + 2.38 and 242.5 + 7.23
pg/mg protein, respectively) (Figure 4.5 A and B), IP-10 at 24 and 48 hours (162 +
4.4 and 207 £ 3.3 pg/mg protein, respectively) (Figure 4.5 C and D), and RANTES at
24 and 48 hours (100.4 + 2.8 and 143 £ 3.6 pg/mg protein, respectively) (Figure 4.5
E and F). CSE significantly increased eotaxin release at 24 and 48 hours (248.1 £
9.2 pg/mg protein, **p<0.01 and 288.8 + 7 pg/mg protein, *p<0.01, respectively,
Figure 4.5 A and B) compared with control, but had no effect on the production of IP-
10 (Figure 4.5 C and D) and RANTES (Figure 4.5 E and F). Poly (I:C) significantly
increased the production of all tested eosinophil chemokines including eotaxin (273.2
+ 5.7, **p<0.001 and 425.4 + 4.9 pg/mg protein, ***p<0.0001, respectively at 24
and 48 hours, Figure 4.5 A and B), IP-10 (79000 + 7327, ****p<0.0001 and 281661 +
4109 pg/mg protein, ****p<0.0001, respectively at 24 and 48 hours, Figure 4.5 C and
D), and RANTES (13942 + 1659, ****p<0.0001 and 121342 + 418 pg/mg protein,
****n<0.0001, respectively at 24 and 48 hours, Figure 4.5 E and F). Interestingly,
CSE inhibited Poly (I:C)-induced eotaxin at 24 hours by 15%, **p<0.01, (Figure 4.5
A), IP-10 at 24 and 48 hours by 99.7%, ****p<0.0001 and 99.8%, ****p<0.0001,
respectively (Figure 4.5 C and D), and RANTES at 24 and 48 hours by 78%,
**p<0.01 and 64%, ***p<0.001, respectively (Figure 4.5 E and F) compared with poly
(I:C) alone stimulation. These findings suggest that CSE suppresses eosinophil

chemokines in iIHBECs.
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Figure 4 .5 Effect of CSE and poly (I:C) on the production of eosinophil chemokines

iIHBECs were treated with or without CSE (3%), poly (I:C) 10eg/ml, or CSE + poly (I:C) for 24
and 48 hours. The supernatants were collected, and the concentration of eotaxin for (A) 24
hours, (B) 48 hours, IP-10 for (C) 24 hours, (D) 48 hours, and RANTES for (E) 24 hours, (F)
48 hours were measured by Luminex® Discovery Assay. Data were normalised with total
protein and presented as pg/mg protein. Each data point represents mean + SEM of three
individual experiments carried out in triplicate samples. **p<0.01, ***p<0.001, and
****%n<0.0001 compared with untreated cells (control), and ##p<0.01, ###p<0.001, and
####p<0.0001 compared with poly (I:C) alone.
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4.4.6 Effect of CSE and poly (I:C) on the production of non-T2 inflammatory in
IHBECs

The data presented in Chapter 3 suggested that CSE may promote
neutrophilic inflammation in iIHBECs by increasing non-T2 inflammatory cytokines,
including IL-6 and IL-8. | therefore investigated the effect of CSE on poly (I:C)-
induced non-T2 inflammatory mediators in iIHBECs. IL-8 was included in the
Luminex® Discovery Assay and mirrored the previous findings of IL-8, which was
originally assessed by ELISA (Figure 4.2). IL-6 and IL-8 were produced basally in
IHBECs, 94.32 + 0.8 and 145.4 = 0.7 pg/mg protein, respectively at 24 and 48 hours
for IL-6 (Figure 4.6 A and B), and 3751 + 247 and 5129 + 304 pg/mg protein,
respectively at 24 and 48 hours for IL-8 (Figure 4.6 C and D). In line with the
previous findings (Figure 4.2), CSE significantly increased the production of IL-8 at
24 hours (16374 = 21382 pg/mg protein, *p<0.05) compared with control (Figure 4.6
C) but had no effect on the production of IL-8 at 48 hours (Figure 4.6 D) or IL-6 at 24
and 48 hours (Figure 4.6 A and B). Poly (I:C) significantly increased the production
of IL-6 at 24 and 48 hours (270 £ 22 pg/mg protein, ****p<0.0001, and 844.3 = 50
pg/mg protein, ***p<0.0001, Figure 4.6 A and B) and IL-8 at 24 and 48 hours
(44799 £ 3505 pg/mg protein, ****p<0.0001 and 195176 + 8653 pg/mg protein,
****%n<0.0001, Figure 4.6 C and D), compared with control. A significant synergistic
effect was observed in IL-8 production at 24 hours when CSE was combined with
poly (I:C) (58741 £ 5026 pg/mg protein, ***p<0.001) compared to poly (I:C) alone
(Figure 4.6 C). On the contrary, CSE significantly inhibited IL-6 at 24 and 48 hours
by (48%, p<0.01 and 52%, ***p<0.001, respectively) (Figure 4.6 C and D). These
findings were in line with the previous findings in this chapter on the IL-8 production

assessed by ELISA, which showed a synergistic effect of CSE and poly (I:C) on the
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IL-8 production at early exposure. However, the results suggest that CSE may
promote neutrophilic inflammation in iIHBECSs by increasing neutrophilic chemokine
IL-8, especially at an early exposure, but may also lead to an inhibition of other non-
T2 cytokine such as a pleiotropic cytokine IL-6 in iIHBECSs.

Taken together, the results presented here suggest that CSE may impair
antiviral responses in HBECs through inhibiting alarmins and eosinophil chemokines
and may contribute to shifting the inflammation from eosinophilic to neutrophilic
inflammation through the production of neutrophilic chemokine IL-8. The main
findings of the investigation of the effect of CSE on poly (I:C) in iHBECs by

Luminex® Discovery Assay are summarized in (Figure 4.7).
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Figure 4 .6 Effect of CSE and poly (I:C) on the production of

non-T2 inflammatory

cytokines

iHBECs were treated with or without CSE (3%), poly (I:C) 10eg/ml, or CSE + poly (I:C) for 24
and 48 hours. The supernatants were collected, and the concentration of IL-6 for (A) 24
hours, (B) 48 hours, and IL-8 for (C) 24 hours, (D) 48 hours were measured by Luminex®
Discovery Assay. Data were normalised with total protein and presented as pg/mg protein.
Each data point represents mean + SEM of three individual experiments carried out in
triplicate samples. *p<0.05, ***p<0.001, and ****p<0.0001 compared with untreated cells
(control), and ##p<0.01 and ###p<0.001 compared with poly (I:C) alone.
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Figure 4 .7 Heat map summarized the main findings on the effect of CSE and poly (I:C)
on the expression and production of alarmins, cytokines, and chemokines

The summary of Luminex® Discovery Assay results data were log-transformed and plotted
in heatmap showing the effect of CSE and poly (I:C) on the production of alarmins (IL-25, IL-
33, and TSLP), Th2 cytokines (IL-4, IL5, and IL-13), eosinophil chemokines (Eotaxin, IP-10,
and RANTES), pleiotropic cytokine IL-6, and neutrophilic chemokine IL-8 in iHBECs for A,
24 hours and B, 48 hours of stimulation. Data were logg €tansformed, and the heatmap
colour intensity reflects the relative expression levels on a logcGscale.
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4.4.7 Effect of CSE and poly (I:C) on cfDNA release from iIHBECs

cfDNA release has been linked to inflammation and disease progression,
which might be associated with the extent of inflammation and may serve as a
potential biomarker for tissue damage in several diseases [342, 343]. Yet its role in
asthma and/or viral-induced exacerbations of asthma is largely unexplored. In this
study, TERT was selected as a reference gene for cfDNA quantification due to its
stable and ubiquitous expression across various biological conditions, making it a
reliable control, which has been used previously to standardize cfDNA quantification
[260]. | sought to explore the effect of CSE and poly (I:C) on the release of cfDNA
from iIHBECs at two different time points of 24 and 48 hours. QPCR targeting TERT
gene was used to quantify the level of cfDNA secreted by iIHBECs into conditioned
supernatants. Since a higher quantification cycle (Cq) value reflects lower cfDNA
levels, 1/Cq was plotted to represent cfDNA concentration, where higher 1/Cq values
indicate more cfDNA release. cfDNA was secreted into culture medium basally by
iIHBECs at 24 and 48 hours, with the highest concentration of cfDNA released after
48 hours (0.03337 and 0.03492 Cq, respectively for 24 and 48 hours) (Figure 4.8 A
and B). cfDNA release was significantly increased in response to poly (I:C) at 24 and
48 hours, as signified by (0.03696 Cq, ****p<0.0001 and 0.03778 Cq, ***p<0.001,
respectively, Figure 4.8 A and B). CSE alone did not significantly release cfDNA
compared to control, but co-stimulation of IHBECs with CSE and poly (I:C) at 24 and
48 hours led to a significant increase in cfDNA (0.03901 Cq and 0.04001 Cq,
****n<0.0001 for both, respectively (Figure 4.8 A and B) compared with control.
Interestingly, co-stimulation of CSE and poly (1:C) significantly increased the

concentration of released cfDNA compared to poly (I:C) alone stimulation by 37%
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(***p<0.001) and 49% (*p<0.05), respectively for 24 and 48 hours (Figure 4.8 A and

B).
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Figure 4 .8 Effect of CSE and poly (I:C) on cfDNA release from iHBECs

iHBECs were treated with or without CSE (3%), poly (I:C) 10eg/ml, or CSE + poly (I:C) for 24
and 48 hours. DNA was isolated from the collected supernatant, and qPCR targeting TERT
gene was used to quantify cfDNA from iHBECs samples for A) 24 hours and (B) 48 hours
using Ariamax Real-Time PCR System (Agilent®). Data were presented as 1/Raw
guantification cycle (1/Cq). Each data point represents mean + SEM of three individual
experiments carried out in triplicate samples. ***p<0.001 and ****p<0.0001 compared with
untreated cells (control), and #p<0.05 and ###p<0.001 compared with poly (I:C) alone.

To validate the gPCR findings, cfDNA released from iHBECs following
stimulation with CSE, poly (I:C), or their combination was analyzed using the
TapeStation system. Basal cfDNA concentrations in the conditioned medium at 24

and 48 hours were 15.5 + 2.9 and 12.63 + 1.3 pg/el, respectively (Figure 4.9 A and
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B). Confirming the TERT gPCR data shown in Figure 4.8, the TapeStation
demonstrated that CSE alone did not significantly increase the concentration of
cfDNA released at both 24 and 48 hours. Poly (I:C) significantly increased the
concentration of cfDNA released at 24 hours (31.84 £+ 5.3 pg/el, *p<0.05) compared
with control (Figure 4.9 A), but no significant increase in the concentration of cfDNA
was observed at 48 hours. Co-stimulation of CSE and poly (I:C) also led to a further
increase in cfDNA release at 24 and 48 hours (78.9 £ 3.3, ****p<0.0001 and 89.22 +
15.2 pg/el, **p<0.01, respectively (Figure 4.9 A and B) compared with control.
Importantly, co-stimulation of CSE and poly (I:C) significantly increased cfDNA
concentration at 24 hours compared to poly (I:C) alone by 53% (**p<0.01) (Figure
4.9 A). Differences in the fragment size of cfDNA are associated with distinct
pathological conditions [222, 344]. The cfDNA fragment sizes of the tested samples
showed that cfDNA released in response to Poly (I:C) and co-stimulation of CSE and
Poly (I:C) were larger than 1000 bp bases in length, which might indicate the DNA is

packaged as part of extracellular vesicles (EVs) (Figure 4.10).
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Figure 4 .9 Effect of CSE and poly (I:C) on cfDNA concentration from iHBECs

iHBECs were treated with or without CSE (3%), poly (I:C) 10eg/ml, or CSE + poly (I:C) for 24
and 48 hours. DNA was isolated from the collected supernatant, and the concentration of
released cfDNA from conditioned samples was measured for A) 24 hours and (B) 48 hours
using Agilent 4200 TapeStation system. Data were presented as pg/el. Each data point
represents mean £ SEM of three individual experiments carried out in triplicate samples.
*p<0.05, **p<0.01, and ***p<0.0001 compared with untreated cells (control), and ##p<0.01
compared with poly (I:C) alone.

152



700 700

d FU)

500 g 500

.443 ‘ Iimu \
53‘3\7 1‘ %300

? \
= ‘“ = J\ o
1A | |

H

J\ J oA / \

- Si

y (N
8
(N

o| o| o
8| 8| 8
SSLE

2

600

gl 8 [bp]

Figure 4 .10 Characterization of cfDNA fragment size in iHBECs following poly (I:C)
and CSE + poly (I:C) stimulation

Samples of TapeStation data show that the released cfDNA of Poly (I:C) and co-stimulation
of CSE and Poly (I:C) were larger than 1000bp bases in length.

4.4.8 CSE, Poly (I:C) and CSE + poly (I:C) -stimulated IHBECs cause the release
of EVs

Having demonstrated that the cfDNA release from Poly (I:C) and CSE + Poly
(I:C) stimulated iIHBECs was of a size that suggests it may be packaged within EVs, |
investigated whether the same treatments cause EV release from iHBECs using
conventional transmission electron microscopy (TEM), nanopatrticle tracking analysis
(NTA), and Exo-Check exosome antibody arrays. IHBECs were treated with or
without CSE (3%), poly (I:C) 10eg/ml, or CSE + poly (I:C) for 24 hours in T75 flasks
in order to obtain enough supernat ant for EV i sol ati owvere EV fr a
isolated by size exclusion chromatography and concentrated from fractions 1-6 of
0.5 ml of IHBECs supernatant. Transmission electron microscopy (TEM) at two

magnifications 100 and 200 nm showed that there were patrticles that had a
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characteristic cup-shaped morphology consistent with the morphology of EVs in all
treatment groups. The mean particle diameter for the control group was 8 nm, and
the mean frequency distribution of EV diameters showed a peak around 10 + 8 nm
(Figure 4.11A). The mean patrticle diameter and frequency distribution of EV
diameters for CSE, poly (I:C), and CSE + poly (I:C) were 16 nm, 22 + 19 (Figure
4.10B), 15 nm, 24 £ 17 (Figure 4.11C), and 13 nm, 18 * 14 (Figure 4.11D),
respectively, suggesting that CSE, poly (I:C) and a combination of them may
increase both the average size and variability of released EVs. In addition, Gaussian
distributions of all treatment groups showed a greater concentration of small EVs in

the CSE + poly (I:C) group (Figure 4.11E).
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Figure 4 .11 EVs characterization by TEM

iIHBECs were treated with or without CSE (3%), poly (I:C) 10eg/ml, or CSE + poly (I:C) for 24
hours in T75 flasks. The supernatants were collected, and EVs were isolated by size exclusion
chromatography. TEM was performed using Technai T12 (nmRC) to image particles for
fractions 1-6 of 0.5ml isolated EVs in conditioned samples of iHBECs from one experiment.
Figure A-D, the top left (dot plot) shows individual EV diameters measured from TEM images,
the bottom left (histogram) shows the frequency distribution of EV diameters, and the right
panels represent TEM micrographs at two magnifications, 100 and 200 nm. Figure F shows
Gaussian distributions of individual diameter and the frequency distribution of EVs.
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The concentration of particles and particle size released in response to CSE,
Poly IC and CSE+ Poly IC stimulation were also assessed by nanoparticle tracking
analysis (NTA). The mean concentration of particles for the control group was 3.9 x
10 particles/ml . The mean concentrat.i
poly (1:C) were 7.03 I 10 , 2.23 1 10
variation in particle concentration among the treatment groups (Figure 4.12A). The

NTA also showed that most particles were between 100-200 nm in size for control

and all treatment groups (Figure 4.12B).
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Figure 4 .12 EVs characterization by NTA

iIHBECs were treated with or without CSE (3%), poly (I:C) 10eg/ml, or CSE + poly (I:C) for 24
hours in T75 flasks. The supernatants were collected, and EVs were isolated by size exclusion
chromatography. NTA was performed using a ZataView® Particle Tracking Analyzer to
determine EV concentration and particle sizes of conditioned samples of iIHBECs. (A)
Concentration of paticles (EVs/ml) for fractions 1-6 of 0.5 ml of three individual experiments.
(B) Mean size of particles for fractions 1-6 of 0.5 ml of three individual experiments.
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To confirm the released EVs, an Exosome array was used to measure eight
known exosome markers including tetraspanin (CD63) and (CD81) which are typical
markers of EVs, Programmed cell death 6 interacting protein (ALIX) to confirm the
vesicles are exosomes, not a random cellular debris, Flotillin-1 (FLOT1) membrane-
associated protein used for exosome identification, Intercellular adhesion molecule 1
(ICAM1) used as a disease- or immune-related exosome marker, epithelial cell
adhesion molecule (EpCam) for exosomes derived from epithelial cell, Annexin A5
(ANXAD) to distinguish vesicles based on surface lipid markers, and tumor
susceptibility gene 101 (TSG101) as a marker for the purification of EVs. The results
of this analysis revealed that the positive control markers showed high expression in
all tested sample, confirming that the HRP detection was functioning well in this
assay. In addition, GM130 marker was used to detect any cellular contamination in
the EV samples, which showed a low expression in all tested samples, suggesting
that EV samples had a good purity (Figure 4.13). The array results for the EV
markers showed expression of the tested markers among treatment groups. The
typical EV marker CD63 and CD 81 were expressed in all treatment groups (Figure
4.13). ICAM marker was also expressed in all treatment groups, suggesting that
epithelial-derived EVs in these samples. The remaining markers showed no change

in expression across all the treatment groups (Figure 4.13).
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Figure 4 .13 Characterisation of EVs protein using Exo

arrays
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-Check exosome antibody

iHBECs were treated with or without CSE (3%), poly (I:C) 10eg/ml, or CSE + poly (I:C) for 24
hours in T75 flasks. The supernatants were collected, and EVs were isolated by size

exclusi on

chromatography. 50 ¢l

-as$ociated grdteint e d

expression in conditioned samples of iIHBECs by Exo-Check exosome antibody arrays. Each
spot represents a different marker of known exosomal markers including CD63, EpCAM,
ANXAS5, TSG101, blank, 2 positive controls, GM130, FLOT1, ICAM, ALIX, and CD81. Data

obtained from two individual experiments.
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4.4 .9 Effect of the oxidative stress inhibitor GSH on CSE -induced IL-8

production and cfDNA release from iHBECs

Oxidative stress plays an important role in the development of airway
inflammation and disease progression in asthmatic smokers by increasing reactive
oxygen species (ROS) production [345, 346]. The effects of CSE-induced IL-8
production in HAMSCs can be inhibited by the oxidative stress inhibitor glutathione
(GSH) [308]. | therefore sought to assess the effect of GSH on IL-8 production and
cfDNA release from iHBECs. GSH significantly inhibited CSE-induced and CSE +
Poly (I:C)-induced IL-8 release in IHBECs by 49% (*p<0.05) and 42% (*p<0.05),
respectively (Figure 4.14 A). CSE alone did not release cfDNA, therefore, the use of
GSH had no effect on the release of CSE on iHBECs. However, the co-stimulation of
IHBECs with CSE and poly (I:C) significantly increases the release of cfDNA from
iIHBECs, which was inhibited by GSH by 55% ( ***p<0.001) compared to CSE + poly
(I:C) (Figure 4.14 B). These findings suggest that oxidative stress may play a role in

CSE-induced IL8 production and cfDNA release in iHBECs.
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Figure 4. 14 Effect of oxidative stress inhibitor GSH on CSE

and cfDNA release from iIHBECs

iHBECs were pre-treated with GSH( 1 0 0

-induced production of IL -8

e M)folldwedrby tde&ment with or without

CSE (3%), poly (I:C) 10eg/ml, or CSE + poly (I:C) for 24 hours. (A) The concentration of I1L-8
in cell supernatants was measured by ELISA. Data were normalised to total protein and
presented as pg/mg protein. (B) DNA was isolated and qPCR targeting TERT gene was
used to quantify cfDNA from iIHBECs samples using Ariamax Real-Time PCR System
(Agilent®). Data were presented as 1/Cqg. Each data point represents mean + SEM of three
individual experiments carried out in triplicate samples. *p<0.05 and ***p<0.001 compared

with treatment conditions.
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4.5 Discussion

This chapter aimed to assess the effect of CSE on the inflammatory
responses and the release of cfDNA from iHBECs in response to viral infection.
Respiratory viral infections are a major trigger of asthma and the most common
cause of asthma exacerbation in children and adults [194, 317]. HBECs respond to
viral infection by releasing alarmins that promote Th2 inflammatory responses in
asthma [347]. CSE may impair the immune responses of HBECSs to viral infection,
leading to a switch in inflammatory endotype [213]. Understanding the impact of CSE
on viral response in HBECS could provide valuable insights for improving asthma
management and could open the door for identifying therapeutic targets.

In this study, | used the viral mimic Polyinosinic:polycytidylic acid (poly (I:C))
in combination with CSE to understand how CSE influences viral responses in
IHBECSs. Poly (I:C) is a synthetic double-stranded RNA that mimics viral RNA,
leading to activation of Toll-like receptors (TLRs), causing a trigger to the innate
immune response of the cells [320, 348]. Poly (I:C) induces mRNA and protein
expression of TSLP in primary nasal epithelial cells of polyposis pathogenesis [349],
and can induce non-T2 cytokines production, including IL-6 and IL-8 in primary
HBECs [350].

The main findings within this chapter are that CSE inhibited the production of
alarmins (IL-25, IL-33 and TSLP), eosinophil chemokines (Eotaxin, IP-10, and
RANTES), pleiotropic cytokine (IL-6), but induced the production of neutrophilic
chemokine (IL-8) in response to poly (I:C) in iIHBECSs. In addition, CSE induced the
production of Th2 cytokine (IL-4) at an early exposure after 24 hours but had no
effect on the other Th2 cytokines, including IL-5 and IL-13. However, in the later

exposure, at 48 hours, CSE inhibited the production of IL-4 and IL-5 but had no
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effect on IL-13 in response to poly (I:C). Similarly to IL-4 and IL-5, CSE inhibited the
production of IL-8 in the later exposure at 48 hours in response to poly (1:C),
suggesting a different signaling cascade at 48 hours or a possible reduction in cell
viability of IHBECs after 48 hours which was not experimentally assessed as 24
hours experiments Gell viability and the protein concentration, shown previously in
figure 4.1. The 24 h o u r s @oint wasnalosen for further experimental work in this
study. Moreover, cell-free DNA (cfDNA) release was also assessed in response to
CSE and poly (I:C) in iIHBECs, which showed that cfDNA was released in response
to poly (I:C) but not CSE. Interestingly, co-stimulation of CSE and poly (I:C)
significantly increased the concentration of released cfDNA relative to poly (1:C)
alone, suggesting that CSE may exacerbate epithelial damage during viral infections.
As discussed in section 1.5.1, HBECs are the first line of defence against
inhaled insults and are capable of mounting innate immune and other biological
responses. HBECs releases a variety of cytokines termed alarmins, including IL-25,
IL-33, and TSLP. Alarmins promote innate immune and adaptive types 2 responses
[102]. Respiratory viral infection induces significant inflammatory responses in
HBECSs through imbalance of a Th1/Th2 responses and releasing of inflammatory
mediators such as alarmins (IL-25, IL-33, TSLP), and other cytokines including IL-6
and IL-8 [351-353]. Here | show that poly (I:C) stimulation of IHBECs exacerbates
alarmin release, including IL-25, IL-33, and TSLP at early (24 hours) and late (48
hours) exposure. In line with this, alarmin responses from primary HBECs have been
studied in response to poly (I:C). Poly (I:C) induced the production of TSLP, which
was associated with severe eosinophilic inflammation, and IL-33, associated with

mild steroid-naive disease [354-356]. These studies, together with the findings
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presented in this thesis, provide strong evidence that poly (I:C) induced the

production of alarmin responses in iIHBECs.

Eosinophil chemokines, including eotaxin IP-10, and RANTES play a key role
in the Th2 immune responses, mediating eosinophil activation and recruitment [357].
Poly (I:C) has been shown to influence eosinophilic chemokine release from a
variety of cells. For example, poly (I:C) upregulates eotaxin release from cultured
human corneal fibroblasts [358] and increased RANTES in spleen homogenates in
response to pre-treatment with poly (I:C) in a mice infected with Escherichia coli
[359]. In airway cells, poly (I:C) induces IP-10 production in primary human nasal
and bronchial epithelial cells [360]. Supporting this, here | showed that poly (I:C)
significantly induced the production of all eosinophil chemokines (Eotaxin, IP-10, and

RANTES) in iIHBECs.

Th2 cytokine-mediated allergic responses are largely driven by eosinophil
chemokines [361]. In this study, | found that poly (I:C) significantly induced the IL-4
production at early exposure, followed by inducing the production of all Th2
cytokines (IL-4, IL-5, and IL-13) at later exposure (48 hours). Th2 cytokines
particularly IL-4 and IL-13 impaired innate immune responses through inhibition of
TLR3 expression to RV-16 infection in HBECs [362]. Evidence indicates that HBECs
are relatively unresponsive to direct modulation by Th2-associated cytokines such as
IL-4 and IL-13 [363]. These findings suggest that HBECs might not inherently
release Th2 cytokines but might be integral in modulating immune responses related
to these cytokines, which might explain the findings on our study that IL-5 and IL-13
had no significant production in response to poly (I:C) at early exposure.

| also investigated the response of non-T2 cytokines including IL-8 and IL-6 to

poly (I:C). Both IL-6 and IL-8 showed a significant production in response to poly
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(I:C). These findings were in line with the other studies found in the literature
indicated that poly (I:C) induced IL-6 and IL-8 production in HBECs [364, 365]. Our
results indicate that poly(I:C) may upregulate alarmin responses in iHBECs and
promote the release of eosinophil- and neutrophil-associated cytokines and
chemokines, while exerting minimal effect on Th2 cytokine production.

It was of interest to investigate the effect of CSE on the production of
alarmins, Th2 cytokines, eosinophil chemokines, and non-T2 cytokines in iHBECS,
given the central role of epithelial cells in orchestrating immune responses to
environmental insults and the impact of CSE in exacerbating airway inflammation,
particularly in the context of asthma. The results of our study on the effect of CSE on
the alarmin responses revealed that CSE increased the production of IL-25 at an
early exposure (24 hours) and IL-33 at a later exposure (48 hours) but had no effect
on TSLP. It has been shown that the mRNA expression of IL-25 was significantly
increased in the nasal epithelium in smokers compared to non-smokers [366]. The
literature's findings on the effect of CSE on IL-25 production, particularly in HBECSs,
were still limited. Based on available literature, the data presented here provide
evidence for the first time that CSE can enhance the production of IL-25 in iIHBECs,
suggesting that cigarette smoke may directly prime bronchial epithelial cells to
promote alarmin response through the production of IL-25. For IL-33, treatment with
20% CSE for 24 hours decreased the release of IL-33, but increased IL-33 mMRNA
levels as measured by real-time PCR, and also increased intracellular IL-33
expression in HBECSs, as confirmed by flow cytometry [367]. In vivo, CS triggers IL-
33-associated inflammation in a mice model of late-stage COPD [368], suggesting
that CS-induced IL-33 can influence airway inflammation in vivo, which may have

important implications for the pathogenesis of asthma, another inflammatory airways
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disease. In line with this, our study showed that CSE enhanced the production of IL-
33 but at a later exposure, suggesting that CSE may induce IL-33 production with
prolonged exposure. Our study also showed that CSE alone had no effect on the
production of TSLP, yet previous research has shown that CSE-induced TSLP
MRNA and protein expression in mouse lung, leading to Th2 immune responses
[369]. This discrepancy could potentially be explained by the difference in organisms
or the fact that this study was performed in vitro, whereas the previous research was
performed in vivo.

Our results showed that CSE induced the production of IL-4 and IL-5 from
iIHBECs in the early exposure and IL-4 and IL-13 in the late exposure, which
supports previous research in other model systems and suggests a role for CS in
modulating Th2 responses in the asthmatic airway. For example, CSE stimulation of
dendritic cells can lead to increased IL-4 expression in CD4+ T cells [370], and
exposure of rats to tobacco smoke leads to increase IL-13 levels in lung tissue [371].
Moreover, in a clinical study, tobacco smoking is associated with increased IL-5
levels in the BAL of acute eosinophilic pneumonia patients [372]. On the contrary,
our group previously showed in HASMCs that CSE inhibited the release of Th2
cytokines including IL-4 and IL-13 but not IL-5 (unpublished study), which might
highlight the different responses of airway structural cells to CSE.

The data presented in this thesis shows that CSE increased the production of
eotaxin in IHBECs. This observation was in line with other studies indicating that CS
influences the expression of eotaxin, particularly eotaxin-1 and eotaxin-2, and
increases the count of immunoreactive cells in asthmatic smokers [373, 374].
However, in opposite directions, CSE (5-3 0 %) i n h i biridiceddeledsal¢f U

eotaxin and RANTES from HASMCs [308], which was also supported by the findings
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of our group that CSE inhibited the production of eotaxin, IP-10, and RANTES in

HASMCs (unpublished study). Previous in vitro findings showed that chronic CSE

resulted in overexpression of IP-10 in BALF and upregulation of IP-10 mRNA in the

lung parenchyma [375], whi |l e CSE signi f i-indaced RAMTEE ecr ea s €
production in HASMC [308]. Our results from iHBECs investigation showed that CSE

had no effect on IP-10 or RANTES production, suggesting that iIHBECs may be less

responsive to CSE-induced changes in IP-10 or RANTES compared to other cells,

such as HASMCs or lung parenchymal cells.

An increase in neutrophilic inflammation, marked by the release of non-T2
inflammatory mediators such as neutrophil-attracting chemokines IL-8 in response to
CSE, suggests a shift toward a neutrophilic asthma phenotype, which is likely more
severe and less responsive to corticosteroid treatment [308]. CSE has previously
been shown to increase IL-8 levels in several cell types, including HBECs [308, 376,
377], which is supported by the data presented in this thesis showing that CSE
increases IL-8 release from iHBECs and the data from our group showing that CSE
increased the production of IL-8 in HASMCs (manuscript in preparation) [153]. In
addition, elevated IL-6 in adult-onset asthma is associated with higher blood
neutrophils [378]. The data presented in this chapter showed that CSE had no effect
on the production of IL-6, another non-T2 mediator, in IHBECs. Contrary to this
finding, exposure to 10% CSE for 24 hours led to an increase in IL-6 production of
HBECs (BEAS-2B) [379], suggesting that CSE-induced IL-6 production is cell-line
dependent and that HBECs may differ in their inflammatory responsiveness to CSE.
Taken together, our findings highlight the pro-inflammatory effects of CSE on
HBECSs, particularly for non-T2 inflammation and cell-type-specific responses.

This study is the first to investigate the effect of co-stimulation of CSE and
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poly (I:C) on the production of alarmins (IL-25, IL-33, and TSLP), Th2 cytokines (IL-
4, IL-5, and IL-13), eosinophil chemokines (Eotaxin, IP-10, and RANTES), and non-
T2 cytokine IL-6 and IL-8 in iIHBECSs. The interesting results revealed that CSE
inhibited poly (I:C)-induced alarmin responses in IHBECs, suggesting that CSE may
suppress epithelial-derived alarmin responses to viral infection. Given that alarmins
play a key role in amplifying type 2 airway inflammation, this effect could mean that
smoking asthmatics who are infected with respiratory viruses have a skewed
inflammatory response. Previous in vitro studies have shown that CS can decrease
innate immune responses/cytokine production in HBECs during viral infection [327,
380], suggesting a dampened antiviral defense. On the contrary, however, CS can
increase IL-33 expression and exacerbate the effects of viral infection in an in vivo
mouse model [328], and nasal epithelial cells (NECs) derived from smokers
expressed significantly higher levels of TSLP in response to influenza A virus
compared to non-smokers [326]. Taken together, these findings highlight the
complex role of cigarette smoke in impairing protective antiviral responses and
amplifying pro-inflammatory alarmin expression, which may contribute to increased
susceptibility and severity of virus-induced asthma exacerbations.

The results of our study also show that CSE inhibited the production of
eosinophil chemokines in response to poly (I:C) stimulation, suggesting that CSE
may impair antiviral-induced eosinophilic inflammation in the HBECs. CSE inhibited
Lipopolysaccharide (LPS)-induced IP-10 production in (16-HBE) cell line [306] and
CS reduces eosinophils in BAL fluid of OVA-challenged mice [381]. This was also
supported by the findings of our group on HASMCs that CSE inhibited the production
of eosinophil chemokines (Eotaxin, RANTES,andIP-1 0) after stimul ati o

(manuscript in preparation). The data collectively suggest that CSE may dampen
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antiviral eosinophilic defences and suppress eosinophil-associated chemokine
production in airway structural cells, including HBECs and HASMCs, which might
contribute to a shift in asthma phenotype from eosinophil to non-eosinophil, often
neutrophil inflammation in asthmatic smokers.

In addition to the observed inhibitory effects of CSE on eosinophil
chemokines, | found that the production of IL-6 in response to poly (I:C) was also
inhibited by CSE. IL-6 is a pleiotropic cytokine that has a function in both pro-
inflammatory and anti-inflammatory processes in asthma and other respiratory
diseases [382]. A supporting in vitro study of small airway epithelial cells (SAEC)
showed that prior smoking exposure of the cells significantly inhibited the production
of IL-6 and IP-10 inresponseto 0 . 5 ¢ gpblynl:C) [883]. In addition to IL-6, our
results showed that CSE enhances the production of neutrophilic chemokine (IL-8) in
response to poly (I:C), suggesting that CSE may amplify virus-induced neutrophilic
inflammation in IHBECs. Supporting this, CSE enhances IL-8 production in response
to HRV infection in HBECs [384]. Collectively, these findings suggest that CSE may
amplify virus-induced neutrophilic inflammation in HBECs, leading to a shift from T2
eosinophil-immune response to non-T2 neutrophil-immune response, a more severe
and steroid-resistant asthma.

cfDNA concentrations are often associated with the extent of tissue damage
and inflammation in various pathologies [385]. cfDNA has been widely used as a
novel biomarker that offers a non-invasive screening tool for different inflammatory
respiratory diseases, including COPD [386] and pulmonary infection [387]. cfDNA
concentrations are increased following viral infection [244, 337] and a former PhD
student in our group, showed that poly (I:C) significantly increased the release of

cfDNA in primary HBECs [338]. Furthermore, cfDNA is increased in smoke inhalation
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injury, and is increased by CSE in human endothelial cells [242], providing a
potential marker of tissue damage and inflammation [241]. The studies on the effect
of CSE on viral infection, particularly in HBECs, are still limited, and based on
available literature, this study is the first to investigate the effect of co-stimulation of
CSE and poly (I:C) on the release of cfDNA.

The novel data in this thesis revealed that cfDNA was released in response to
poly (I:C) but not CSE, and that the combination of CSE and poly (I:C) significantly
increased the concentration of released cfDNA relative to poly (I:C) alone. This
suggests that cigarette smoke could exacerbate virus-induced epithelial damage,
leading to worsening airway inflammation and asthma pathogenesis in virally
infected patients.

Most cells generate lipid bilayer-enclosed subcellular bodies known as
extracellular vesicles (EVs). The most well-known EV
classes are microvesicles and exosomes, which are both produced by healthy cells,
in addition to ApoEVs, which are EVs produced by cells undergoing regulated
apoptosis [388]. ApoEVs typically have a relatively large size of 1-5 ¢ ndiameter
but can be larger or smaller [389]. In our study, | found that the cfDNA release in
response to poly (I:C) and co-stimulation of CSE and poly (I:C) were larger than
1000 bp bases in length, suggesting that the cfDNA might be associated and
released as a part of EVs. The EVs were assessed, and | identified particles with a
characteristic cup-shaped morphology consistent with the morphology of EVs in all
treatment groups. These observations are based on preliminary data and were not
replicated with sufficient biological replicates (e.g. n=3). Although changes in cfDNA
size were found following stimulation with poly (I:C) and co-stimulation with CSE and

poly (I:C), there were no alterations in EV characteristics, such as size or
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morphology, across the treatment groups. The results from these observations might
suggest that the cfDNA release may not be directly associated with EVs, or
alternatively, that the EV cargo composition may have varied between treatment
groups. Further studies utilizing extracellular vesicle formation inhibitors, such as
manumycin A and Y27632, could provide insight and clarify the findings into whether
the release of cfDNA from IHBECs is mediated via EV-associated pathways [390].

Oxidative stress plays an important role in the development of airway
inflammation and disease progression in asthmatic smokers by increasing reactive
oxygen species (ROS) production [345, 346]. In this study, | found that the use of
oxidative stress inhibitor (GSH) significantly inhibited the effect of CSE-induced IL-8
production and cfDNA concentration from iHBECSs, highlighting the role of oxidative
stress in mediating these responses. Supporting this, the findings of our group and a
previous study showed that oxidative stress inhibitor (GSH) significantly inhibits
CSE-induced IL-8 production in HASMCs [308]. These findings provide insight that
the inhibitory effect of CSE on poly (I:C)-induced production of alarmins and
eosinophilic chemokines may be mediated by oxidative stress, potentially dampening
the normal epithelial alarmin response to viral infection. Moreover, Direct
measurement of oxidative stress in response to CSE stimulation, using different
methods of direct measurement of oxidative stress such as DCFH-DA fluorescence
for total ROS would help validate these findings [391].

In summary, the results in this chapter show important findings that CSE
modulates the response of iIHBECSs to viruses through altering inflammatory
responses, suppressing epithelial-derived alarmin and eosinophil responses and
inducing neutrophilic responses, and causeing enhanced release of cfDNA, both of

which contribute to pathogenesis of asthma. In the next chapter, | will investigate the
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functional effect of cfDNA released from iIHBECs on airway structural cells

particularly HASMCs.
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Chapter 5. The biological impact of the
cfDNA released from IHBECs on the
proliferation, contraction, and gene

expression of HASMCs
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5.1 Introduction

In Chapter 4, | showed that cfDNA was released from iIHBECs in response to
poly (I:C), but not CSE. Interestingly, when CSE was combined with poly (I:C), there
was a significant increase in cfDNA release compared to poly (I:C) alone. However,
the biological function of IHBEC cfDNA release, particularly in the context of asthma
pathogenesis, was not well investigated. cfDNA plays a crucial role as an active
molecule that stimulates proinflammatory cytokine synthesis, enhances oxidative

stress, and contributes to inflammation in several diseases [334, 335].

HBECs and HASMCs are key contributors to asthma pathogenesis. Their
interaction, including direct cell-to-cell communication, promotes hallmark features of
asthma such as inflammation, AHR, airway remodeling, and mucus hypersecretion
[131]. Mediators released by airway epithelial cells including cytokines, chemokines,
growth factors, and extracellular matrix proteins can influence HASMC inflammatory
responses, contractility, and proliferation, thereby contributing to asthma
pathogenesis [131]. Whether cfDNA plays a role in facilitating HBEC-HASMC
crosstalk in asthma is unclear, but our group has previously demonstrated that poly
(I:C) can induce the release of cfDNA from HBECs, which subsequently upregulated
IL-8 secretion from HASMCs, suggesting a possible role of cfDNA in airway

inflammation [338].

HASMCs play a key role in asthma pathogenesis through enhancing airway
contraction and proliferation in response to stimuli, which may lead to airway
narrowing and remodeling. Evidence indicated that HASMCs hypertrophy may
correlate with the severity of asthma [392], and HASMCs are the primary effectors of

airway constriction in asthma, leading to airway obstruction and AHR [393].
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Assessing HASMCs contraction and proliferation are crucial methods to understand
asthma pathophysiology. These processes are essential for AHR and remodelling,
which are characteristic hallmarks of asthma progression. In addition, understanding
the functional outputs on the effect of release cfDNA from HBECs on HASMCs, and
how crosstalk between these cells could contribute to asthma progression may
identify potential therapeutic targets for asthma management.

Studying gene expression profiles is an essential tool for understanding how
genes are regulated under numerous conditions and how these conditions can affect
biological processes [394]. Transcription, as related to genomics, is the process by
which DNA sequences are copied into Ribonucleic acid (RNA) molecules, or
transcripts, to carry out these genetic instructions. Messenger RNA (mRNA), among
RNA, is an essential RNA type for protein production. Genes are copied into
complimentary mRNA during transcription, which is then delivered to ribosomes in
the cell's cytoplasm. The mRNA sequence is subsequently translated into proteins
by ribosomes, which assemble amino acids together in accordance with the
instructions encoded in the mMRNA [395]. Several factors can influence the
transcriptome, such as the cell cycle, exposure to chemical or physical agents, and
diseases [396]. The transcriptome can indicate which genes are active in a certain
cell type or under certain conditions, allowing us to gain insight into how genes
respond to environmental changes [397]. RNA sequencing (RNA-Seq) has been
widely used in respiratory research to provide quantitative data on the transcriptome
response in airway cells and tissue. A nasal epithelial transcriptomic profile and
asthma endotypes study in youth identified 2516 differentially expressed genes for
the T2 high profile associated with IL-13 signalling pathways, and 2494 genes for

T17 high profiles associated with IL-17 and neutrophil signalling pathways [398].
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Another study showed that gene expression biomarkers evaluated in normal-
appearing airway epithelium offer a chance to take advantage of lung cancer-
associated molecular changes in this tissue for early identification of lung cancer
[399]. Furthermore, an RNA-Seq study found that 243 genes were altered after CSE
exposure through reactive oxygen species, NF-ae B si gnal ing, and
degradation pathways in primary HBECs [400].

Profiling gene expression, cell proliferation and cell contraction in response to
cfDNA might help to understand the cellular functional and biological processes it
triggers, which may provide a mechanistic link between HBECs injury and asthma-

associated response in HASMCs and could lead to potential therapeutic targets.

5.2 Hypothesis and Aims

| hypothesized that poly (I:C) and co-stimulation of CSE and poly (I:C)-
induced iIHBECs cfDNA modulates the remodeling process and alters gene
expression in HASMCs
This chapter aimed to investigate the biological impact of cfDNA released from
iHBECs on HASMCs.

The specific aims for this chapter were:
1 To investigate whether CSE and poly (I:C)-induced iHBECs cfDNA release
stimulates HASMCs proliferation.
1 To investigate whether CSE and poly (I:C) induced iIHBECs cfDNA release
alters HASMCs contraction.
1 To identify whether CSE and poly (I:C) induced iIHBECs cfDNA release

changes gene expression profiles in HASMCs.
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5.3 Methods

5.3.1 iIHBECs experiment

To generate sufficient cfDNA from iIHBECs for functional HASMC assays,
further CSE and poly (I:C) experiments were conducted in 6 well-plates. gPCR for
TERT and ELISA for IL-8 production (Appendix, section 7.11) were performed on all
experiments prior to further analysis to confirm the earlier findings prior to
undertaking the functional assays. The final volume of 1000 € kfDNA from iHBECs

was then used for HASMCs experiments.

5.3.2 cfDNA isolation

cfDNA was isolated from iIHBECs supernatants using QIAamp®DNA Blood

Mini Kit as previously described (General methods and materials, section 2.9).

5.3.3 Cell proliferation

HASMCs proliferation was assessed using two methods as previously
explained: the BrdU Cell Proliferation ELISA (General methods and materials,
section 2.16.1) and PrestoBlue™ Cell Viability Reagent (General methods and
materials, section 2.16.2). In both experiments, HASMCs were stimulated with 33.33
el of cfDNA released from iHBECSs. This was calculated as the final volume of 1000
¢ EfDNA generated from iIHBECs experiments were carried out in 6 well-plate with a
surface area of 9.6 cm?, and the surface area of the HASMCs 96 well-plate for the
proliferation assay was 0.32 cm?. The following calculation was used to mimic the
iIHBECs and HASMCs being in direct contact at the surface area level: 9.6/0.32 = 30,
then the final volume of 1000 ¢ | cf DNA/ 30 = 33.3 ¢lplaef DNA

(Figure 5.1).
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Mimic the iIHBECs and HASMCs being
in direct contact for cfDNA stimulation
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Figure 5.1 Schematic illustration of cfDNA transfer from iHBECs to HASMCs to mimic
direct contact stimulation

cfDNA was generated from iHBECs cultured in 6-well plates (surface area: 9.6 cmz2 per well)
and applied to HASMCs seeded in 96-well plates (surface area: 0.32 cmz2 per well). To
simulate direct cell-to-cell surface contact, the cfDNA volume was proportionally scaled
down, with 33.3 pl of cfDNA per well used for HASMCs stimulation based on the surface
area ratio (9.6/0.32 = 33.3).

TGF-bl1 was used in both experiments as
to promote cell proliferation [401]. In addition, two types of control were used to
ensure the validity of the experiments, including blank, in which cell culture medium
but no HASMC cells were present in the wells, and background, in which HASMC
cells were present within the wells but with no BrdU or PrestoBlue reagents added. A
FLUOstar Omega microplate reader (BMG LABTECH) was used to measure optical
density for BrdU Cell Proliferation ELISA at a wavelength of 450 nm, and

fluorescence for PrestoBlue™ Cell Viability with a dual wavelength of 560/590 nm.
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5.3.4 Cell contraction

HASMCs contraction was assessed using a Cell Collagen-based Contraction
Assay kit as previously explained (General methods and materials, section 2.17).
HASMCs were stimulated with 197.92 €| of cfDNA released from iHBECs. This was
calculated as the final volume of 1000 £ fDNA generated from iHBECs experiments
were carried out in 6 well-plate with a surface area of 9.6 cm?, and the surface area
of the HASMCs 24 well-plate for the Collagen-based Contraction assay was 1.9 cm?,
following the same calculation of cfDNA stimulation of direct cell-to-cell surface
contact as previously described (Section 5.3.3). Methacholine is known to induce
HASMCs contraction [402], and used in this study as a positive control. In addition,
1M 2,3-Butanedione Monoxime (BDM), a cell contraction inhibitor, was added to
methacholine and served as a negative control. Images of each gel were captured at
zero hours and 24 hours after cfDNA stimulation using EVOS Cell Imaging System
(Appendix 7.9). The gel size in each image (zero and 24 hours) was measured using
the free-hand drawing function in ImageJ software to measure the gel area. The gel
contraction was measured at the baseline (zero hour) and after incubation with
cfDNA (24 hours), and the difference between the baseline and 24 hours was
expressed as a percentage of gel contraction. The following calculation was used to
express the percentage of gel contraction: (Gel area at 24 hours /Gel area at 0 hour
x100), followed by subtracting the number generated from 100 to present the

percentage of gel contraction.

5.3.5 RNA-Seq
HASMCswer e stimul ated with 364.58 ¢l cf DNA r el

This was calculated as the final volume of 1000 ¢ kfDNA generated from iHBECs

experiments were carried out in 6 well-plate with a surface area of 9.6 cm?, and the
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surface area of the HASMC 12 well-plate was 3.5 cm?. The following calculation was
used to mimic the IHBECs and HASMCs being in direct contact at the surface area
level: 9.6/3.5 = 2.743, then the final volume of 1000 ¢ | cf DNA/ 2. 743
cfDNA per well of 12 well-plate. The supernatants were collected for further use, and
300¢ | of Jerdaptoethamol (10 el/ml) buffer was added to each well as
previously described (General methods and materials, section 2.11). DNA and RNA
isolation was performed using AllPrep DNA/RNA Mini Kit (Appendix 7.7). DNA was
stored for future analyses not included in this thesis and RNA was sequenced as

detailed below.

5.3.5.2 Samples quality control

After isolation, the quality of RNA samples was initially assessed using a
TapeStation (Agilent). The RNA integrity number equivalent (RINe) minimum score
of 8 was used as cut off for inclusion in additional processing, which indicated highly
intact RNA (Table 5.1). RNA concentrations were measured using the Qubit
Fluorometer and the Qubit RNA BR Assay Kit (Appendix 7.7). Twenty RNA samples
from four healthy donors (Table 2.1), each stimulated with CSE, poly (I:C), and CSE

+ poly (I:C) were processed for RNA sequencing.
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Table 5.1Quality control of RNA samples assessed by TapeStation

Sample Cell line Concentration Volume (el)] RINe | Total RNA
(pg/el) (P9)
Control AZACO05 2090 28 9.4 58520
CSE AZACO05 3300 28 9.6 92400
Poly (1:C) AZACO05 10400 28 9.5 291200
CSE+Poly AZACO05 6180 28 9.4
(1:C) 173040
Elution Buffer AZACO05 4770 28 9.6 133560
Control AZAC11 7540 28 9.6 211120
CSE AZAC11 2560 28 9.5 71680
Poly (I:C) AZAC11 6070 28 9.6 169960
CSE+Poly AZAC11 8480 28 9.5
(I:C) 237440
Elution Buffer AZAC11 2340 28 9.7 65520
Control AZAC12 2570 28 9.5 71960
CSE AZAC12 2300 28 9.5 64400
Poly (I:C) AZAC12 2380 28 9.6 66640
CSE+Poly AZAC12 3370 28 9.4
(I:C) 94360
Elution Buffer AZAC12 9830 28 9.4 275240
Control 159 15400 28 9.5 431200
CSE 159 5620 28 9.7 157360
Poly (I:C) 159 32300 28 9.4 904400
CSE+Poly 159 36300 28 9.2
(I:C) 1016400
Elution Buffer 159 17300 28 9.4 484400

5.3.5.3 Library preparation and sequencing

Complementary DNA (cDNA) was generated from 10ng of total RNA for all
sampl es usi ng t h&®eqlDnargprap Kitfay lllutnidanlAdexed

sequencing libraries were then prepared using the Lexogen i7 6nt Index Set. For all
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samples, 17 cycles of PCR were performed. Libraries were quantified using the
Qubit Fluorometer and the Qubit dsDNA HS Kit. Library fragment-length distributions
were analyzed using the Agilent TapeStation 4200 and the Agilent High Sensitivity
D1000 ScreenTape Assay. Library pool sequenced on the Element Biosciences Aviti
platform, using an Aviti 2x75 Sequencing Kit - Cloudbreak FS Medium Output to
generate approximately 5 million 150bp single-end reads per sample. Per sample,
read counts ranged from 2.74 million to 11.8 million (median: 10.10 million). All the
RNA-Seq processes were previously described (General methods and materials,

section 2.18).

5.3.5.4 Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis

Significantly, differentially expressed genes (DEGSs) (adjusted p < 0.05 and
log2FoldChange of +/- > 0.5) were selected for gene ontology (GO) analysis. The
Aenrich GO0 function of [260e270Rwap wsedkoaassign 6 c | u st
enrichment GO categories for each set of gen
[265] as the source of annotations. Biological process, molecular function, and
cellular component sub-ontologies were calculated for each set. Gene sets were
selected for each contrast and sub-ontology based on those with significant adjusted
p-values (P value cut off is 0). In addition, biological pathway analysis was performed

using KEGG analysis.
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5.4 Results

5.4.1 cfDNA released from poly (I:C) - and CSE + poly (I:C) -stimulated iIHBECs
did not affect HASMCs proliferation

To assess the effect of cfDNA released from poly (I:C) and CSE + poly (I:C)
induced iIHBECs on HASMCs proliferation, three independent experiments using
three different donor cell lines of HASMCs were stimulated with cfDNA from iHBECs.
Using BrdU Cell Proliferation ELISA, Poly (I:C), and CSE + poly (I:C) caused no
significant change in HASMCs proliferation when compared with control (Figure 5.2
A). In agreement with the BrdU ELISA assay, the PrestoBlue™ assay demonstrated
no significant changes over the control in HASMCs proliferation across the
treatments tested (Figure 5.2 B). Nevertheless, TGF-b1 si gni fi cantly i nci
proliferation of HASMCs in both BrdU Cell Proliferation ELISA and PrestoBlue™ Cell
Viability Reagent (% change 216.2 + 28.49, **P<0.001 and 114 + 4.10, **P<0.01,
respectively). These findings suggest that cfDNA released from poly (I:C) and CSE +

poly (I:C) induced iIHBECs had no effect on HASMCs proliferation.
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Figure 5.2 Measurement of HASMCs proliferation stimulated with different conditions
of cfDNA released from iHBECs using BrdU ELISA and PrestoBlue reagent

A,The absorbance was read at 450 nm to assess cell proliferation by BrdU Cell Proliferation
ELISA. B, The fluorescence was read at 560/590 nm to assess cell proliferation by
PrestoBlue™ Cell Viability Reagent. Data were expressed as relative proliferation (% change
over control). Each data point represents mean + SEM of three independent experiments
using three different cell lines, each performed with triplicate samples. *P<0.01 and
***P<0.001 compared with control.

5.4.2 cfDNA released from poly (I:C) - and CSE + poly (I:C) -stimulated iHBECs
did not affect HASMCs contraction

In addition to HASMCs proliferation, | investigated the effect of cfDNA
released from poly (I:C) and CSE+poly (I:C) induced iIHBECs on HASMCs
contraction, which is a key feature of asthma contributing to airway narrowing and
AHR. In the control group, which was stimulated with cfDNA from the iHBECs control
group, basal gel contraction was measured at 55.77 + 11.40% at 24 hours (Figure
5.3 A). CSE, poly (I:C) and CSE+poly (I:C) caused no change in gel contraction

relative to the control group (Figure 5.3 A). In addition, positive control
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(Methacholine) and negative control (Methacholine + Cell Contraction Inhibitor) did
not significantly cause a change in the gel contraction relative to the control group.
The validity of this experiment is limited, as neither the positive control nor the
negative control produced the expected effects, indicating a potential failure with this
assay. Captured pictures at 0 hours and 24 hours by EVOS Cell Imaging System

demonstrating the changes in the collagen gel size are shown in (Figure 5.3 B).
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Figure 5.3 Measurement of HASMCs contraction stimulated with different conditions
of cfDNA released from iHBECs using Cell Contraction Assay

The diameter of the gel was captured at 0 and 24 hours using EVOS Cell Image System. A,
Data were expressed as a percentage of gel contraction. Each data point represents mean +
SEM of three independent experiments compared with control. B, The change in gel size
(diameter) for one of the cell lines of HASMCs at zero and 24 hours. These images
represent A, Control (cfDNA from iHBECs control group) B, CSE C, Poly (I:C) D, CSE+Poly
(I:C) E, Elution Buffer F, Methacholine G, Methacholine+Cell Contraction Inhibitor.

5.4.3 cfDNA released from CSE - and poly (I:C) -stimulated iHBECs induced
changes in HASMCs gene expression profiles

5.4.3.1 Data quality control

All samples were processed for RNA sequencing. All primary bioinformatics
processing of sequence data was performed using the Lexogen QuantSeq workflow;
a pipeline developed specifically for data g
MRNA-Seq library prep kits for lllumina (including AVITI). During the Lexogen
QuantSeq workflow, raw reads were trimmed of poly-A tails and Illumina NextSeq

adapters using Cutadapt [264], and resulting fragments of <20bp were removed.
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Trimmed reads were aligned to the human reference genome (Homo sapiens
GRCh38_ensembl_release_107_ERCC_SIRV) using the STAR aligner [265].
Aligned reads wer e p a266]mdrdettocladsffyamdicaunte Count s 6
each alignment against the reference, using the appropriate annotation data.

The quality control of the sequencing was performed on the data for all 20
treated samples from four cell lines of HASMCs including (AZACO05, AZAC11,
AZAC12, and 159). The extent of clustering of replicates and separation of
treatments was presented using principal component analysis (PCA) plots (Figure
5.4), which showed that the genes related to the AZAC12 cell line clustered
separately from the other cell lines. Upon further investigation by the DeepSeq team,
they established that this cell line was mapped poorly to the human genome (Figure
5.4 A), and most genes mapped were to mycoplasma genes, indicative of a
mycoplasma infection in these cells. In addition, the five samples related to AZAC12
cell line were shown to be lower than usual mapping rates and mapping rate %
(Table 5.2). Therefore, the samples from this cell line were excluded from all
subsequent analyses in this chapter. RNA-seq was therefore carried out using three
cell lines (AZACO05, AZAC11, and 159) to eliminate potential mycoplasma effects that
have been associated with the cell line AZAC12 (Table 5.2). The PCA plots also
showed that the variability of the data and clustering changed when treatments with
poly(I:C)- and CSE + poly (I:C)-stimulated iHBECs were added to HASMCs,
indicating changes in gene expression in these treatment groups (Figure 5.4 B).
Quiality scores were shown to be good throughout the length of the reads, with
minimal drop-offinqual ity towards the 30 ends. The t o
analysis of filtered data revealed 13,224 genes were expressed in HASMCs at the

basal level.
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Table 5.2 Statistics relating to the mapping of quality filtered input reads to the
reference genome. Five samples related to AZAC12 cell line with lower than usual
mapping rates, suggesting mycoplasma contamination, are highlighted in grey.

Sample Cell line Uniquely mapped | Uniquely mapped (%) Average
length
1 AZACO05 6693070 62.6 105
2 AZACO05 1615122 59.01 104
3 AZACO05 5026235 51.56 106
4 AZACO05 4831405 48.32 105
5 AZACO05 4575199 47.6 105
6 AZAC11 5878769 56.61 100
7 AZAC11 5808185 54.61 102
8 AZAC11 4219063 41.67 103
9 AZAC11 3804422 41.07 103
10 AZAC11 5309717 47.03 98
11 AZAC12 2444536 22.32 98
12 AZAC12 2081906 17.99 101
13 AZAC12 2572537 21.98 98
14 AZAC12 2305746 19.54 99
15 AZAC12 1396504 15.18 101
16 159 5690346 55.61 103
17 159 5069139 53.59 102
18 159 4944058 49.11 102
19 159 4778323 48.11 100
20 159 5312570 54.25 103

5.4.3.2 Elution buffer as vehicle control had minimal effect on HASMC gene

expression compared to IHBECs cfDNA from the control group

cfDNA of iIHBECs was isolated using elution buffer, serving as the vehicle

control for all treatment groups, prior to HASMCs stimulation. Therefore, it was

important to determine whether cfDNA released from iIHBECs with no stimulation
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affects HASMC gene expression. A differential expression analysis between

HASMCs stimulated with elution buffer and HASMCs stimulated with iIHBECs cfDNA

from the control group, which had no treatment and referred as (control) in this study

identified only two upregulated genes (Table 5.3/5.4, Figure 5.5) and no

downregulated genes, confirming minimal effect of elution buffer alone on HASMC

gene expression. The elution buffer condition was then used as the reference

condition for all further comparisons.

Table 5.3 Summary of differential expression analysis for elution buffer vs. control

Gene Expression | Gene Count % of Total Comment

Total 13,224 100% | nonzero total read count
LFC >0 (up) 2 0.015% | adjusted p-value < 0.05
LFC <0 (down) 0 0% | adjusted p-value < 0.05
Outliers 6 0.45%

Low counts 0 0| Mean count<1

Table 5.4 UP-regulated genes, in contrast, Elution buffer vs. Control
(significantly changed only, sorted by log fold change (LFC)).

Gene ID

ENSG00000107262
ENSG00000099622

Gene Name

BAG1
CIRBP

baseMean log2FoldChange  Adjusted P value
35.290 2.529 4.04E-07
175.146 1.286 4.36E-02
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Figure 5.5 Volcano plot shows differentially expressed genes of HASMCs stimulated
with elution buffer compared to cfDNA from a control group of iHBECs.

Plot of the total 13,224 genes expressed in HASMCs. The x-axis shows the logFfold

change, indicating the magnitude of expression difference, while the y-axis shows the i logg €
adjusted p-value, reflecting statistical significance. Green dots represent variables with a fold
change exceeding the defined threshold but not statistically significant (adjusted p-value).

Red dots indicate variables that are both statistically significant (adjusted p-value) and meet
the fold change threshold. Grey dots mark variables that did not meet significance or fold
change cutoffs.

5.4.3.3 cfDNA of CSE -stimulated iHBECs had minimal effect on HASMC gene

expression
cfDNA from CSE-simulated iHBECSs significantly changed the

expression of only a single gene in HASMCs (Table 5.5/6, Figure 5.6). BAG1
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was the only gene that showed down-regulation when HASMCs were

stimulated with cfDNA from CSE-stimulated iIHBECs. Human BAG proteins

include six BAG family members (BAG1- BAG6) known to be involved in

various receptor signaling, such as growth factor and TNF receptor, as well

as transcription activity, which play a role in regulating apoptosis [403]. In

these results, the BAG1 gene was significantly reduced by 2.10-fold relative

to the elution buffer.

Table 5.5 Summary of differential expression analysis for CSE vs. elution buffer

Gene Expression | Gene Count % of Total Comment

Total 13,224 100% | nonzero total read count
LFC >0 (up) 0 0% | adjusted p-value < 0.05
LFC <0 (down) 1 0.0076% | adjusted p-value < 0.05
Outliers 6 0.045%

Low counts 0 0| Mean count<1

Table 5.6 Top DOWN -regulated genes, in contrast, CSE vs. elution buffer
(significantly changed only, sorted by LFC).

Gene ID

ENSG00000107262

Gene Name

BAG1

baseMean

35.290

log2FoldChange

Adjusted P
value

-2.107 1.12E-03
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Figure 5.6 Volcano plot shows differentially expressed genes of HASMCs stimulated
with cfDNA from CSE -stimulated iIHBECs compared to elution buffer group.

Plot of the total 13,224 genes expressed in HASMCs. The x-axis shows the logFfold

change, indicating the magnitude of expression difference, while the y-axis shows the i logg €
adjusted p-value, reflecting statistical significance. Green dots represent variables with a fold
change exceeding the defined threshold but not statistically significant (adjusted p-value).

Red dots indicate variables that are both statistically significant (adjusted p-value) and meet
the fold change threshold. Grey dots mark variables that did not meet significance or fold
change cutoffs.
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5.4.3.4 cfDNA of poly (I:C) -stimulated iHBECs had a significant effect on
HASMC gene expression

cfDNA from poly (I:C)-simulated iIHBECs caused significant differential
expression of 915 genes (3 HASMCs donor, adjusted p value<0.05, and fold change
cut off is 0) (Table 5.7). 698 genes were significantly upregulated and 217
downregulated (Figure 5.7). The top 20 most significant by largest fold change for
upregulated and downregulated genes are shown in Table 5.8 and Table 5.9 (full
gene lists are available in (Appendix 7.13.1)). The maximum fold change in the
upregulated genes was 12.345 for gene CXCL9. CXCL9 plays a key role in
antitumor immunity through recruiting and proliferating immune cells [404]. CXCL9,
which is considered a Thl-type chemokine, increases significantly in eosinophilic
and severe asthma, and its expression is enhanced by IL-27 and IL-13 interactions.
Increased serum levels of CXCL9 are related with AHR, acute exacerbations, and
disease severity, suggesting a role not just in Type 1 inflammation but also in the
complex inflammatory mechanisms underlying asthma pathogenesis [405, 406]. The
Guanylate-Binding Protein 5 gene (GBP5) was also found among the top
upregulated gene. GBP5 gene is member of the guanylate-binding protein (GBP)
family, which are interferon-inducible GTPases involved in host defense and immune
responses. GBP5 expression was markedly increased in influenza A virus-infected
HBECs A549 cell line, and in patients with influenza, highlighting its role in antiviral
defense and its potential significance in lung immune responses during viral infection
[407]The maximum fold change for downregulated genes was -5.797 for gene
Cystin-1 known as (CYS1), which involved in driving allergic inflammation and the
progression of allergic respiratory diseases [408], and contributes in driving nasal

epithelial cell recruitment in individuals with chronic eosinophilic rhinosinusitis [409].
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Table 5.7 Summary of differential expression analysis for Poly (I:C) vs. elution buffer

Gene Expression Gene Count % of Total Comment

Total 13,224 100% | nonzero total read count
LFC >0 (up) 698 5.3% | adjusted p-value < 0.05
LFC <0 (down) 217 1.6% | adjusted p-value < 0.05
Ouitliers 6 0.045%

Low counts 2,051 16% | Mean count< 1

Table 5.8 Top 20 UP -regulated genes, in contrast, Poly(l:C) vs. elution buffer

(significantly changed only, sorted by LFC).

Gene ID

ENSG00000138755
ENSG00000154451
ENSG00000134321
ENSG00000271503
ENSG00000131203
ENSG00000169248
ENSG00000169245
ENSG00000133328
ENSG00000183486
ENSG00000134326

ENSG00000135114
ENSG00000168389
ENSG00000171860
ENSG00000104951
ENSG00000081041
ENSG00000162654

ENSG00000131979
ENSG00000169429
ENSG00000163734
ENSG00000089127

Gene Name
CXCL9
GBP5
RSAD2
CCL5
IDO1
CXCL11
CXCL10
PLAAT2
MX2
CMPK2
OASL
MFSD2A
C3AR1
IL411
CXCL2
GBP4
GCH1
CXCL8
CXCL3
OAS1

baseMean log2FoldChange

190.832 12.345
114.655 11.803
1344.951 11.369
1155.738 11.269
83.824 11.250
1157.170 10.648
1402.034 10.485
38.102 10.157
232.015 9.973
199.388 9.765
287.201 9.489
19.776 9.141
17.280 9.018
54.833 8.699
14.045 8.673
395.585 8.604
150.707 8.385
76.023 8.367
51.919 8.272
227.735 8.194

Adjusted P value
3.52E-08
8.11E-15
1.50E-16
3.38E-42
9.11E-09
2.14E-11
1.75E-13
1.79E-11
2.93E-18
1.22E-17
1.12E-15
1.58E-08
1.42E-07
1.83E-10
1.72E-06
7.88E-39
7.89E-21
7.23E-10
3.07E-06
1.94E-34
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Table 5.9 Top 20 DOWN -regulated genes, in contrast, Poly(l:C) vs. elution buffer

(significantly changed only, sorted by LFC).

Gene ID

ENSG00000205795
ENSG00000148541
ENSG00000105048
ENSG00000138160
ENSG00000120693
ENSG00000064655
ENSG00000160345
ENSG00000126861
ENSG00000172346
ENSG00000276600
ENSG00000105784
ENSG00000170899
ENSG00000196932
ENSG00000154102
ENSG00000147655
ENSG00000128602
ENSG00000103034
ENSG00000243244
ENSG00000144199
ENSGO00000216775

Gene Name

CYS1
FAM13C
TNNT1
KIF11
SMAD9
EYA2
PIERCE1
OMG
CSDC2
RAB7B
RUNDC3B
GSTA4
TMEM26
Cl6orf74
RSPO2
SMO
NDRG4
STON1
FAHD2B
ENSG00000216775

baseMean

8.201
7.008
4.496
7.600
27.501
6.990
5.370
61.558
10.610
16.040
20.627
42.864
14.74
7.950
13.472
13.576
11.498
28.554
7.107
6.090

log2FoldChange

-5.797
-4.184
-4.016
-3.884
-3.600
-3.432
-3.354
-3.343
-3.289
-3.277
-3.273
-3.272
-3.255
-3.232
-3.096
-2.960
-2.833
-2.699
-2.679
-2.629

Adjusted P
value

9.53E-04
7.30E-03
4.68E-02
1.32E-02
2.07E-07
4.74E-02
3.89E-02
1.13E-09
7.08E-03
3.80E-04
1.32E-03
3.15E-06
6.52E-03
2.82E-02
2.39E-02
9.39E-03
6.03E-03
4.53E-05
3.93E-02
2.91E-02
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Figure 5 7 Volcano plot shows differentially expressed genes of HASMCs stimulated
with cfDNA from poly (I:C) -stimulated iIHBECs compared to elution  buffer group.

Plot of the total 13,224 genes expressed in HASMCs. The x-axis shows the logFfold

change, indicating the magnitude of expression difference, while the y-axis shows the i logg €
adjusted p-value, reflecting statistical significance. Green dots represent variables with a fold
change exceeding the defined threshold but not statistically significant (adjusted p-value).

Red dots indicate variables that are both statistically significant (adjusted p-value) and meet
the fold change threshold, including 698 upregulated and 217 downregulated genes. Grey
dots mark variables that did not meet significance or fold change cutoffs.

Separate pathway analysis of the significantly upregulated and downregulated
genes was used to identify overarching potential biological functionality of

differentially expressed genes. For upregulated genes pathways grouped by
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biological process (Figure 5.8 A), molecular function (Figure 5.8 B), cellular
component (Figure 5.8 C) and KEGG pathways (Figure 5.8 D) identified defence
response to virus among 816 pathways, double-stranded RNA binding among 40
pathways, cytoplasmic ribonucleoprotein granule among 16 pathways, and TNF
signaling pathway among 57 pathways, as the most significant pathways sorted by
adjusted P value for upregulated pathways respectively. While, for downregulated
genes pathways grouped by biological process (Figure 5.9 A), molecular function
(Figure 5.9 B), cellular component (Figure 5.9 C) and KEGG pathways (Figure 5.9 D)
identified regulation of mMRNA splicing among 10 pathways, rRNA binding among 2
pathways, peroxisome among 14 pathways, and purine metabolism as the most
significant downregulated pathways respectively.

Defence response to virus was the most significant pathway for biological
process suggesting that HASMCs activated antiviral immune mechanisms for
mounting an innate and adaptive immune response to cfDNA of poly (I:C)-induced
IHBECs aimed to recognizing and clearing viral infection. Among these pathways,
double stranded RNA binding pathway was seen as the most significant molecular
function pathway for upregulated genes which suggests an important role of dSRNA
binding in viral defense and innate immune responses. TNF signaling pathway was
also enriched among the KEGG pathways for upregulated genes which might
indicate the role of TNF in inflammatory signaling and apoptotic responses that
contribute to asthma pathogenesis. TNF-U has a pi vot al rol e
released during allergic responses, especially in the presence of IgE. It promotes
airway inflammation by increasing the expression of adhesion molecules, thereby
facilitating the migration of neutrophils and eosinophils into the airway wall [410,

411].
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On the other hand, peroxisome coordinates with other organelles to modulate
lipid metabolism and oxidative stress signaling, thereby affecting diverse cellular
processes [412]. Peroxisome in our study was the most significant downregulated
pathway for cellular components suggesting that HASMCs might have a reduced
capacity for lipid metabolism and antioxidant defense in response to cfDNA of poly
(I:C)-induced IHBECs which might lead to impaired lipid handling, or weakened
antioxidant defence, all of which could contribute to airway inflammation. Purine
metabolism was found to be associated with downregulated pathway in KEGG
pathway. Purine metabolism was the most significantly influenced in ovalbumin-
induced asthma in mice [413]. All of these suggest a potential involvement of
different pathways in regulated gene expressions of HASMCs in response to cfDNA

of poly (I:C)-induced iHBECs.
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Figure 5.8 Counts of significantly UP -REGULATED genes involved in (A) BIOLOGICAL
PROCESS, (B) MOLECULAR FUNCTION, (C) CELLULAR COMPONENT, and (D) KEGG
PATHWAY in the contrast Poly (I:C) vs. elution buffer.

Genes were selected for GO and KEGG analysis based on significant differential expression
(p.adj < 0.05).
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Poly_IC vs elution
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elution vs Poly IC
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Figure 5.9 Counts of significantly DOWN -REGULATED genes involved in (A)
BIOLOGICAL PROCESS, (B) MOLECULAR FUNCTION, (C) CELLULAR COMPONENT,
and (D) KEGG PATHWAY in the contrast Poly (I:C) vs. elution buffer.

Genes were selected for GO and KEGG analysis based on significant differential expression
(p.adj < 0.05).
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5.4.3.5 cfDNA of CSE + poly (I:C) -stimulated iIHBECs induced distinct

transcriptional changes in HASMC gene expression

cfDNA isolated from CSE+poly (I:C)-simulated iIHBECs also caused significant
differential expression of 833 genes (3 HASMCs donor, adjusted p value<0.05, and
fold change cut off is 0) (Table 5.10), relative to cfDNA from elution buffer-stimulated
IHBECs. 652 genes were significantly upregulated and 181 downregulated (Figure
5.10). The top 20 most significant by largest fold change for upregulated and
downregulated genes are shown in (Table 5.11 and Table 5.12), (full gene lists are
available in (Appendix 7.13.2)). The maximum fold change in the upregulated genes
was 12.359, for gene CXCL9, which was the same gene that was shown previously
for cfDNA of poly (I:C)-stimulated IHBECs group (Section 5.4.3.4). C-C motif
chemokine ligand 5 (CCL5) gene, also known as RANTES was among the top
upregulated genes of HASMCs stimulated with cfDNA of CSE +poly (I:C)-stimulated
iIHBECs. The CCL5 gene plays a role in type 1 (T1) inflammation in asthma, as
demonstrated by its strong association with T1 chemokines such as CXCL9 and
CXCL10, and has a role in the inflammatory processes occurring in the lungs of
asthmatic patients [414] and during COPD exacerbation, contributing to inflammation
and airway remodeling [415]. The maximum fold change for down regulated genes
was -4.569 for gene SMCO3, which refers to single-pass membrane protein with
coiled coil domain 3 [416]. This gene was not well investigated in the available
literature. However, it's the most significant downregulation gene in our
study, making it a potential target for future research, which could offer novel insights
into the molecular mechanisms underlying HASMCs' responses to HBECs injury and

cfDNA-mediated signalling.
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Table 5.10 Summary of differential expression analysis for CSE + Poly (I:C) vs. elution
buffer

Gene Expression Gene Count % of Total Comment

Total 13,224 100% | nonzero total read count
LFC >0 (up) 652 4.9% | adjusted p-value < 0.05
LFC <0 (down) 181 1.4% | adjusted p-value < 0.05
Outliers 6 0.045%

Low counts 770 5.8% | Mean count < 1

Table 5.11 Top 20 UP-regulated genes, in contrast, CSE + poly (I:C) vs. elution buffer
(significantly changed only, sorted by LFC).

Gene ID Gene Name baseMean log2FoldChange Adjusted P
value
ENSG00000138755  CXCL9 190.832 12.359 3.84E-08
ENSG00000154451 GBP5 114.655 11.815 9.08E-15
ENSG00000271503 CCL5 1155.738 11.461 1.17E-43
ENSG00000134321 RSAD2 1344.951 11.387 1.49E-16
ENSG00000131203 IDO1 83.824 11.272 9.61E-09
ENSG00000169248 CXCL11 1157.170 10.664 2.24E-11
ENSG00000169245 CXCL10 1402.034 10.565 1.29E-13
ENSG00000133328 PLAAT2 38.102 10.282 1.04E-11
ENSG00000183486 MX2 232.015 9.886 6.68E-18
ENSG00000134326  CMPK?2 199.388 9.704 2.37E-17
ENSGO00000135114 OASL 287.201 9.518 9.63E-16
ENSG00000171860 C3AR1 17.280 8.901 2.54E-07
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ENSG00000168389
ENSG00000162654
ENSG00000104951
ENSGO00000131979

ENSG00000089127
ENSG00000204642
ENSG00000169429
ENSG00000163734

Table 5.12 Top 20 DOWN -regulated genes, in contrast, CSE + poly (I:C) vs. elution

MFSD2A
GBP4
IL411
GCH1
OAS1
HLA-F
CXCL8
CXCL3

19.776
395.585
54.833
150.707
227.735
38.774
76.023
51.919

buffer (significantly changed only, sorted by LFC).

Gene ID

ENSG00000179256
ENSG00000126861
ENSG00000186310
ENSG00000150756
ENSG00000176909
ENSG00000243244
ENSG00000103034
ENSG00000147655
ENSG00000183496
ENSG00000180354
ENSG00000148541
ENSG00000113391
ENSG00000204856
ENSG00000126785
ENSG00000159685
ENSG00000084693
ENSG00000168268
ENSG00000172346
ENSG00000216775
ENSG00000206052

Gene Name

SMCO3
OMG
NAP1L3
ATPSCKMT
MAMSTR
STON1
NDRG4
RSPO2
MEX3B
MTURN
FAM13C
FAM172A
FAM216A
RHOJ
CHCHD6
AGBL5
NT5DC2
CSDC2
ENSG00000216775
DOK®6

baseMean

4.089
61.558
6.557
5.647
3.727
28.554
11.498
13.472
13.317
45.195
7.008
104.647
13.416
21.090
9.713
28.651
18.880
10.610
6.090
14.435

8.697
8.665
8.420
8.328
8.292
8.197
8.174
8.071

log2FoldChange

-4.569
-3.889
-3.793
-3.328
-3.315
-3.110
-2.963
-2.922
-2.798
-2.746
-2.718
-2.639
-2.633
-2.501
-2.567
-2.564
-2.556
-2.554
-2.477
-2.457

1.06E-07
2.28E-39
9.20E-10
1.55E-20
2.38E-35
1.27E-08
2.15E-09
6.20E-06

Adjusted P value

1.34E-02
1.75E-11
1.74E-02
4.28E-02
4.85E-02
3.47E-06
3.73E-03
3.18E-02
7.28E-03
8.49E-07
2.41E-02
1.49E-15
2.57E-03
4.18E-04
2.91E-02
2.94E-05
2.36E-03
1.55E-02
3.42E-02
6.03E-03
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CSE_PLUS_Poly_IC vs Elution Buffer

@ Not Sig. FC > threshold @ Sig. padj-value and FC > threshold

80 4

60
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—Logyo P adj.

Log, fold change

total = 13224 variables

Figure 5 .10 Volcano plot shows differentially expressed genes of HASMCs stimulated
with cfDNA from CSE+poly (I:C) -stimulated iHBECs compared to elution buffer group.

Plot of the total 13,224 genes expressed in HASMCs. The x-axis shows the logFfold

change, indicating the magnitude of expression difference, while the y-axis shows the i logg €
adjusted p-value, reflecting statistical significance. Green dots represent variables with a fold
change exceeding the defined threshold but not statistically significant (adjusted p-value).

Red dots indicate variables that are both statistically significant (adjusted p-value) and meet
the fold change threshold, including 652 upregulated and 181 downregulated genes. Grey
dots mark variables that did not meet significance or fold change cutoffs.

As for section 5.4.3.4, separate pathway analysis of the significantly
upregulated and downregulated genes was used to identify the overarching potential
biological functionality of differentially expressed genes. For upregulated genes

pathways grouped by biological process (Figure 5.11 A), molecular function (Figure
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5.11 B), cellular component (Figure 5.11 C) and KEGG pathways (Figure 5.11 D)
identified defense response to virus among 805 pathways, double-stranded RNA
binding among 37 pathways, cytoplasmic ribonucleoprotein granule among 11
pathways, and TNF signaling pathway among 61 pathways, as the most significant
pathways sorted by adjusted P value for upregulated pathways respectively. For
downregulated genes pathways grouped by biological process (Figure 5.12 A),
molecular function (Figure 5.12 B), cellular component (Figure 5.12 C) and KEGG
pathways (Figure 5.12 D) identified positive regulation of translation among 5
pathways, ribosomal large subunit binding, large ribosomal subunit among 3
pathways, and thiamine metabolism as the most significant downregulated pathways
respectively.

The upregulated pathways involved in CSE+poly (I:C)-induced iIHBECs group
were similar to those in cfDNA of poly (I:C)-stimulated iHBECs group including the
most significant pathways such as defense response to virus, double-stranded RNA
binding, cytoplasmic ribonucleoprotein granule, and TNF signaling pathway and
other pathways such as regulation of viral process, chemokine activity, and outer
membrane which might suggest that the effect of HASMCs gene expression was
largely mediated by poly (I:C). However, the findings of this study revealed that the
most significant downregulated pathways were different than those with cfDNA of
poly (I:C)-stimulated iHBECs group. Among these pathways, thiamine metabolism
was found to be enriched as the most downregulated in KEGG pathway. Thiamine
deficiency has been found to be associated with pulmonary hypertension, which
might complicate asthma pathogenesis [417], suggesting the impact of CSE on the
involvement of this pathway. Ubiquitin protein ligase binding was also found to be

associated with downregulated pathways in molecular function in CSE+poly (I:C)-

213



stimulated iIHBECs group but not in poly (I:C)-stimulated iHBECs group.
Ubiquitylation is a posttranslational alteration in which ubiquitin molecules are linked
to target proteins, either individually or in chains. These various ubiquitin patterns
form a type of "code" that affects specific cellular outcomes. This mechanism
controls almost all cellular processes by affecting protein destiny, shape, and
function [418]. The findings in our study showed that ubiquitin protein ligase binding
was among the most significant pathways in cfDNA of CSE+poly (I:C)-stimulated
iIHBECs group, suggesting a potential disruption in protein degradation and cellular

signaling processes caused by CSE.
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