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Abstract

Asthma is a chronic inflammatory lung disease affecting over 300 million individuals worldwide. Both respiratory viral
infections and aeroallergens have been identified as important risk factors for asthma. Rhinovirus (RV) infection has
been recognized as a major cause of asthma exacerbations, and current research indicates that RV and allergens
may have a synergistic effect, resulting in a higher risk of acute asthma exacerbations. Acute asthma exacerbations
are characterized by worsened inflammation in the airways; this severe acute state currently lacks
effective treatments and represents a significant unmet medical need.

The aim of this PhD thesis is to investigate the innate immune response of bronchial epithelial and smooth muscle
cells to aeroallergens, allergic mediators, RV-infections alone and/or in combinations. We employed in vitro cultures
of cell lines or primary human bronchial epithelial cells (HBECs) or bronchial smooth muscle cells (BSMCs) from
healthy and asthmatic patients to study the regulation and molecular mechanisms of alarmins, anti-viral proteins
and pro-inflammatory cytokines.

In summary, our results demonstrated that, HBECs release ATP and the pro-inflammatory cytokine IL-8, in response
to stimulation with four different allergens; house dust mite (HDM), Altenaria alternata (Mugwort), Betula pendula
(Birch) and Artemisia vulagris (Fungal). Only HDM induced uric acid release in HBECs as well as in our HDM-
induced mouse model of allergic airway inflammation. Using specific inhibitors, we found that these responses were
mainly dependent on allergen serine proteases. We further stimulated HBECs with the mast cell proteases tryptase
and chymase and the results showed that these proteases induced ATP, IL-8 and IL-6 release and pre-treatment
with tryptase and chymase reduced viral-induced IFN-B response. Reduced anti-viral response was associated with
decreased pattern recognition receptors expression in HBECs. Further we confirmed that mast cell proteases can
influence the epithelial integrity by reducing expression of tight junctional proteins expression. Next, we have
investigated RV-induced IL-33 expression and regulating mechanisms in BSMCs from healthy and patients with
asthma. Our results suggest that RV-induced IL-33 expression was higher in non-severe asthmatics compared to
healthy and severe asthmatics. This response was mainly regulated through TLR-3 and activation of downstream
signalling pathway TAK1 in BSMCs. We further show in a clinical RCT study that, house dust mite sublingual allergen
immunotherapy (HDM-SLIT) increases viral-induced interferons and reduced alarmin IL-33 expression in HBECs.
Our data suggest that allergic asthma patients who have a history of asthma exacerbations and recurrent respiratory
infections could potentially benefit from AIT treatment.

In conclusion, our study has provided new understandings into how the interaction between allergens and viral
infections influences the bronchial epithelial and smooth muscle cells to induce inflammation by producing alarmin
cytokines as well as antiviral immunity in asthma.
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Introduction

Asthma

Asthma is a chronic inflammatory lung disease that affects more than 300
million people worldwide and is responsible for over 250,000 deaths each
year [1]. Asthma is a complex heterogeneous disease that includes multiple
distinct disease phenotypes with different etiologic and pathophysiologic
characteristics [2]. Individuals with asthma suffer from respiratory symptoms
such as wheezing, coughing, shortness of breath, variable airflow limitations
and airway hyper-responsiveness (AHR) to environmental irritants [3]. The
diagnosis of asthma is based on the patient’s history of characteristic
respiratory symptoms, family history and lung function. Asthma diagnosis
must identify a limitation in expiratory airflow and provide evidence of
reversible obstruction [4]. Spirometry provides the most accurate
measurement of variable airflow limitation or obstruction [5]. To
demonstrate reversible airflow obstruction, guidelines recommend
performing spirometry measurements (forced expiratory volume during 1%
second (FEV1), forced vital capacity (FVC), and FEV1/FVC ratio) before
and after the administration of a short-acting bronchodilator [6]. Asthma is
often shown by at least a 12% increase in FEV1 (over baseline values) and
at least a 200-mL increase in FEV1 over baseline after bronchodilator [7].

Risk factors of asthma

Asthma is a complex genetic condition, according to both family-based and
twin studies [8]. The clinical manifestation of the disease and its related
phenotypes, including bronchial hyperresponsiveness, atopy and increased
IgE, are also known to be influenced by a variety of genetic and
environmental variables [9]. Exposure to aeroallergens include dust mites,
animal dander, cockroaches, mould, pollen, air pollutants and cigarette
smoke are among the factors associated with an increased risk for
development of asthma [10]. Lower respiratory tract infections with
respiratory syncytial (RSV) virus and potentially with other viruses like
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rhinovirus (RV) and meta-pneumovirus, or bacterial infections, strenuous
activity, cold air, chemical fumes and strong emotions are all known to
aggravate asthma symptoms [11] (Figure 1).

Mites
Smoking (” Infections
_L TR
Pollens i ’ Pollutants
2h &
' ‘_‘“ﬁ-’x Risk factors e
Exercise of asthma S Mould

and Stress

Chemical '“’6 Genetics
fumes

Pets

Figure 1: Examples of different risk factors of asthma. Biorender 2022.

Pathophysiology

The pathophysiology of asthma is complex and involves both innate and
adaptive immune mechanisms that may lead to airway inflammation,
intermittent airflow obstruction, and AHR [12]. Chronic airway
inflammation subsequently results in airway edema, mucus hypersecretion,
mucus trapping, and airway remodelling. Subepithelial fibrosis, sub-
basement membrane thickening, increased airway smooth muscle mass,
angiogenesis, and mucous gland hyperplasia all contribute to the remodelling
of the airways, which leads to long-lasting structural alterations [13]. T
helper (Th) 1, 2, and 17 and type 2 innate lymphoid cells (ILC2) responses,
as well as underlying genetic predisposition, are involved in the
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pathophysiology of how these known factors (Figure 1) cause persistent
structural alterations in the different asthma phenotypes [11].

Phenotypes and endotypes

Rackemann first classified asthma phenotypes based on a single dimension
and focused on easy classifications. That study defined two clinical asthma
phenotypes, extrinsic and intrinsic asthma based on the involvement of
allergens [14]. Today, it is increasingly understood that asthma is a
heterogeneous syndrome that functions as an "umbrella term" for a number
of different diseases aetiologies, each of which is characterized by a unique
underlying pathophysiological mechanism [15]. According to Global
Initiative for Asthma (GINA), specific "asthma phenotypes" are observable
combinations of clinical, biochemical, and physiological traits, whereas an
"asthma endotypes" refers to a subtype of a disease that is functionally and
pathologically determined by a molecular mechanism or by treatment
intervention [2].

Current approaches for phenotyping asthma include demographic and risk
factors (such as age, obesity, and smoking), clinical (such as early/late onset,
symptoms, exercise-induced, health status), response to treatment (such as
inhaled and/or oral steroid sensitivity), airway obstruction (variable or
partially  fixed), trigger-related,  bronchial = hyperresponsiveness,
exacerbations and allergy [16-18]. Asthma was classically considered to be
an allergic, Th2-dependent inflammation because bronchial biopsies and/or
bronchoalveolar fluid from asthmatics contained increased numbers of CD4+
lymphocytes, eosinophils, and mast cells [19]. However, T2-high and T2-
low asthma has been identified as two subtypes of the condition based on the
level of T2 inflammation. T2-high asthma is characterized by eosinophilic
airway inflammation, which is linked to elevated fractional exhaled nitric
oxide (FeNO) and/or elevated blood eosinophil counts, while T2-low asthma
comprises neutrophilic asthma and paucigranulocytic asthma. Mixed
granulocytic asthma is defined as the presence of eosinophilic and
neutrophilic airway inflammation [20, 21]. Recently many studies revealed
that ILC2 can produce IL-5 and IL-13 without the involvement of adaptive
immune cells [22].
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Allergic asthma

Allergic respiratory disorders such as allergic rhinitis and asthma are among
the most common diseases worldwide, causing a considerable public health
and economic burden due to morbidity and the impact on quality of life [23].
Allergic asthma, atopic dermatitis, allergic rhinitis, and food allergy are the
most frequent allergic disorders affecting children, and their incidence has
increased in recent years [24]. The onset and progression of allergic diseases
are strongly influenced by an allergen sensitization to specific allergens.
More than 50% of people with severe asthma also have allergic asthma [25,
26]. Patients who have allergic asthma or IgE sensitization to allergens are
more prone to develop chronic, persistent inflammation in asthma [27]. As
previously discussed, as regards risk factors of asthma, allergens such as
house dust mites (HDM), animal dander, cockroaches, or fungus play a
significant role in asthma inflammation. Additionally, asthma has been
linked to seasonal pollen exposure [28]. The rationale for the role of
allergens in asthma is that prolonged exposure to an allergen in a sensitized
individual increases their chances of developing allergic asthma [29]. More
than 80% of children who have asthma are also allergic to environmental
allergens, with indoor allergens in particular playing a significant role in the
development of asthma [30].

The airway epithelium

The airway epithelium of the upper (nasal) and lower (lung) airway serves as
the first line of defence against inhaled foreign substances and is in direct
contact with inhaled air and other compounds [31]. The distal airway
epithelium is composed of multiple cell types that can be differentiated by
their shape and function (Figure 2). The cells of the airway epithelium in the
lower airways have a polarized and pseudostratified appearance and are
comprised of secretory cells, basal cells, goblet cells, club cells, and ciliated
cells. These are the most prevalent cell types in the airways, which include
the trachea and bronchi [32]. The basal cells are the primary stem cells of the
epithelium that facilitate epithelial regeneration. The apical surface is
covered with ciliated cells, which help transport mucus through the airways
and the ciliated cells work together with secretory cells that make mucus to
trap and remove microorganisms and foreign material from the airways
[33]. Type 1 and type 2 alveolar cells are more prevalent in the lower airways
and alveoli [34].
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Figure 2: The structure and protective immune barrier capabilities of the human airway epithelium. Biorender 2022.

The airway epithelium plays an important role in onset and development of
asthma. Additionally, it plays a crucial role in the initiation of host defence
and the regulation of lung immune responses [35]. The primary function of
the airway epithelium is to act as a physical barrier between the internal and
external environment [35, 36]. The development of asthma is suggested to
be influenced by reduced barrier function and increased goblet cell
differentiation in the epithelium [37]. Airway epithelial cells (AECs) not only
act as a physical barrier but most recently are recognised as an immune
barrier initiating and regulating immune responses to inhaled substances by
secreting a variety of molecules including alarmins, chemokines, cytokines,
anti-viral proteins and extracellular matrix components [37-39].

Evidence suggests that epithelial cells play critical roles in the initiation,
maintenance, and regulation of both innate and adaptive immune responses
in the airways [40]. By forming a trans-epithelial interacting cellular
network, dendritic cells (DCs) and airway macrophages work together as
defenders against foreign particulate antigens [41]. During inflammatory and
immune responses, AECs express pattern recognition receptors (PRRs) to
initiate a host defense response, interact with DCs to control antigen
sensitization, and release cytokines to attract effector cells [38, 39].
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Airway smooth muscle cells

Airway smooth muscle (ASM) surrounds the airway tubes in humans, from
the trachea to the smaller airways [42]. The pathophysiology of airway
remodelling in asthma is most notable for the increased number and size of
ASM. Remodelling has been reported in smooth muscle cells [43] and
frequently involves physical alterations to the ASM, such as hypertrophy
and/or hyperplasia, which increase ASM mass and, consequently, increase
the thickness of the airway wall [44]. In people with severe asthma, it has
been discovered that increases in ASM mass are linked to a decline in lung
function compared to healthy individuals [45] (Figure 3).

Normal Asthmatic
Airway Airway

-_— Increase in number
— and size of smooth
muscle cells

Bronchial smooth muscle bundle

} }

+ Mucus clearance + Bronchoconstriction
* Defense * Hyperresponsiveness
¢ Cough ¢ Inflammation

+ Vestigial ¢ Remodeling

Interaction with epithelium

Figure 3: Features of airway smooth muscle cells of the normal and asthmatic airways. Figure adapted from Solway
J, etal. N Engl J Med. 2007 [46]. Biorender 2022.

ASM cells are crucial for development, maintenance, and contraction of the
airways. In addition to its contractile function, is recognized for its active role
in the development of asthma. ASM can produce a variety of pro- and anti-
inflammatory mediators in response to infection, inflammation, injury, and
microbial products [47]. Interestingly, our research group showed for the first
time a novel role for the ASM in the production if antiviral interferons and
alarmins [48, 49]. ASM cells express a variety of cell surface components,
including intergrins, costimulatory factors, and PRRs, which contribute to
their ability to promote inflammation and regulate immune responses [50].
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In line with this, the ASM has the ability to release a range of growth factors,
chemokines, and cytokines that can promote the attraction and survival of
inflammatory cells, such as mast cells (MCs) [51]. Human ASM in culture
produces and releases eotaxin in response to a variety of inflammatory
cytokines, including interleukin-beta (IL-1) and tumor necrosis factor-alpha
(TNF-a) [52, 53] and ASM cells produce cytokines like transforming growth
factor —beta (TGF-1P) to attract mast cells in vitro [54]. There is evidence
that ASM cells produce inflammatory cytokines such as CCL5, IL-6, IL-8,
CXCL10, MCP-1 and the T2 cytokines thymic stromal lymphopoietin
(TSLP) and IL-33 [55].

Airway innate immunity

PRRs are necessary for initiating an innate immune response. These
receptors are widely expressed by immune cells including dendritic cells
(DCs) and macrophages and also non- professional immune cells such as
epithelial, endothelial and smooth muscle cells [56]. There are many types of
PRRs families, like toll-like TLRs, retinoic acid-inducible gene (RIG)-I-like
receptors (RLRs), nucleotide-binding oligomerization domain (NOD)-like
receptors (NLRs), C-type lectin receptors (CLRs), and PARs [57]. Sensing
of PAMPs and danger associated molecular patterns (DAMPs) by PRRs up-
regulates the transcription of genes involved in inflammatory responses.
These genes encode pro-inflammatory cytokines, type I interferons (IFNs),
chemokines and antimicrobial proteins [57].

One of the early PRRs found in the innate immune system, which is crucial for
inflammatory responses, were TLRs [58]. Based on the cellular localization of
TLRs they determine the types of ligands and the recognition mechanism.
TLR3, TLR7, TLR8 and TLR9 are expressed in the form of homodimers,
which primarily recognize the nucleic acids of microorganisms. Other TLR1,
2,4,5, 6, 10 are expressed on the surface of immune or bronchial epithelial
cells in the form of heterodimers or homodimers, recognizing the membrane
components of pathogenic microorganisms, such as lipids, lipoproteins, and
proteins [59, 60]. TLR3 was the first TLR to be linked to the recognition of
viral nucleic acids. Despite TLRs 3, 7, 8, and 9 can access viral nucleic acids
at the plasma membrane, they mainly reside in the endosome. Polyinosinic-
polycytidylic acid (poly(I:C)), a synthetic analogue of double-stranded RNA
(dsRNA) that mimics viral infection and triggers antiviral immune responses
by promoting the production of both anti-viral proteins (interferons) and
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inflammatory cytokines, was initially identified as the recognition molecule
(ligand) for TLR3 [61] including dsRNA molecule produced by ssRNA
viruses during replication.

RNA viruses are also recognized by RLRs, which are intracellular receptors
found in the cytoplasm. The RLR family includes at least three members: RIG-
I, melanoma differentiation factor-5 (MDAS), and laboratory of genetics and
physiology-2 (LGP-2). Recognition of viral RNA by RLRs triggers innate
antiviral responses, primarily through the rapid induction of type I IFNs and
inflammatory cytokines, which limit viral replication and coordinate an
antigen-specific, adaptive immune response [62]. Both RIG-1 and MDAS
contain helicase and repression domains as well as two repeating CARD
motifs at their N-termini. RIG-1 detects double-stranded RNA, triggering
IRF3 and resulting in the production of type I IFNs. MDAS and RIG-I share
homology in their CARD and helicase domains but LGP2 lacks a CARD
domain [63]. IFN-f release and the activation of the IRF3 transcription factor
are both increased by the activation of RIG-I or MDAS, indicating that these
two RLR proteins engage the same signalling pathway [63] (Figure 4).

Endosome RIG-I/MDA-5
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Figure 4: An overview of the signalling pathways which are activated by rhinovirus infection. Viral particles enter the
cells and release dsRNA during their replication. dsRNA recognized by PRRs, such as TLR3 and the RIG-I-like
receptors (RIG-I/MDAS5) regulate various signalling pathwaya and leads to the activation of the transcription factrors
NFkB and IRF3/IRF7. Activation of these transcription factors leads to production of pro-inflammatory and anti-viral
cytokines. Biorender 2022.
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Allergic airway inflammation

Allergic asthma involves the classical allergen-induced airway inflammation
[64]. The asthmatic airway epithelium acts as a key source of epithelial
alarmin cytokines such as IL-25, IL-33 and TSLP when exposed to allergens,
pollutants, and other pathogenic substances, which cause Th2 cell
polarization [65-67]. Recent studies have revealed that group 2 innate
lymphoid cells (ILC2) play an important role in type 2 immunity and asthma
immunopathogenesis [68-70]. ILC2 become activated in response to
epithelial alarmin cytokines and release type 2 cytokines (IL-5 and IL-13)
and prostaglandin [71], which enhance Th2-driven allergic reactions in the
airways .

An increasing body of evidence supports the role of interaction between
bronchial epithelial cells and dendritic cells (DCs) following allergen
exposure during the initiation of asthmatic response [72]. When an allergen
is inhaled, the professional antigen-presenting cells in the airways, DCs,
present it to naive T-cells, which drives the formation of activated Th2 cells.
The Th2 cells produce a number of cytokines that stimulate the production
IL-4, IL-5, IL-13 among other pro-inflammatory cytokines that can also be
produced by ILC2 [73]. Further, cytokines released by Th2 cells direct B
cells to generate IgE. High-affinity receptors (FceRI) on MCs and
eosinophils captures IgE produced by B cells at the cell surface and allergens
cross-link to the IgE causing MCs to produce cysteinyl leukotriene,
prostaglandin D2, and histamine, which constricts the smooth muscles of the
airways and increases microvascular permeability, mucus secretion, and
inflammation [25] (Figure 5).
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Figure 5: Allergens-induced airway inflammation. The bronchial epithelium are exposed to environmental allergens
through inhalation. If these stimuli reach the epithelium, they cause the production of alarmins such as IL-33, IL-25,
and TSLP. ILC2 become activated and release pro-inflammatory Type 2 cytokines like IL-5, IL-4 and IL-13 to induce
eosinophil recruitment and mucus production, respectively. Dendritic cells function as a platform for the antigen-
dependent activation of T helper cells, a kind of adaptive immune cell. Additionally, Th2 cells work with B cells to
stimulate the creation of allergen-specific IgE and IgG1 antibodies, which attach to mast cells on mucosal surfaces.
Repeated exposure to the allergen causes allergic inflammation, which in turn triggers the production of inflammatory
mediators that impact the nearby tissues and cause the onset of symptoms. Figure adapted from [74], Biorender
2022.

House dust mite (HDM)

Approximately 50-85% of people who suffer from allergic asthma are
sensitized to HDM [75, 76]. In particularly, two strains of HDM,
Dermatophagoides pteronisunnus (Der p) and Dermatophagoides farina
(Der 1), are found all over the world. Der p is the strain of HDM that is most
commonly found in most countries [77]. House dust mite faecal pellets and
the mites themselves have the allergenic potential. More than 20 proteins
found in HDM have been classified as allergens, including structural proteins
and different enzymes [78]. The best-characterized mite-derived allergens
have been categorized into groups that include serine (Derp3, Derp6 and
Derp9) and cysteine (Derpl and Derp3) proteases, non-protease lipid-
binding molecules (Der p2), -helical proteins (Der p5), chitinases (Derpl5
and Derp18) and structural molecules such as tropomyosin (Derp10) [79].
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Although HDM contains a variety of proteases, the cysteine and serine
proteases and their proteolytic activity has been mainly implicated for HDM
allergenicity [80].

Asthmatic patients were exposed to HDM experience exacerbated
bronchospasm and bronchial hyper-reactivity compared to mite-free
environments [81]. The fact that HDM exposure and sensitization levels are
reliable clinical predictors of asthma in in vivo provides additional evidence
for the association between HDM and asthma [82, 83]. Furthermore, the fact
that the interaction of mite sensitization or exposure, and respiratory virus
infection worsens the asthma exacerbations as well as being the major cause
of acute wheezing or hospitalization [84, 85] makes HDM of particular
interest. Inhaling HDM can cause the proliferation of bronchial smooth
muscle [86] and the presence of HDM-specific IgE was found in the sputum
of asthmatics [87] are two major additional supporting factors that the
connection between HDM and asthma.

Pollen

Allergenic pollen grains are typically produced by wind-pollinated trees,
grasses, and weeds. They typically have a diameter of 10 to 100 um, which
enables them to enter both the upper and lower respiratory tracts [88]. The
geographic distribution of these plants and the unique traits of the pollen
grain, such as size, dispensability, and dynamic density, have a significant
role in exposure and sensitization to pollens. Respiratory allergy reactions
caused on by pollens have been more common and more severe in recent
decades [89-92]. Due to their prevalence in the atmosphere [93] and
allergenic potency [94], the following pollen allergens are of significant
relevance in Europe: (Betula alba or pendula), alder (Alnus incana), hazel
(Corylus avellana), cypresses (Cupressus sempervirens), olive (Olea
europaea), mugwort (Artemisia vulgaris and Platanus vulgaris), ragweed
(Ambrosia artemisiifolia), and wall pellitory (Parietaria Judaica) [95].

Birch pollen, with Bet v 1 as the main allergen, and is responsible for high
rates of sensitization in people with tree-pollen allergies [96]. Seasonal
exposure to birch pollen can lead to allergic sensitization in those who are
genetically predisposed, which is characterized by the differentiation of
Th2 cells and the development of allergen-specific IgE antibodies increasing
the course of the allergic diseases and causing allergic symptoms [97].
Epidemiological studies have shown that an increased risk of asthma
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exacerbation is linked to the onset of the pollen season [98]. Intrinsic factors
in pollen such as proteases, aqueous pollen proteins, lipids, nicotinamide
adenine dinucleotide phosphate (NADPH) and antigens can trigger innate
immune responses and cause allergic airway inflammation [99]. Also, pollen
components may influence the epithelial barrier in addition to modulating
immune cells. It has been proposed that pollen-released proteases disrupt the
functioning of the epithelial barrier [100].

Fungi

Most allergenic fungus spores can penetrate deep into the lower airways of
exposed persons due to their small size, which ranges from 3 to 8 um [101,
102]. Fungi allergies affect roughly 3-10% of the general population in
developed countries [103]. Most commonly, sensitivity to Alternaria,
Cladosporium, Aspergillus, Penicillium, and Fusarium 1is observed.
Alternaria are the most frequent moulds that cause asthma and increase
diseases severity and mortality [104]. In addition to dust mites and pollens,
fungi are also the main sources of sensitization in allergic respiratory
diseases, with Alternaria alternata and its major allergen Alt a 1 being the
most important and extensively studied in allergic diseases [105-
108]. Previous studies have shown that the chitin component of fungal cell
walls strongly activates the immune system, resulting in allergies and allergic
asthma [109, 110]. The adverse effects of fungi on the respiratory tract are
linked to a concurrent development of inflammation and disruption to the
respiratory epithelial cells by non-allergenic proteins and toxins [111].

Allergen proteases

Allergenic proteins with broad structures and functions are responsible for
allergenicity [112]. Enzymatic activity, especially protease activity of
specific proteins, has been linked to allergenicity [113]. Allergenic sources,
including pollen, house dust mites (HDMs), cockroaches, food, venom and
fungus may contain protease allergens. A comprehensive list of protease
allergens from different sources that have been identified and listed in
WHO/IUIS allergen database (http://www.allergen.org/). Allergens
proteases are mainly classified based on their protein structure or sequence
similarities with serine, cysteine, aspartic or metalloproteases [114].
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Protease-antiprotease balance

The maintenance of epithelial barriers in the airways depends on a fine
balance between proteases and protease inhibitors, which disruption causes
allergic sensitization and inflammation [115]. The significance of protease-
antiprotease imbalance in asthmatic airways has been established by earlier
studies [116, 117]. After exposure to an antigen, both early mast cell (MC)
reactions, and late leukocyte activation, have been demonstrated to
considerably increase the protease load in human airways [118]. The
pathophysiology and the remodelling of the airways are associated with
asthma and significantly influenced by this increase in proteolytic activity.

Disruption of epithelial barrier

There is evidence that the barrier function of the airway epithelium is
impaired in patients with asthma [113]. The airway epithelium acts as a
physical barrier by forming tight junctions (TJs), which block off the para-
cellular space. For the integrity of the epithelial barrier, adherens junctions
and apical TJs that keep airway epithelium together and maintain their
characteristics. Zonula occludens (ZOs) proteins ZO1-3, occludin, claudins
1-5, and transmembrane adhesion proteins (beta-catenin, E-cadherin, and
junctional adhesion molecule—1) are some of the proteins and receptors that
interact to form TJs [119]. Previous studies showed that extracts from
Alternaria species increased the epithelial permeability of cultured HBECs
from asthmatic patients [120]. The transmembrane adhesion proteins E-
cadherin (E-CDH), claudin-1, Occludin, and zonula occludens-1 (ZO-1)
were demonstrated to be disrupted by proteases present in pollen diffusates,
increasing trans-epithelial permeability. Tight junction disruption and
increased trans-epithelial permeability allow allergens to enter epithelial
sublayers, resulting in sensitivity to a wide spectrum of allergens [121].

Protease allergen as an inducer of T2 inflammation

T2 allergic immune responses have been linked to allergen protease activity
[122]. Active proteases increased IL-33 levels in the lungs, whereas IL-33
deficient mice exhibited lower IgE/IgG1 levels and reduced eosinophils,
suggesting the significance of IL-33 in protease-induced sensitization [122].
Furthermore, investigations have demonstrated that animals exposed via the
nasal mucosa with active or inactive cysteine protease exhibited Th2 type
lung hypersensitivity [123].
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Activation of bronchial epithelial cells

The activation of PRRs such as TLRs and protease activated receptors
(PARs) allows epithelial cells to detect and respond to inhaled allergens or
proteases [124]. These activated receptor signals cause nuclear factor kB
(NF-kB) or mitogen-activated protein kinases (MAPKSs) activation, which in
turn causes the transcription of many pro-inflammatory genes, including
cytokines and chemokines and anti-viral responses [125, 126]. In allergic
respiratory diseases, proteases have been demonstrated to promote pro-
inflammatory cytokine production by epithelial cells via PARs [127]. Pro-
inflammatory cytokines IL-6, IL-8, granulocyte macrophage colony-
stimulating factor and monocyte chemotactic protein-1 were secreted by
airway epithelial cells after exposure to mite, timothy grass pollen, or birch
pollen extracts [128, 129]. HDM derived proteases Der p 1 and other Der p
antigens have been found to directly promote the release of pro-inflammatory
cytokines and chemokines from HBECs and airway epithelial cell lines
through protease-dependent pathways [130, 131].

DAMPs or Alarmins

During epithelial cell damage, due to tissue injury or infections, the
epithelium rapidly releases molecules which are already pre-stored inside the
cells, that thus react with immune cells and trigger inflammation. These
molecules can alert our body’s defence of danger, and are therefore called
endogenous danger signal or DAMPs or alarmins [132]. PAMPs and DAMPs
are produced as a result of infection and cell damage or injury, and they
activate PRRs in endosomes and on the cell membrane to trigger an
inflammatory response. Similar pathways are activated by cytoplasmic
PAMPs when they connect to NOD1 and NOD?2 [133] (Figure 6). Further,
these released molecules activate downstream multiprotein complexes
known as inflammasomes, which then activate caspase-1 and cleave IL-1beta
and IL-18 into active form [134]. In particular, it has been demonstrated that
HDM activates the NLRP3 inflammasome through the PI3K/Akt pathway,
which results in inflammation in asthma [135].
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Figure 6: PAMPs and DAMPs are produced as a result of infection and cell damage or injury, and they activate TLRs
in endosomes and on the cell membrane to trigger an inflammatory response. Similar pathways are activated by
cytoplasmic PAMPs when they connect to NOD1 and NOD2.Figure adapted from Innate pathways of immune
activation in transplantation. Journal of transplantation (2010). Biorender 2022.

Based on their origin DAMPs were classified to be cytosol, nuclear,
mitochondria, or endoplasmic reticulum. Calcium-binding protein S-100,
high-mobility group box protein 1 (HMGB1), or uric acid (UA) are examples
of "Intracellular" DAMPs, which are a group of immunogenic chemicals
produced by the breakdown of necrotic and apoptotic cells. "Extracellular”
DAMPs are extra cellular matrix (ECM) components (glycoproteins,
proteoglycans, or glycosaminoglycans) [136]. Previous studies showed that
necrotic cells release DAMPs such as HMGB1, HSPs, and S100, which alter
the innate and adaptive immune responses through interaction with pattern
PRRs [136].

Metabolite DAMPs

Uric acid

UA has been regarded as a DAMP molecule and is synthesized in all cells by
the degradation of purines from DNA and RNA [137]. Also, released from
dying or damaged cells and a purinergic metabolite end product [138]. The
accumulation of UA in tissues can cause gout, but soluble uric acid released
by dead cells or injured cells acts as a danger signal to the immune system
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[139]. UA levels increase in serum and can undergo the phase change of
crystallization to monosodium urate crystals. UA crystals strongly trigger
acute neutrophilic inflammation through stimulation of the NLRP3
inflammasome and release of interleukin-1f [140].

Role of UA in asthma

UA is recognized as an inflammatory mediator of allergic asthma and a cause
of acute neutrophilic inflammation. At the start of an asthma attack, serum
UA levels was increased and had a negative impact on asthmatics spirometric
pulmonary functioning [141]. A previous study demonstrated that the Th2
cell adjuvant aluminium hydroxide, or alum, which is often co-injected with
nontoxic antigens intraperitoneally to mice to induce allergic sensitization
and experimental asthma, causes the release of UA in the peritoneal cavity
[142]. Furthermore, allergen-challenged patients with asthma have higher
amounts of UA in their airways [143]. Experiments in mice suggest that UA
may play a role in the onset, pathogenesis, and immune-inflammatory
aspects of allergic asthma [144]. Additionally, UA is constantly released on
the mucosal epithelial tissues surface in the airways, with no apparent
pathogenic effects [137]. Bronchial alveolar lavage fluid (BALF) UA levels
were increased rapidly within 3 hours following a single airway exposure of
mice to bromelain [145]. This data indicates that proteases play a major role
in UA release in experimental mouse models of asthma.

ATP

Adenosine triphosphate (ATP) is known as a source of high energy
phosphate bonds to support cellular metabolism. ATP can also be released
extracellularly followed by cell death or damage, and acts as a danger signal
to alert the immune system [146]. Plasma membrane-localized purinergic
receptors P2X and P2Y recognize extracellular ATP and trigger the immune
response [147]. Purinergic receptor activation in immune cells modulates the
secretion of several pro-inflammatory cytokines, including IL-1pB, IL-18,
inducible nitric oxide synthase, and reactive oxygen species (ROS) [148-
152].

Role of ATP in asthma

A number of immune cells, such as eosinophils [153, 154], mast cells [155,
156], dendritic cells [157, 158], and alveolar macrophages [159, 160] are
activated by ATP, which plays a direct role in inducing airway inflammation.
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Additionally, it has been demonstrated that the production of mucin is
stimulated by ATP and adenosine, a breakdown product of ATP, in the
epithelia, which plays a role in asthma [161, 162]. In vivo experiments have
shown the importance of purinergic signalling in airway inflammation [163,
164]. Neutralising extracellular ATP in the lungs will reduce asthmatic
inflammation [165, 166]. The extracellular accumulation of ATP seems to be
critical for regulating the Ca2+ response and subsequent IL-33 release [167].
It was shown that the release of ATP from the airway epithelium is essential
for Alternaria-evoked IL-33 mobilization from the nucleus and secretion into
the extracellular milieu [168]. Allergen-challenged asthmatic patients have
higher amounts of ATP in their airways [157]. Additionally, current findings
demonstrated that extracellular nucleotides like ATP and UTP can reduce
virally produced IFNs by suppressing TLR-3 and RIG-I in HBECs [169].
Higher expression levels of ATP and its receptors may be more effective
targets for respiratory diseases, particularly asthma.

Epithelial Alarmins

The epithelial alarmin cytokines such as IL-25, IL-33 and TSLP are known
regulate both eosinophilic dependent and non-dependent inflammation in
asthma [170]. These alarmins are mainly released from the airway
epithelium, and when they are released stimulate numerous effector cells
(Th2 and ILC2) start to produce type 2 cytokines, IL-4, IL-5, and IL-13
[171]. Different allergic mechanisms, such as eosinophilic inflammation,
immunoglobulin (IgG) class switching to IgE, stimulation of B-cell
development, goblet cell metaplasia, and consequent mucus production, are
initiated when type 2 cytokine expression is upregulated [74]. Epithelial
alarmin cytokine (IL-25, IL-33 and TSLP) are significant mediators of
inflammation during allergic diseases and may prove to be valuable targets
for therapeutic intervention as a result of growing research.

IL-33

IL-33 belongs to the IL-1 family and is mainly expressed in the nucleus of
endothelial and epithelial cells from different tissues [172]. Within the
nucleus, IL-33 function as a nuclear factor regulating pro-inflammatory
genes, such as IL-8 and IL-6. IL-33 acts as an alarmin and released during a
programmed cell death such as, necroptosis and pyroptosis, activating
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different immune responses [173]. IL-33 binds to its receptor ST2 [66],
which is selectively and stably expressed on the cell surface of Th2 cells,
CD4+ T cells, ILC2s and also other immune cells such as MCs, basophils,
eosinophils, macrophages, DCs and natural killer cells [174]. Activation of
ST2 (also called IL-1RL1) coupled receptor regulate signalling pathways
based on the myeloid differentiation primary response gene 88 (MydS88)
which further activates through nuclear factor kappa-B (NF-kB), c-Jun N-
terminal kinase (JNK), and p38 MAPK cascades [175].

Role of IL-33 in asthma

IL-33 is one of the earliest cytokines to be produced in response to allergens
[176] and has been shown to correlates with asthma disease severity [177].
IL-33 is augmented in the lung epithelium [178], airway smooth muscle
[177] and BAL [179]. IL-33 and soluble form of ST2 levels are significantly
higher in the blood and sputum of eosinophilic asthma patients compared to
control groups [180, 181], as well as in those who are experience an acute
exacerbation [180]. In moderate allergic asthma patients, exposure to inhaled
allergens increases the expression of the ST2 receptor on eosinophils in blood
and sputum. This increased receptor expression can be replicated by in vitro
stimulation of eosinophils with IL-33 [182]. IL-33-deficient mice were used
to show the significance of endogenous IL-33 in allergic inflammation, and
it was reported that IL-33 was essential for both ovalbumin and protease
allergen (papain)-induced airway inflammation [183]. Alfernaria derived
serine proteases induced IL-33 release, which in turn triggers the rapid onset
of asthma exacerbations, results in significant inflammation [184]. In
previous study, it was shown that the fungal allergen A4. alternata might
release IL-33 from airway epithelial cells through autocrine ATP signalling
even in the absence of cellular necrosis. This finding suggests that 1L.-33
release may also occur in response to cellular stress [167].

In addition to airway epithelial cells, ASM cells may be a significant cell
source for IL-33. We and other previously showed that, stimulation with
TNF-a, interferon-gamma (IFN-y), double-stranded RNA, ATP, and
rhinovirus infection increase the production of IL-33 mRNA in primary
human ASM cells [48, 52]. However, many of these effects seem to be
brought on by IL-33 indirectly controlling ASM cells via immune cells such
mast cells and ILC2s [185]. In comparison to healthy controls, asthmatic
patients have considerably higher levels of IL-33 protein expression in
ASM [177]. In vitro 1L-33 stimulation or in vivo intranasal exposure to OVA
have been shown to increase ST2 protein expression, which is relatively low
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in both human and mouse ASM cells [186, 187]. Therefore, targeting the IL-
33 signalling axis as a treatment strategy in this type of asthma inflammation
may be beneficial.

TSLP

TSLP, an epithelial cytokine, was originally found in the thymic stromal cell
line supernatant and was later demonstrated to maintain B cell line expansion
over time [188]. TSLP can be produced by a variety of cells in the airways,
including AECs, smooth muscle cells, DCs, basophils, and MCs [189]. TSLP
is rapidly released from cells, triggering additional external and endogenous
danger signals as well as aggravating inflammation. As TSLP is released, it
binds to the TSLP receptor, which is made up of the IL-7 receptor chain-
alpha and TSLP-y, which are located on the majority of the cells in the
airways [ 188, 190].

Role of TSLP in asthma

TSLP has been linked to the initiation and maintenance of inflammatory
pathways in asthma [191]. Numerous triggers, including as mechanical
damage, ligands for TLR3, TLR2 and NOD2, helminth infection, pro-
inflammatory cytokines, and proteases such as trypsin and papain can cause
epithelial cells to produce TSLP [192-194]. Viral infections can also lead to
the production of TSLP in the lungs [195] and HBECs from patients with
asthma have been shown to overproduce TSLP in response to TLR3
stimulation [196]. It is known that TSLP stimulates T2 inflammatory
responses, and more recent research suggests that TSLP may also trigger
non-T2 responses in asthma [38, 189]. TSLP can have a significant impact
on a variety of cell types and signalling pathways to have a broad impact on
airway inflammation due to its position at the top of the inflammatory
cascade. Based on the previous evidence, TSLP orchestrates the effector
activities of a wide range of myeloid and lymphoid cell types that play a role
in inflammatory reactions in asthma [189]. TSLP expression is higher in the
airways of asthma patients compared to healthy controls, and TSLP levels
correlate with the expression of T2-attracting chemokines, disease severity,
and risk of asthma exacerbation [197]. TSLP has been shown to be both
essential and sufficient for the development of T2 cytokine-associated airway
inflammation in animal models [198]. In a previous study, TSLP receptor
(TSLPR)-deficient (Tslpr-/-) mice demonstrated noticeably lower airway
inflammation upon OVA challenge, and local administration of anti-TSLPR
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was reported to inhibit T2-mediated airway inflammation in asthmatic mice
after OVA sensitization [199]. Moreover, local TSLP blockade abolished
airway inflammation and structural remodelling in an HDM-induced mouse
model [200] and reduced airway inflammation in allergic asthma patients
[201]. Evidence from clinical trials in asthma patients treated with TSLP
inhibitors has further supported the hypothesis that anti-TSLP therapy has
wide anti-inflammatory properties [202, 203].

IL-25

Eosinophils and basophils have been identified as the primary sources of IL-
25 in asthma patients. In addition, IL-25 is produced and secreted by a wide
range of cells, including epithelial/endothelial cells, activated Th2 cells,
alveolar macrophages, bone marrow-derived mast cells, and fibroblasts. For
signal transduction, IL-25 binds to its receptor, which is composed of IL-17
receptors A (IL-17RA) and B (IL-17RB) [204]. It has been suggested that
IL-25 is a type 2 cytokine that promote the release of IL-13, IL-5, and IL-4,
which in turn prevents T helper (Th) 17 from differentiating and acts as an
anti-inflammatory agent by suppressing Th17 and Th1 responses [205].

Role of IL-25 in asthma

Airway epithelial cells express IL-25 as a preformed cytokine and stored in
the cytoplasm, thereby enable to rapidly release upon cell stimulation by
environmental stimuli including allergens [206]. Asthmatic patients have
high level of IL-25, both protein and transcript level in the airways compared
to healthy controls [207]. It has been demonstrated that asthmatic individuals
with higher IL-25 mRNA levels have more severe disease [208], indicating
that this cytokine is a key inflammatory trigger. Extracellular release of IL-
25 by airway epithelial cells regulates many other pathogenic features of
asthma, including the recruitment of eosinophils, airway mucus over
production and airway remodelling [209]. A recent study demonstrated that
inhibiting IL-25 enhanced the antiviral response during respiratory viral
infections in differentiated HBECs from asthmatics [210]. However, current
studies from our group failed to detect any IL-25, either in the gene or the
protein, in HBECs stimulated by allergens or infected with RV infection.
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Mast cell and their mediators in allergic inflammation

MCs are myeloid cells that develop from hematopoietic stem cells in the bone
marrow, travel through the circulation as progenitor cells, and differentiate
into granular, tissue-inhabiting cells in the target tissue [211]. They are
multifunctional cells that can recognize pathogen-associated molecular
patterns (PAMPs) through TLRs, internal signals via cytokine and
chemokine receptors, and antigens through IgE-FceRI cross-linking [212-
214]. MCs are crucial for tissue repair, homeostasis, host defense, and
allergic inflammatory pathways. MCs degranulate and produce premade and
de novo synthesised mediators including histamine, specific MCs proteases,
proteoglycans, and cytokines, when they are stimulated by allergens or other
environmental factors [215] (Figure 7). Tryptase and chymase are the most
abundant serine proteases in the MCs granule. They have multiple effects on
structural cells, which contributes to airway inflammation and remodelling
[216]. Human MCs are divided into two major phenotypes based on their
protease content. One phenotype contains tryptase only which is called Mast
Cell Tryptase (MCr) while a second contains tryptase, chymase,
corboxypeptidase A and cathepsin G which is called Mast Cell Tryptase
Chymase (MCrtc). Very few studies have been reported the rare populations
containing only chymase called Mast Cell Chymase (MCc) [217, 218]. MC
derived serine proteases have important role in all phases of wound healing,
including haemostasis, inflammation, proliferation and remodelling [219].

Increased numbers of MCs in the asthmatic airway, are a rich source of the
neutral proteases such as tryptase and chymase, which can degrade basement
membrane components [220]. Studies have been reported that increased MCs
infiltration in airway epithelium and in the alveolar parenchyma [221, 222].
In addition, bronchial biopsies from asthmatic patients show MC
degranulation within the epithelial layer [223, 224]. However, little is known
regarding the role of intraepithelial MCs and their released mediator’s
contribution in HBECs. Current research aims to identify the relative
importance of the beneficial and detrimental functions of MC proteases in
allergic diseases. In a mouse model of asthma, knockdown of specific
chymase Mcpt4 —/— mice showed increased AHR, inflammation and smooth
muscle volume which indicates a positive role in allergic inflammation [225].
In contrast, blocking of chymase and cathepsin G shows inhibition of both
allergic and non-allergic inflammation in animal models [226] indicating that
these enzymes are responsible for promoting inflammation. Similar to
chymase, inhibition of tryptase reduced late-phase bronchoconstriction in
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atopic asthmatics patients [227] and decreased eosinophilia and nasal
symptoms in allergic rhinitis subjects [228, 229]. In contrast to their pro-
inflammatory properties, tryptase has been shown to neutralise cytokines and
matrix metalloproteinases and defence against bacterial infections [230].
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Figure 7: Mast cells produce pre-stored mediators as such proteases, histamine, and newly synthesized cytokines,
which have an impact on the function of the epithelial barrier. Released mediators influence the production of
alarmins, antiviral proteins, and pro-inflammatory cytokines in epithelial cells. Figure adapted from De Winter BY, et
al. Biochim Biophys Acta. 2012. Biorender 2022.

Viral-induced asthma exacerbations

Asthma exacerbations continue to be a major cause of health-care demand
and a significant financial burden on patients and society. Acute asthma
exacerbations remain to cause significant treatment difficulties and
frequently result in hospital admissions or visits to the emergency room,
particularly in infants [231]. Viral infections can exacerbate asthma through
a range of mechanisms, including increased serum IgE levels, epithelium
injury or activation, impaired antiviral responses, altered host immunological
responses, respiratory tract inflammation, and direct infection of the lower
respiratory tract [232].

Respiratory viruses such as rhinovirus (RV), respiratory syncytial virus
(RSV), influenza virus, parainfluenza virus, adenovirus, and coronavirus are
most commonly associated with the development and worsening of asthma
[233]. Where RV infection is most frequently reported to induce acute
asthma exacerbations. RVs are incredibly diverse, and there are roughly 100
classical serotypes divided into RV-A, RV-B and RV-C [234]. Based on the
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cellular receptors that they bind to, RV-A and RV-B are commonly identified
as the major and minor groups. Intercellular adhesion molecule (ICAM) 1 is
the receptor for the major group of RV-A and all of RV-B, the low-density
lipoprotein receptor (LDL) is the receptor for the minor group of RV-A, and
the cadherin-related family member 3 is the receptor (CDHR3) for RV-
C [235, 236]. RV is taken up by receptor-mediated endocytosis, replicates in
AECs, and is recognized by PRRs. The recognition of viruses by PRRs
results in the release of a variety of pro-inflammatory cytokines and
chemokines, as well as anti-viral interferons (IFNs) [237].

It is reported that rhinovirus infect healthy individuals and asthma patients
with asthma at the same frequency but it is well known that the pathological
effects of RV in asthma patients are far more severe than in healthy
individuals. Studies have shown that anti-viral type I and III interferons were
shown to be lower in RV-infected and dsRNA-stimulated AECs cultured
from asthmatic patients compared to healthy controls [196, 238, 239]. In
vitro, RV causes bronchial smooth muscle cells or airway epithelial cells to
produce IL-33, TSLP and IL-25 [240, 241], and supernatants of RV-infected
bronchial epithelial cells stimulate human T cells and ILC2 to generate type
2 cytokines [242]. In addition to viruses, allergens, bacterial infections, and
pollutants can cause asthma exacerbations. A large body of epidemiologic
studies supports the associations between RV infection, allergen exposure,
and allergen sensitization with the development and exacerbation of asthma
[85, 243]. RV infections and allergens can increase the production of IL-25
and IL-33 in airway epithelial cells, which promotes T2 inflammation and
airway remodelling [210].

Anti-viral interferons

Interferons (IFNs) are a large group of pleiotropic cytokines that play an
important role in host antiviral defences. They are classified into three types:
type L, type 11, and type III IFNs. IFN-a, IFN-B (IFN-0/B) (Type 1) and IFN-
A (Type III) are produced in response to viral infection, and they activate
transcription of IFN-stimulated antiviral genes (ISGs) in infected cells [244].
Upon viral infection, type I IFNs are produced and have antiviral effects
through interacting with the IFN-o/f receptor (IFNAR), which is present on
almost all cells [245, 246]. Released INFs bind to the IFNAR signal
downstream to activate the Janus kinase/signal transducer and activator of
transcription (JAK/STAT) signalling pathway. It then leads to the formation
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of the ISGF3 transcription factor complex, which is made up of
phosphorylated STAT1/STAT2 and IRF9. ISGF3 binding to IFN-stimulated
response elements in the promoter region of ISGs increased the expression of
many [FN target genes, including interferon regulatory factor 7 (IRF7) [247].

Several transcription factors, including NF-kB and especially IRF3/IRF7,
regulate the production of type I and type III IFNs. The asthmatic epithelium
has been impaired ability to produce IFN was initially shown by Wark et al.
In their investigation, they discovered that HBECs from asthmatic patients
had higher RV replication in vitro compared to healthy subjects, and that this
was reflected in reduced and delayed IFN-3 induction [239]. Similar findings
of insufficient IFN-induction in RV-infected HBECs from asthmatic patients
were later reported by Contoli et al. The authors also demonstrated that
exacerbation intensity was inversely correlated with IFN-A production using
a human experimental model of RV exacerbation [238]. However, increasing
evidence revealed that prior exposure to inhaled allergens decreases antiviral
immunity in asthma and healthy HBECs [126, 248, 249].

Clinical treatments of asthma

The objective of asthma treatment is to control symptoms, prevent
exacerbations, and reduce the risk of chronic airflow limitation and asthma-
related death [6]. Major treatments prescribed are inhaled corticosteroids
(ICS), long-acting beta-agonists, leukotriene modifiers and theophylline [250].

Inhaled corticosteroids (ICS)

ICS are the initial treatment for the asthma patients with infrequent and mild
symptoms. ICS relief asthma symptoms by reducing the inflammation in the
airways. At a molecular level, they function within the nucleus, interacting
directly with DNA and result in suppression of transcription factors, such as
NF-kB, which are involved in inflammation [251, 252]. Inhaled corticosteroids
boost the synthesis of adrenergic receptors that are found on the smooth
muscles of the airways, which in turn increases their potency [253].
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Beta2-agonists

Long-acting beta-agonists added to these inhaled corticosteroids can reduced
asthma symptoms even more [254]. Particularly, hospitalization and death are
closely associated to asthma attacks that occur at night. Consequently, taking
preventative measures against evening symptoms is a key treatment objective.
Long-lasting beta2-agonists (LABA) are frequently prescribed for day use in
conjunction with inhaled corticosteroids (when used alone, they can increase
mortality), but they are also quite helpful for easing overnight symptoms and
effectively lower the chance of symptom worsening in general [255].

Leukotriene modifiers

Leukotriene modifiers are another medication that may be taken together
with inhaled corticosteroids. These leukotriene modifiers help to stop the
activation of the CysLT 1 receptor as this receptor is responsible for several
symptoms of asthma, such as increased mucus discharges and smooth muscle
contraction [256].

Biologics

For some patients with severe asthma, the common controller medications
might not be effective enough to control asthma symptoms on their own. In
recent years, new medications called “biologics” have been approved for the
treatment of severe asthma. These biologic therapies have provided
auspicious targeted therapy [20]. Specific inflammatory pathways involved
in the pathophysiology of asthma are the focus of biologic therapy, especially
for individuals whose endotype is characterized by T2 inflammation. When
considering biologic therapy, its crucial to distinguish between T2 high and
low endotypes [257]. Studies have been done on monoclonal antibodies
(mAb) that are directed against 1L-4 [258], IL-5 [259] and IL-13 [260].
Asthma exacerbation rates were decreased, and lung function was improved
as a result of blocking these T2 cytokines. The monoclonal antibody
omalizumab, when administered in conjunction with other treatments,
reduced the incidence of exacerbations by inhibiting plasma IgE [261-263].
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Allergen Immune therapy

The ongoing inflammatory process and symptoms of asthma can be
efficiently controlled by current treatments, but the underlying, dysregulated
immune response is unaltered. The only aetiology-based treatment for
allergic disorders that can modify the course of the disease is allergen
immunotherapy (AIT), which has been shown to stop the development of
new allergic sensitizations as well as the progression of existing allergic
diseases [264]. Multiple immune-mediated processes are sequentially
activated by effective AIT, resulting in the suppression of inflammation,
development of allergen-specific tolerance, and a variety of therapeutic
effects such as lowering the use of steroids, limiting asthma exacerbations
and increase lung function [265-267]. Atopic individuals with IgE-mediated
allergic rhinitis and/or allergic asthma caused on by inhaled allergens such
pollen and HDMs are offered the choice of receiving immunotherapy if they
have not responded well to anti-allergy medications or have experienced
adverse drugside effects. AIT can be administered sublingually or
subcutaneously (SLIT or SCIT) [268]. An earlier study shown that three
years of continuous SCIT with grass pollen extract produced long-term
improvements that persisted three years after the treatment was stopped
[269]. Recently, Wohlk et.al, showed that AIT decreases respiratory
infections that require antibiotic treatment as well as exacerbations of both
seasonal and perennial allergic asthma [270].
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Aim of the thesis

The main objective of the PhD thesis research is to understand the precise
innate immune mechanism of virus, allergen, and mast cell mediator’s
interactions with airway epithelium and smooth muscle cells in asthma. The
findings of this thesis will reveal novel targets implicated in the onset and
progression of asthma and allergic inflammation, allowing us to establish
new therapeutic strategies for the treatment of asthma exacerbations.

Specific aims:

Paper I and II: Investigate and compare the release of the metabolic
DAMPs (Uric acid and ATP), epithelial alarmins (IL-33 and TSLP)
as well as anti-viral response in human bronchial epithelial cells
exposed to different allergen stimulations in vitro and in vivo.

Paper III: Study the effects of mast cell serine proteases, tryptase
and chymase, on inflammatory cytokine profile and potential
interactions with the anti-viral response in bronchial epithelial cells.

Paper IV: Investigate and compare the specific involvement of
pattern-recognition receptors and downstream signalling pathways in
rhinovirus-induced IL-33 expression in bronchial smooth muscle
cells from asthmatic and healthy individuals.

Paper V: In a randomized control trials (RCT) study investigate the
bronchial epithelial anti-viral response before and after HDM
sublingual allergen immunotherapy (HDM-SLIT) treatment.
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Material and Methods

This section provides an overview of the methodologies used throughout the
entire thesis. Detailed descriptions of these procedures can be found in the
material and method parts of the different publications and manuscripts.

In vitro cell culture models

The use of in vitro cell culture technique lowering the expense of using
animal models will make research more affordable. Cell lines are frequently
chosen because they provide a simple, inexpensive, and reliable platform.
They can be cultured indefinitely and have a high rate of proliferation. Cell
lines also have the advantage of being made up of pure cell populations,
which greatly improves the reproducibility of experiments. However, they
often do not accurately reflect what happens in vivo. Human primary cells
might be a better option if wanting to represent the unique physiological
function or disease phenotype. Both submerged and air liquid interface (ALI)
cultures can be used to grow human bronchial epithelial cells. Although the
ALI culture more closely resembles the in vivo situation, the cell culture
model system must be chosen based on the research question. In this thesis,
experiments are conducted with submerged cultures of primary bronchial
epithelial or smooth muscle cells as well as commercial cell lines. The reason
we choose for submerged cultures is that, in comparison to well-
differentiated cell cultures, undifferentiated submersion cultures can reach
higher levels of viral infection and, thus, enhanced cytokine expression and
release [271].

Bronchial epithelial cell line

In paper, 1 and III bronchial epithelial cell line ware used. The human
bronchial epithelial cell line Bronchial Epithelium transformed with Ad12-
SV40 2B (BEAS-2B) was purchased from ATCC (Walkersville, MD, USA)
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and was maintained in Roswell Park Memorial Institute (RPMI) 1640
medium supplemented with 10% Fetal Bovine serum (FBS) and 1%
Penicillin streptomycin (PEST) from Life Technology (Stockholm, Sweden).
All incubations were carried out in air with an atmosphere of 5% CO: at
37°C. For the experiments, cells were seeded and incubated to 80-90%
confluency in collagen coated (INAMED Biomaterials, CA, USA) 12-well
culture plates (Nunc; Life Technologies, Stockholm, Sweden).

Primary human bronchial epithelial cells

The primary human bronchial epithelial cells (HBECs) were used in paper
IIT and V, and were obtained from as a study in a collaboration project with
Bispebjerg Hospital, Denmark. HBECs from asthmatic individuals were
obtained through epithelial brushings by using fibre-optic bronchoscope.
During bronchoscopy a standard sterile fibre-optic bronchoscope is inserted
through the mouth or nose into the lungs. Material is then collected by
brushings of the airways. Prior to culture, the brushings from the airways
were vortexed and centrifuged.

Primary cultures of HBECs were established by seeding in collagen coated
cell culture flask containing serum-free bronchial epithelial growth medium
(BEGM, Lonza) supplemented with SingleQuots (Lonza) and 0.1%
Primocin. Cells were cultured under standard conditions (5% CO2 and 37°C).
For experiments HBECs were used at passage 2 and seeded into collagen
coated 12-well plates in BEGM medium and were grown to 70-80%
confluence (Figure 11).

Bronchial smooth muscle cells

The primary human bronchial smooth muscle cells (BSMCs) studied in paper
(IV) were obtained from Prof. Kian Fan Chung (Respiratory Medicine,
Imperial College, London) as cryopreserved cells isolated from healthy, non-
severe and severe asthma patients. Positive immunostaining with anti-
calponin, anti-smooth muscle Beta-actin, and anti-myosin H Chain
antibodies was used to define the BSMCs after growth from bronchial
biopsies [272]. The BSMCs were cultured in tissue cultured flasks containing
DMEM with 10% FBS, 1% PEST and 1% Amphotericin B (Life
Technologies, Stockholm, Sweden) in 5% CO2 and 37°C. For experiments,
BSMCs were seeded into 6- or 12-well culture plates (Nunc, Life
Technologies, Carlsbad, CA, USA) and at 80-90% confluence the growth
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medium was replaced with DMEM containing reduced FBS (1%) for 24h
prior to all experiments (Figure 8).
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Figure 8: Submerged cell culture were used for bronchial smooth muscle cell cultures. Bronchial smooth muscle cells
were infected with RV1B alone or used siRNA knockdown or pharmacological inhibitors to study the rhinovirus induced
IL-33 regulating mechanism in bronchial smooth muscle cells. Biorender 2022.

Stimulation and inhibition of cellular responses

Allergens, proteases and TLR ligand stimulations in HBECs

In this thesis, four different aeroallergens were used to study the danger
associated molecular patterns (DAMPs) or alarmin, pro-inflammatory
cytokine release and anti-viral response in HBECs. The aeroallergens used
were house dust mite (HDM), Artemisia vulgaris (mugwort), Betula pendula
(birch) and Altenaria alternata (fungal), since the severity of asthma has been
strongly associated with sensitization and exposure to these allergens.
Allergen extract of A. vulgaris, B. pendula and A. alternata were purchased
from Allergon (Angelhom, Sweden) and prepared as previously described
[273]. The HDM whole extract used in paper I was acquired from GREER
Laboratories (Lenoir, NC, USA), while for paper II, it was purchased from
ALK-Abello (Denmark). In paper I, HBECs were stimulated with different
doses of four different allergens for 1, 3, 6 and 24h (Figure 9 (1)).

To study anti-viral response, synthetic dsSRNA analogue called polyinosinic-
polycytidylic acid (poly(I:C)), was used to activate TLR3 in paper II-V. This
synthetic dsSRNA which mimics viral infection as rhinovirus produces
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dsRNA when it replicates. dsSRNA binds to the TLR3 within the endosome
or RIG-I/MDA-5 in the cytoplasm. In paper II, HBECs were treated with
TLR3 agonist poly(I:C), HDM (20 pg/ml) or A. vulgaris (1000 pg/ml) or B.
pendula (200 pg/ml) or A. alternata (200 pg/ml) alone or pre-treated with
four different allergens for 3 and 24h and then the cells were stimulated with
10 pg/ml of TLR3 agonist poly(I:C) for 24h (Figure 9 (2)). In paper III,
HBECs were pre-treated with tryptase (0.5 pg/ml) or chymase (0.5 pg/ml) or
poly(I:C) alone for 3h then the cells were treated with poly(I:C) for 3 and
24h (Figure 9 (3)). In paper V, HBECs from patients with allergic asthma
were stimulated with poly (I:C) alone for 24h. Cell lysate and supernatants
were collected after 3h and 24h for gene and protein analysis.
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Figure 9: In vitro bronchial epithelial cell culture system. Biorender 2022.

Rhinovirus amplification and infection

Amplification of rhinovirus stock

Viral stocks of human rhinovirus RV1B (minor group) was generated by
infecting monolayer cultures of HeLa cells at 33°C until cytopathic effects
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were fully developed. Cells and the cell culture supernatants were collected,
cells were disrupted by freezing and thawing, cell debris was pelleted by low-
speed centrifugation, and the final supernatants were frozen at —80°C.
Rhinovirus titration was performed on the frozen aliquots by exposing
confluent monolayers of HeLa cells in 96-well plates to serial 10-fold
dilutions of viral stock. Plates were cultured for 5 days in 4% minimal
essential medium (MEM) at 37°C in 5% COz. Tissue culture infective dose
50% (TCID50)/ml values were determined after rhinovirus titration in
confluent HeLa cells monolayer after fixation and staining with 0.1% crystal
violet.

RV infection

HBECs and BSMCs infections were carried out using RVI1B. In summary,
cells were shaken at room temperature for 1 hour while being infected with
0.1 MOI RV1B for HBECs in paper Il and 1 MOI RV1B for BSMCs in paper
IV. Following the removal of the virus, cells were washed with PBS and
incubated with fresh medium for the required periods of time at 37°C for
further experiments.

siRNA knockdown and transfection

The effects of loss-of-function in specific genes have been extensively
studied using targeted inhibition or knockdown of gene expression in
cultured cells. One method for post-transcriptionally silencing individual
gene expression is gene-specific degradation of mRNA. Using RNA
interference (RNAi) technology is one of the most popular methods for
generating such gene-specific RNA degradation. In paper IV, we used small
interfering RNAs (siRNA) technique for gene knockdown. The cell cultures
were 70-80% confluent when used for siRNA knockdown (Figure 10). For
knockdown experiments, siRNA targeted against TLR3 (ID: s235), MDAS
(ID: s125361) or RIG-I (ID: s223616) or with non-specific siRNA (Ambion,
Thermo Scientific, Waltham, MA, USA) at a final concentration of 10nM/L,
was added to Lipofectamine RNAiIMAX reagent in OPTI-MEM and
incubated for 5 minutes at room temperature to form complexes before
adding to the cells. The cells were used for experiments 48h post-
transfection.
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Pharmacological inhibitors

In paper IV, pharmacological synthetic inhibitors were used to block the
proteins that regulate IRFs and NF-kB downstream signalling pathways in
paper IV. The TBK1- mediated activation of IRF3 was blocked by 0.1 uM
BX795 [274], IKK- mediated NFkB activation by 10 nM PS1145 [275] and
TAK1 activation by 0.1 uM 5Z-7-oxozeaenol [276]. The cells were
incubated at 37°C for 1h in the presence of all inhibitors and then infected
with 1 MOI RV 1B for 24h (Figure 10).

In vivo animal model of allergic airway inflammation

The mouse is increasingly being used in the development of in vivo asthma
models. One clear advantage is that it is a non-endangered species with a
large number of genetically defined inbred strains available at a reasonable
cost. Above all, this species makes it possible to apply in vivo a wide range
of immunological tools, including gene deletion techniques. The use of
"knock-out" mice offers clear advantages for analyzing the functional role of
a given cell or mediator in a complex setting, such as allergen-induced airway
inflammation and its link to changed airway behaviour [277]. HDM-induced
allergic asthma mouse model is a reliable and reproducible one that exhibits
eosinophilic inflammation of the airways, production of Th2 cytokines, the
presence of IgE specific for HDM, remodelling of the airways, and bronchial
hyperreactivity, which are all features that are present in human allergic
asthma [278].

In paper I, HDM-induced allergic asthma mouse model was used to
investigate the uric acid (UA) release in vivo. The mice received intranasal
(i.n) administration of 25 pg HDM extract 3 days/week for 3 weeks to induce
allergic airway inflammation. Mice received saline as control. The Animal
Ethics Committee at Lund University approved all the experiments
performed (Ethical number: M36-13). At 5 hours following the final HDM
challenge, phosphate buffered saline (PBS) was wused to perform
bronchoalveolar lavage (BAL) of the lungs. Total protein, UA release and
total cell counts were assessed in BAL (Figure 10).
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Assessing mRNA expression

All papers included in this thesis involve the technique Reverse transcription-
quantification polymerase chain reaction (RT-qPCR) technique. This is one
of a major technique to quantify the gene expression of our interest. In this
method mRNA quantified by RT-qPCR can be either absolute or relative.
Expression of target gene is normalised using a house keeping gene as a
reference, which is stably expressed independent of tissue type,
developmental stage, cell cycle state, or external signal. Within group
comparisons were analysed according to the “*Ct method by normalisation
to the control sample [279].

Quantification of protein expression

Western Blot

In papers III and IV, the intracellular protein expression of IL-33 and PRRs
was quantified using Western blot (WB). This is a commonly used analytical
method for assessing protein expression. The WB method uses labelled
antibodies to detect particular proteins that have been electrophoretically
separated in a gel. WB can generate semi-quantitative and qualitative data on
the target protein. It is a very useful method to use in cell and molecular
biology. It enables to distinguish a single protein type among a mixture of
proteins that have been isolated from cells. In addition, the protein size and
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quantity can be determined. WB analysis was used in our experiments in
order to detect and quantify the protein expression of IL-33, ZO-1, E-CDH
and PRRs.

Extracellular protein measurements

Enzyme-linked immunosorbent assay (ELISA)

ELISA is a method that enables sensitive and specific detection of soluble
antibodies and antigens present in for example serum, BAL fluid or cell
culture supernatants. In this thesis, extracellular release of IL-8, IL-33 and
TSLP protein levels were measured in cell culture supernatants using
commercially available sandwich ELISA 96-well microplates. All ELISA
assays were performed according to the manufacturer’s instructions with all
the required reagents included in the kit (R&D Systems).

Luminex Multiplex ELISA

In paper, III, IV and V Luminex multiplex assay was used to measure the
extracellular cytokine release in cell culture supernatants. Luminex multiplex
assays use xMAP bead-based technology to simultaneously detect and
quantify a variety of secreted proteins, such as cytokines, chemokines, and
growth factors present in a sample. These beads are coded with fluorescent
colour, which can be detected, measured and quantified. This technique was
used in our experiments in order to detect multiple proteins or mediators
released by the cell culture supernatants after different treatments. The
multiple cytokine assay was performed according to the manufacturer
instructions (R&D Systems, Abingdon, UK).

Metabolite DAMPs measurements

ATP measurements

To measure the ATP levels in cell culture supernatants, ATP Kit SL
(BioThema luminescent assay, Handen, Sweden) was used. In whole thesis,
the ATP levels were measured after 1h stimulation. The 40 puLL samples were
diluted in EDTA buffer and added to the 96 well plate. Then the equal
amount of ATP reagent was added to the samples and measured light
emission corresponding to sample ATP. Further, 10 uL of ATP standard was
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added to the plate and the light emission was then measured. Very briefly,
firefly luciferase catalyzes the ATP into Adenosine monophosphate (AMP),
pyrophosphate (PP1), oxyluciferin, carbon dioxide (CO2) and light and the
light emission is measured fluorometrically.

ATP + luciferin+ O, ——— AMP + pyrophosphate + oxyluciferin+ CO, + light

Uric acid measurements

Amplex Red Uric Acid Assay Kit (Life Technologies, Eugene, Oregon,
USA) was used to measure uric acid levels in cell culture supernatants. 50
uL of diluted samples, standard and control were added to separate wells of
a microplate. Then the reaction was started by adding 50 uL of the Amplex
red reagent/ horseradish peroxidase (HRP)/Uricase working solution to each
microplate containing the samples, standards and controls. The microplate
was incubated for 30 minutes at 37°C, while protected from light. The
absorbance was measured in a microplate reader using absorbance at ~560
nm. The principle behind this assay is that uricase catalyzes the conversion
of uric acid into allantoin, hydrogen peroxide (H20:2), and carbon dioxide.
H20: reacts stoichiometrically with the Amplex Red reagent in the presence
of HRP to produce the red fluorescent oxidation product resorufin, which is
measured spectrophotometrically.
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Summary of results and discussion

The studies included in this thesis have addressed allergic inflammation and
innate immunity in asthma. Specifically, we studied if different allergens or
allergic mediators induced alarmins and DAMPs release on both in an
epithelial cell line and in HBECs from patients with allergic asthma and
bronchial smooth muscle cells (BSMCs) from both asthma and healthy
individuals. Additionally, we demonstrated that allergens and allergic
mediator’s exposure prior to viral infections affects the anti-viral and pro-
inflammatory responses in bronchial epithelial cells. Further, we investigated
RV-induced alarmin IL-33 expression and regulating mechanism in BSMCs
from patients with asthma and healthy individuals. Finally, we hypothesized
that HDM sublingual allergen immunotherapy (HDM-SLIT) improves the
viral induced anti-viral IFN responses in HBECs from allergic asthma
patients. In this section, the main results from the papers included in the
thesis are summarized.

Different allergens and allergic mediators influences
DAMPs, alarmins release and anti-viral responses in
bronchial epithelial cells (Paper I-I1I)

Metabolite DAMPs and epithelial alarmins cytokines

Production of metabolite DAMPs release in HBECs after exposure to four
different allergens

Alarmins such as extracellular ATP and UA have been implicated as
important molecules in acute and chronic inflammation. Both UA and ATP
levels were increased in asthma after allergen challenge in human and mice
[280]. However, acute effects of different allergens or allergic mediators-
induced alarmin release in HBECs were not examined. Hence, comparing
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alarmin release after stimulation with different allergens and allergic
mediators is of our interest.

The ability of four different allergens, HDM, A. alternata, A. vulgaris and
B. pendula to induce metabolite DAMPs release in both bronchial epithelial
cell line and primary HBECs from patients with allergic asthma were
investigated in paper I and II. We demonstrated that, out of four different
allergens, only HDM induced UA release in HBECs from both BEAS-2B
cell line and in primary HBECs from patients with allergic asthma, as well
as in BALF from our HDM-induced allergic mouse model. Interestingly, UA
levels can be used as a biomarker for the severity of asthma exacerbations in
patients since they are generated early in the immune response to protease
allergens [145, 281]. It has been shown that human airway epithelial cells
produce UA on a regular basis because epithelial cells have an active UA
transport mechanism [282]. There is an evidence that Ormdl3 KO mice
exhibit reduced UA production into the airways in response to A. alternata
[144]. However, in BEAS-2B and primary HBECs exposed to 4. alternata,
we did not observe any UA release. A previous study demonstrated that
exposure to HDM allergen enhances UA production from HBECs and that
asthmatics had enhanced intrinsic UA synthesis [283]. Here we found that
only HDM, when compared to other allergens used in this investigation,
caused UA release both in BEAS-2B and primary HBECs from allergic
asthma patients. However, additional research is required to fully understand
the HDM-induced UA releasing pathway and its distinct function in
comparison to other allergens in HBECs.

Nasal and bronchial human epithelial cells exposed to A. alternata cause
rapid extracellular ATP release [284]. Inhibiting the P2 purinergic pathway
or neutralizing ATP reduces the release of IL-33 and early innate Th2
immune responses to an allergen. These results indicate that extracellular
ATP is crucial for different phases of T2 immune responses and
inflammation in the airways [167]. Previous study showed that HDM
allergens induced immediate release of a high quantity of ATP, which rapidly
stimulates the release of Ca** from the endoplasmic reticulum by activating
extracellular P2Y purinergic receptor signalling and allows activated
keratinocytes to release IL-33 [285]. In our investigations, ATP release was
observed in BEAS-2B cell line and was induced by all four allergens in a
dose-dependent manner (Paper I) compared to control. Similarly, Suzuki et
al., demonstrated that the aeroallergens HDM and OVA stimulated the
release of ATP from human bronchial epithelial cell line 16-HBE140- and
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primary mouse trachea epithelial cells [286]. Further, compared to
unstimulated cells, only birch pollen significantly increased the release of
ATP in HBECs from allergic asthma patients, while HDM, 4. alteranta, and
A. vulgaris had no effect (Paper II). An earlier investigation revealed that
treatment with Alternaria extract caused release of ATP that started about
two minutes after addition to the apical surface of HBECs [284]. These
results suggest that it is possible that we failed to assess ATP release in
primary HBECs in response to A. alternata at the early time
points. Collectively, airway epithelial cells are a source of extracellular ATP
and may enhance the development of allergic asthma after exposure to
inhaled aeroallergens.

Release of the metabolite DAMPs in HBECs is significantly influenced by
allergen serine proteases

Proteases present in many allergens contribute to the pathogenesis of atopic
asthma [113]. Proteolytic enzymes from allergens can directly activate AECs
and hereby promote T2 inflammation via releasing numerous mediators
[287]. Allergen proteases cause allergic airway inflammation and have been
linked to the exacerbation of allergic responses due to their protease activity
[184]. It has been suggested that the development of allergic Th2 responses
is influenced by allergen protease activity [122]. Thus, addressing different
allergens and their proteolytic activity with certain inhibitors may reduce
inflammation caused by proteases.

In paper I, we wanted to investigate if allergen protease has any role in
induction of metabolite DAMPs release in HBECs. Allergen extracts were
incubated with cysteine (E64) or serine (AEBSF) protease inhibitors for 30
minutes then the HBECs were stimulated for 1, 3 and 24 hours. Our data
showed that allergen-induced ATP and UA were largely reduced upon heat-
inactivation of the allergens and blocking allergens protease activity with
serine protease inhibitors significantly reduced allergens induced metabolite
DAMPs in HBECs (Figure 11). Strikingly HDM-induced HBECs release of
UA was completely blocked by serine protease inhibitors but not with
cysteine protease inhibitor. A previous study revealed that the cysteine
proteases, papain and bromelain can cause the release of UA in the airway
lumen from mice [145]. However, in our investigation, HDM-induced UA
release in HBECs was unaffected by cysteine protease inhibitor. Moreover,
a study by Kale et al. discovered higher amounts of UA in the BALF of mice
in response to active serine proteases like Per 10 compared to mice
received inactive Per 10 and phosphate-buffered saline (PBS) [288]. These
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findings shows that allergen extracts can increase airway inflammation
through protease-dependent and protease-independent pathways in addition
to their IgE-binding activities [113]. Altogether, targeting both exogenous
(allergen proteases) and endogenous proteases such as tryptase and chymase
may be an important for future therapies in allergic diseases.
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Figure 11: Serine protease inhibitor reduced metabolite DAMPs release in HBECs. HBECs were stimulated with an
optimal concentration of HDM, A. vulgaris, B. pendula and A. alternata in absence and presence of AEBSF (100 pM;
serine-protease inhibitor) or E64 (50 uM; cysteine-protease inhibitor). ATP was assayed in the supernatant at 1h (A),
UA release was measured at 24h (B). ND (non-Detected). Data is presented as mean + SEM, n=5-12 from 3-6
independent experiments. *P<0.05, ***P<0.001, ****P<0.0001 compared to respective control and #*P<0.05, #P<0.01
compared to allergen extracts alone and with inhibitors.

Mast cell proteases tryptase and chymase induced alarmin ATP release in
HBECs

The pathogenesis of asthma is also greatly influenced by extracellular
endogenous and exogenous proteases [289]. Tryptase and chymase, are
endogenous serine proteases that are prevalent in mast cell granules, and
strong activators of the PAR-2 [290]. In addition, a large number of
aeroallergens related to asthma, including fungi and HDM, are exogenous
proteases. Derp 3 and Derp 9 are two important HDM proteases that interact
with PAR-2 to increase vascular permeability and detach epithelial cells
[291]. In an animal model of chronic asthma, serine protease inhibitors

reduced allergic airway remodelling, allergic airway inflammation, and AHR
[289].

The finding that the allergen serine protease was the main cause of alarmin
production in bronchial epithelial cells in paper I led to our investigation into
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the impact of the MCs serine proteases tryptase and chymase on HBECs.
Tryptase and chymase are the most prevalent MCs serine proteases, and both
of these proteases have a number of effects on structural cells that contribute
to airway remodelling and inflammation [216]. As was previously
mentioned, within the airway epithelium, MCs are ideally situated to react
on aeroallergens and pathogens and can promote an inflammatory response
in the airways. Though many studies have been conducted on the
involvement of MCs in the pathogenesis of airway diseases, whether the
direct effect of MC serine protease tryptase and chymase on bronchial
epithelial cells was unclear. In paper III, we wanted to investigate the direct
effect of tryptase and chymase on inducing release of metabolite DAMPs,
ATP and UA, in HBECs. Both BEAS-2B and primary HBECs were treated
with two different doses of tryptase and chymase for 1 hour. We found that
similar to allergens, both tryptase and chymase significantly increased
extracellular release of ATP after 1 hour of stimulation in primary HBECs
and BEAS-2B (Figure 12). An earlier study using HBECs demonstrated that
protease treatment increased reactive oxygen species (ROS) and oxidant
damage [292], and that oxidative stress could promote the release of ATP
from primary pulmonary endothelial and epithelial cells [293]. UA levels
were undetectable in both primary HBECs and cell lines stimulated with
tryptase and chymase. This finding implies that MC proteases can result in
epithelial stress, which triggers the release of the alarmin ATP from HBECs
similar to allergens.
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Figure 12: Mast cell proteases tryptase and chymase induced ATP release in both BEAS-2B and primary HBECs.
BEAS-2B cells were treated with two different doses of tryptase and chymase and ATP levels were measured in cell

culture supernatants after 1h. (A) Trypatse in BEAS-2B, (B) Chymase in BEAS-2B and (C) Tryptase in primary
HBECs (n=3). Data are presented +SEM. Figure adapted from paper Ill.

HDM and A. vulgaris induced IL-33 and TSLP expression in HBECs from
patients with allergic asthma

Alarmins produced by bronchial epithelial cells, including IL-33, TSLP, and
IL-25, can regulate both innate and adaptive immune responses [38]. In paper
I, we investigated the epithelial alarmin cytokines release in response to four
different allergens in primary HBECs from patients with allergic asthma. We
demonstrated that HDM and 4. vulgaris significantly increased TSLP and
IL-33 mRNA expression at 3 hours in HBECs, whereas A4. alternata and B.
pendula do not cause any expression of IL-33 or TSLP. Further, HDM
demonstrated both early (3 hours) and late (24 hours) release of IL-33 and
TSLP protein and 4. vulgaris showed only early protein release in HBECs
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from patients with allergic asthma. Similar to IL-33 and TSLP gene
expression we did not observe any release of 1L-33 and TSLP in HBECs
exposed to 4. alternata and B. pendula (Figure 13).

In asthmatics, allergen exposure dramatically raised the production of
alarmin cytokines, TSLP, IL-33, and IL-25, in the bronchial mucosa. This
phenomenon was directly connected to the degree of increased airway
obstruction after exposure [294]. Previous studies have demonstrated a role
of A. alternata in triggering PAR-2-mediated release of TSLP [295] from
bronchial epithelial cells, as well as release of IL-33 [167] and IL-25 [296].
However, similar to our findings, other studies have similarly failed to detect
any IL-33 or TSLP release from either mouse lung epithelial cells treated to
Aspergillus fumigatus [297] or HBECs exposed to Alternaria [298]. The
timeframe and the various epithelial cells studied may be responsible for the
discrepancies. Notably, previous study showed that the Per a 10, a major
cockroach allergen with serine protease activity increased I1L-33 and TSLP
release in BEAS-2B [288]. In contrast to other allergens, HDM allergen
contains a number of proteases that have potent proteolytic activity [299] that
may contribute to the release of these alarmins in HBECs. The ability of
HDM and 4. vulgaris to cause the release of IL-33 and TSLP from bronchial
epithelial cells supports the clinical importance of these aeroallergens in
causing allergic airway inflammation in asthma [85, 300]. We were unable
to detect IL-25 in our system, either for genes or proteins. Understanding the
variations in epithelial alarmin release by the different allergens examined in
this study warrants additional research.
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Figure 13: Different allergens induced epithelial alarmin cytokines response in HBECs from pateints with allergic
asthma. HBECs were exposed to HDM, A. alternata, B. pendula and A. vulagris for 3 hours. Gene expression was
measured by RT-qPCR and the protein release was measured by ELISA. A) IL-33 mRNA expression, B) IL-33 protein
release at 3h, C) IL-33 protein lease at 24h, D) TSLP mRNA expression, E) TSLP protien release at 3h and F) TSLP
protein release at 24h. Data were presented with median. Significant differences were defined as p<0.05. (Adapted
from paper II).

Anti-viral and pro-inflammatory cytokines response

Both the development of asthma and acute asthma exacerbations are
influenced by synergistic interactions between viral infections and allergic
inflammation [301]. Interplay between allergen sensitization and viral
infections have been related to the onset of asthma as well as exacerbations
of pre-existing asthma [243]. Allergen exposure combined with viral
infections enhanced the incidence of hospitalization [85]. However, little is
known about how viral infection and aeroallergen exposure or allergic
mediators interact to influence the pro-inflammatory and antiviral epithelial
response in HBECs from patients with allergic asthma.

Different allergens and mast cell serine proteases modulate pro-
inflammatory cytokine response in HBECs

Patients with atopic asthma had higher levels of pro-inflammatory cytokines
than those with non-atopic asthma [302]. Epithelial cells release of pro-
inflammatory cytokines and play a major role in inflammatory processes.
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Increased cytokine release has a significant impact on allergic asthma
development, according to previous studies [303]. Neutrophil inflammation
may have a significant pathogenic role in those with severe asthma, and IL-
8 has been associated with regulating neutrophilic inflammation [304]. IL-8
has been found to have a crucial role in the development of asthma by
promoting airway remodelling and AHR [305, 306]. Our findings
demonstrate that airway epithelial cells engage in an interaction with
different allergens such as HDM, A. alternata, B. pendula and A. vulgaris
that causes the production of IL-8. Moreover, serine protease inhibitors
significantly reduced the allergens induced IL-8 gene expression (Paper I).
Data suggested that the majority of common allergens that triggers asthma
have intrinsic protease activities that contribute to sensitization and
development of asthma [126, 307, 308].

In asthma, the pro-inflammatory cytokines IL-8, TNF-a, and IL-6 are crucial
in controlling neutrophilic inflammation [309]. Neutrophils could produce
immunopathology if these cytokines are not tightly controlled, which is
necessary to maintain immunological tolerance. Pro-inflammatory cytokines
that are overexpressed may cause inflammation in airways. Our recent study
showed that pre-exposure to HDM reduced poly(I:C) induced IL-8, TNF-a
and beta-defensin in HBECs and this can lead to secondary bacterial
infections [249]. In paper II, we wanted to investigate whether different
allergens exposure prior to viral infection modulate pro-inflammatory
cytokine release in HBECs. We found that pre-treatment with 4. alternata
and A. vulgaris further increased the poly(I:C) induced IL-8 while HDM
inhibited the gene expression of IL-8 caused by poly(I:C). B. pendula had no
impact on the expression of IL-8 that is induced by poly(I:C). Fungal
proteases have been linked to the production of pro-inflammatory cytokines
and previous study demonstrated that these proteases were responsible for
the enhancement of virus-induced cytokine productions by A. alternata
[126]. The further induction of poly(I:C)-induced IL-8 expression in HBECs
by A. alternata and A. vulgaris suggests that the interaction between
allergens and viral infection may worsen symptoms by enhancing the
inflammatory responses in the asthmatic airways.

Tryptase has been demonstrated to promote the production of the pro-
inflammatory cytokine IL-8 by bronchial epithelial cells [310]. Consistence
with the previous findings we also showed that the mast cell proteases
tryptase and chymase induced the pro-inflammatory cytokine IL-8 and IL-6
in HBECs. Furthermore, we showed that MC proteases contributed to the
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enhancement of poly (I:C)-induced IL-8 release in HBECs. This result is
supported by Zhu et al., which showed that allergen proteases had a
significant role in enhancing virus-induced cytokine production in bronchial
epithelial cells [126]. According to our research, interactions between MC
proteases and viral infections may increase the inflammatory response in
asthmatic airways, particularly during a viral-induced acute exacerbation
phase.

Viral induced IFN-f decreased by HDM and tryptase but further enhanced
by A. alternata and B. pendula

Interferon secretion serves as the initial step in the clearance of viral
infections, and it has been hypothesized that their underproduction causes
viral-induced exacerbations [238, 239, 311]. Patients with asthma show
severe deficits in the production of antiviral interferon after viral infections
in their bronchial epithelial cells [239]. In a previous study, we demonstrated
that TLR3 was involved in the regulation of HDM impairment of anti-viral
IFN-B in both bronchial epithelial cells line and from asthma patients [248].
Asthma HBECs from both HDM+ and HDM- patients were exposed to HDM
led to a dampening of Poly(I:C)-induced IFN-B production [249].

In paper II, we intended to study the impact of different allergens on the
viral induced epithelial anti-viral response in HBECs from allergic asthma
patients in order to further extend our prior findings with HDM. To study the
different allergens effect, HBECs were pre-exposed to HDM, A. alternata,
B. pendula, and A. vulgaris for 24 hours followed by stimulation with
poly(I:C) or infected with RV1B for 24 hours. Our findings demonstrated
that, in contrast to other allergens, HDM pre-exposure reduced poly(I:C) and
RVIB triggered IFN-fB in HBECs. In contrast to HDM, B. pendula and A.
alternata exposure prior to poly(I:C) stimulation showed a tendency to
further increase IFN-3 gene expression in HBECs. A recent study by Gilles
et al., reveals that pollen allergens play a function in the regulation of
respiratory epithelial mediated antiviral immunity. Authors found that
exposure to pollen during viral infections lowered the phosphorylation and
translocation of interferon-related genes, which in turn reduced the release of
pro-inflammatory chemokines and type I and III interferons [312]. Further,
Zhu et al., reported a decreased innate immune response to respiratory viral
infections after A. alternata exposure [126]. Among the blood immune cells
of patients with birch allergies, an increased antiviral response associated
with Bet v 1 stimulation was observed in a recent study [313]. The same
authors also reported that seasonal exposure to environmental stimuli
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generates an enhanced antiviral response in respiratory epithelia in patients
with seasonal allergic rhinitis using proteomics [314]. One way that HDM
decreased IFN-B and inflammatory cytokines may have contributed to
secondary bacterial infections [249], while another way is that an overactive
antiviral response to other allergens may have enhanced inflammatory
responses that contribute to the disease phenotype. Overall, we found that
different allergens affected HBECs differently in response to poly(I:C)
stimulation. However, elucidating the exact mechanisms of allergens
interactions with poly(I:C) or RV infection in HBECs requires further
investigations.

Omalizumab, an anti-IgE treatment, has been shown in clinical trials to
reduce asthma exacerbations and enhance quality of life in asthmatic patients
[261-263], suggesting a link between inhibiting MC activation and increased
antiviral capacity. Omalizumab treatment for asthmatic children has been
demonstrated to lower exacerbation rates and increase levels of RV-induced
IFN-a compared to placebo [315]. These finding indicate that MCs and MC
proteases may have important role in the immune defence to reparatory viral
infections. Our work in paper III showed that pre-treatment of BEAS-2B
cells with tryptase, but not chymase, impaired poly(I:C) induced IFN-
mRNA expression in HBECs at 24h. We also found that reduced expression
of IFN-B is partially associated with reduced expression of PRRs. Moreover,
when tryptase protease activities were blocked by serine protease inhibitors,
the expression of IFN-B3 and PRRs in HBECs was restored. Viral infections
can directly or indirectly activate MCs to release histamine and serine
proteases such as tryptase and chymase [316]. In our investigation, we
showed that tryptase reduces poly(I:C)-induced HBECs production of IFN-
B, while a more recent study also showed that histamine reduces viral
induced airway epithelial cells production of IFNs [169]. These results imply
that MC mediators reduced epithelial IFNs may enhance Th2 inflammation
in the airways [317]. Our findings illustrated a mechanism by which tryptase
reduced poly(I:C)-induced IFN-B by reducing PRRs expression. These
factors collectively provide an explanation for how activated MCs and their
granule proteases within the airway epithelium may change the innate
immune response to viral infections.
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Epithelial barrier proteins

Effects of Tryptase and chymase on epithelial barrier proteins

The airway epithelial barrier protects the lung from innate immune system
from many external factors. Increased epithelium permeability, sub-
epithelial damages, and tissue remodelling are all potential consequences of
altered barrier function, which can also cause epithelial cell death, stress, or
detachment from the basement membrane [318]. According to recent studies,
the severity of asthma was correlated with an increase in epithelial barrier
disruption [319]. Previous investigations have shown significant evidence
that the proteases from allergens cause damage to the airway epithelial cells
and increased permeability [113]. We intended to evaluate the expression of
the tight junctional proteins E-cadherin and ZO-1, which are important
components of the airway epithelial barrier, in HBECs in response to tryptase
and chymase. In our investigation, tryptase and chymase both significantly
reduced the expression of the proteins ZO-1 and E-cadherin. This finding is
consistent with Xiaoying Zhou et al., [320] who demonstrated using
immunostaining that tight junction proteins were disrupted by chymase in
16HBE cells [321]. These findings were further validated by gene
expression, which revealed that tryptase but not chymase reduced the mRNA
expression of ZO-1 and E-cadherin. These results suggest that an increase in
MCs and their activation within the epithelium can damage the epithelial
barrier functions by degrading cell junctional proteins. Further studies are
required to investigate how the expression of epithelial barrier proteins is
influenced by different allergens and MC proteases in HBECs cultured at the
air-liquid interface (ALI).
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TLR3/TAKI1 signalling regulates rhinovirus-induced
IL-33 in bronchial smooth muscle cells (Paper 1IV)

Not only HBECs, but BSMCs have also been shown to produce a variety of
pro-inflammatory cytokines and alarmins in vitro [47]. Increased IL-33
expression in asthmatic ASM cells suggests that ASM cells may be a key
source of IL-33 during inflammatory conditions [185, 187]. Previous studies
have shown that human bronchial smooth muscle cells (BSMCs) express
TLRs and release cytokines and chemokines in response to TLR agonists
[322]. We recently demonstrated that RV infects BSMCs, which leads to the
production of interferons and IL-33 [48]. However, it is unknown which
signalling pathways are involved in the regulating mechanisms that cause RV
to stimulate IL-33 production in BSMCs.

In paper IV, we compared the levels of IL-33 at baseline and RV-induced IL-
33 gene expression in BSMCs from healthy controls, severe and non-severe
asthmatics (NSA). We demonstrated that BSMCs from NSA express more
IL-33 at baseline than healthy individuals. This result lends some relevance
to a previous study by Prefontaine et al., which demonstrated that moderate
asthmatics had higher levels of IL-33 in their bronchial epithelial cells than
healthy controls [177]. Next, we investigated the RV-induced IL-33
expression in BSMCs from healthy, NSA and severe asthma. We showed
that RV-induced IL-33 gene and protein are overexpressed in BSMCs from
patients with NSA compared to healthy and severe asthma (Figure 14). Our
findings suggest that even after RV infection, SA showed a lower induction
of IL-33 than NSA. Chang et al., who also showed that BSMCs from SA
patients, the majority of whom underwent maintenance treatment with oral
steroids, produced less CCL11 in response to TNF-o than NSA patients
[323]. Dexamethasone has been demonstrated to effectively block RV-
induced IL-33 in BSMCs [48], suggesting that the decreased expression in
SA BSMCs may be caused by increasing corticosteroid treatment.
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Figure 14: BSMCs from healthy and asthmatic subjects were infected with 1 MOI RV1B. (A) Gene expression of IL-
33 and (B) representative western blot of IL-33 protein expression. Significant differences were defined as p<0.05
(Adapted from paper V).

To further gain insight into the molecular mechanism underlying the RV-
induced IL-33 in BSMCs, we studied the PRRs involvement of PRRs and the
downstream signalling pathways. Our earlier study showed that activation of
TLR3 by poly(I:C) and RIG-I-like receptors by poly(I:C)/lyovec, as well as
RV infection, elevated the basal expression of IL-33 in BSMCs from both
asthmatic patients and healthy controls [48]. This finding encourages
additional investigation into the role of TLR3 downstream pathways in
relation to RV-induced IL-33 in BSMCs. RV has been reported to activate
not only TLR3, but also the RIG-I like receptors in BSMCs [49]. Using
specific ligands and knockdown approaches, we confirmed the role of TLR3
in the regulation of IL-33. However, based on our data RIG-I and MDAS
appear not to be involved in RV-induced IL-33 expression in BSMCs.

Notably, we further showed that TAKI1, but not NF-kB or TBKI, was
implicated in RV infection-induced production of IL-33 in BSMCs by using
known inhibitors of molecules likely engaged in downstream signalling
cascades (Figure 15). An earlier study showed that TAK1 is essential for the
development of airway inflammation. [324, 325]. TAK1 has been shown to
activate NF-kB and MAPK pathways, resulting in production of pro-
inflammatory cytokines [326] and in airway remodelling through the
enhancement of growth factor induced proliferation of airway smooth muscle
cells [327]. Here we reported that RV-induced IL-33 expression in BSMCs
is mediated by TAK1, suggesting that TAK1 is a novel therapeutic target for
viral-induced airway inflammation.
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Figure 15: Proposed signalling mechanism involved in rhinovirus-induced IL-33 expression in bronchial smooth muscle
cells (BSMCs). Recognition of RV1B by Toll-like receptor 3 (TLR3) leads to the recruitment of adaptor molecules that
activate transforming growth factor (TGF)-B-activated kinase 1 (TAK1). Activation of TAK1 results in the activation of
transcription factors that increase rhinovirus (RV)-induced IL-33 expression in BSMCs. (Adapted from paper V).
Biorender 2022.

The effect of HDM-SLIT on epithelial antiviral
immunity in patients with allergic asthma (VITAL)
(Paper V)

Allergen immunotherapy (AIT) causes differential immunomodulation that
affects both the innate and adaptive immune systems [328]. AIT has been
found to effectively prevent asthma and the development of new
sensitizations in patients with allergic asthma [329]. HDM-SLIT has been
shown to reduce AHR and improve symptoms in HDM-sensitized asthma
patients [330]. Clinical studies have shown that AIT can lower exacerbation
rates in patients with asthma, indicating that AIT may have an impact on
antiviral responses [266]. Yet, the mechanisms of detrimental allergen-virus
interactions [126, 248, 249, 331] and the function of AIT in their prevention
in asthma have only just begun to be elucidated. However, it was unknown
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if clinical AIT could have altered the epithelial anti-viral and inflammatory
response in cultured HBECs from patients with allergic asthma.

In paper V, we investigated how HDM-SLIT affected epithelial anti-viral
response and inflammatory cytokines in HBECs from patients with allergic
asthma. HBECs from both placebo and AIT group were stimulated with
poly(I:C) for 24 hours before and after treatment. Our results demonstrated
that 24 weeks of treatment with HDM-SLIT significantly enhance the
poly(I:C) induced bronchial epithelial production of IFN-f. The preventative
effect of AIT reported on exacerbation and lower respiratory tract infections
needing antibiotics, our results are in line with recent findings demonstrating
an increased resistance to viral airway infections [270, 332]. On the other
hand, the gene expression of IL-33 reduced in the cells stimulated with the
poly(I:C) after HDM-SLIT compared to placebo (Figure 16). The decreased
IL-33 response is consistent with earlier research showing that AIT reduces
IL-33 and IL-25 levels to alleviate airway inflammation [333, 334]. We
report a potential HDM-SLIT-induced alteration of the innate antiviral
immune defense in the bronchial epithelium. We report novel insights
suggesting that 24 weeks of HDM-SLIT increase bronchial epithelial
antiviral type I and type III IFNs while decreasing epithelial alarmin cytokine
IL-33.
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Figure 16: HDM-SLIT increased Poly(l:C) induced HBECs IFNs expression in patients with allergic asthma. EOT: End
of treatment (week-24); BL: Baseline. HBECs from patients with allergic asthma were stimulated with 10 pg/ml
Poly(l:C) for 24h. IFNs and IL-33 mRNA expression was quantified by RT-qgPCR and protein release was measured
by multiplex ELISA. (A) Gene expression of IFN-B, (B) protein releae of IFN-B, (C) gene expression of IFN-A and (D)
gene expression of IL-33. Placebo (n=17) and AIT (n=17). Significant differences were defined as p<0.05. (Adapted
from paper V).

AIT reduces epithelial T2 inflammation, including IL-24 and CCL-26, as
well as a decrease in inflammatory genes such as IL-8 [335]. Previous studies
showed that, the AIT inhibits the development of Th2 cells and the
production of Th2 cytokines, such as IL-4 and IL-5 [336-338]. After AIT,
peripheral blood mononuclear cells (PBMCs) from HDM-sensitized allergic
asthma patients produced less IL-5 and IL-13 [339], as well as thymus and
activation-regulated chemokines in response to allergens [340]. AIT can
therefore enhance the production of IL-10, TGF-beta, and IL-35 by
regulatory T cells (Tregs) and inducible Tregs, which reduces the
accumulation of Th2 cells in the airways [341]. Further, in our study we
wanted to investigate whether 24 weeks of HDM-SLIT alter Th2 cytokine
release in HBECs. We found that the 24 weeks of treatment with HDM-SLIT
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dose not altered Th2 cytokines profile or no change in IL-10 within the
treatment group or compared to placebo. However, a multiple factor, such as
the nature of the allergen, the time of assessment, and the method of
evaluation, may influence the contribution of Tregs in AIT to the suppression
of Th2-type immune responses [342].
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Conclusions

Based on the results obtained in papers I-V we can conclude the following

Different aeroallergens caused the release of the metabolite DAMPs
and the pro-inflammatory cytokine IL-8 in HBECs and this release
was reliant on allergen serine protease activity. However, HDM stand
out from other allergens by causing UA release in HBECs also in our
HDM-induced allergic mouse model of asthma. Further, the
bronchial epithelial alarmins IL-33 and TSLP were mostly produced
by HDM and A. vulgaris in HBECs from patients with allergic
asthma. Additionally, we demonstrated that pre-exposure with HDM
for 24 hours decreases poly(I:C)-induced IFN-B and IL-8 expression,
whereas A. alternata and A. vulgaris increase poly(I:C)-induced IL-
8 expression in HBECs from patients with allergic asthma. The
current investigation compared the ability of four different allergens
in affecting on human bronchial epithelial cells, indicating a specific
potential of HDM to elicit the production of UA and epithelial
alarmins cytokines IL-33 and TSLP, as well as an impaired anti-viral
response.

MC proteases tryptase and chymase regulate the secretion of alarmin
ATP and pro-inflammatory cytokines in HBECs. Moreover, both
proteases may promote loss of epithelial integrity, which can lead to
tissue remodelling, by affecting expression of tight junctional
molecules. Additionally, we demonstrated that pre-treatment with
tryptase impaired anti-viral proteins and PRRs expression in HBECs,
and this effect was dependent on the protease activity of tryptase.
These results may partly give a mechanistic explanation why atopic
asthmatic patients are more susceptible to viral infections and more
prone to viral-induced exacerbations [343].

RV-induced IL-33 expression was higher in BSMCs from non-severe
asthma patients than patients with severe asthma and healthy
controls. Further, we report a novel mechanism of RV-induced IL-33
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expression through a TLR3/TAKI1 signalling pathway. These
signalling molecules may contribute to the pathogenesis of viral-
induced airway inflammation in asthma and may provide potential
therapeutic targets for treating viral-induced asthma exacerbations.

HDM-SLIT significantly boosted bronchial epithelial antiviral IFN-
B and IFN-A, but decreased IL-33 expression. These findings show
that allergen immunotherapy improves antiviral immunity in allergic
asthma patients at the level of the bronchial epithelium. Allergen
immunotherapy may be a relevant potential future therapeutic
strategy for viral induced asthma exacerbations. However, the
mechanisms underlying the impairment and restoration of antiviral
responses in patients with allergic asthma and the use of allergen
immunotherapy need more investigation.



Future perspectives

Investigate the epithelial barrier function using air liquid
interface (ALI) culture system

The epithelial barrier component is damaged or pathologically changed in a
number of acute and chronic respiratory diseases including asthma. In
asthma, the epithelial barrier is crucial for maintaining immunological
activity at the epithelial site [37]. The air liquid interface (ALI) culture model
enables HBEC:s to differentiate into a polarised epithelium with ciliated and
mucous-producing cells that is more resembling of what happens in vivo.
Therefore, it would be interesting to use this differentiated HBECs model in
upcoming mechanistic studies of different allergens and viral-induced
epithelial responses in health and disease.

The epithelial barrier homeostasis balance is disrupted in allergic asthma,
which is characterized by loss of differentiation and diminished junctional
integrity [344]. It has been demonstrated that sublingual allergen
immunotherapy improves allergic asthmatic patient’s airway wall thickness
and remodelling [345]. A previous study found that specific allergen
immunotherapy efficacy was associated with reduced ER stress and
epithelial barrier dysfunction by lowering the expression of the epithelial
cytokine IL-25, in mice [333]. In the future, we want to investigate whether
24 weeks of HDM-SLIT treatment could alter the HBECs epithelial barrier
functions such as epithelial integrity and functionality. To do this, ALI
cultures will be used to evaluate the expression of epithelial tight junctional
proteins and trans-epithelial electric resistance (TEER) in HBECs before and
after allergen immunotherapy using dextran permeability measurements.

The primary constituents of the airway epithelial barrier are tight junction
proteins such as ZO-1 and E-cadherin [346]. In paper III, we investigated
BEAS-2B expression of tight junctional proteins in response to MC
proteases. There is disagreement about whether immortalized epithelial cell
lines are the best method for examining the functions of the epithelial barrier.
Thus, in further research, we intend to use ALI cultures of HBECs to examine

73



the expression of the barrier proteins in response to stimulation by MC
proteases and different allergens. We are currently working to optimize the
primary HBECs in ALI cultures from various asthma phenotypes.

Understanding the molecular mechanisms of allergen-
induced alarmin release and anti-viral response

In papers I and II, we compared the four distinct allergens effects on UA
release from primary HBECs from allergic asthma patients and bronchial
epithelial cell lines as well as in our HDM-induced allergic mouse model of
asthma. We discovered that only HDM was responsible for the release of UA
in HBECs and BEAS-2B as well as in our HDM-induced mouse model of
allergic asthma. Furthermore, we found that only pre-exposure to HDM
lowered the virally produced IFNs response when compared to pre-exposure
to mugwort, pollen, and fungal allergens. The extracellular nucleotides ATP
and UTP can suppress the virally generated IFNs in HBECs, according to a
recent study [169]. In future, we wanted to investigate whether the HDM-
induced UA release affects the viral induced IFN response in HBECs. In both
healthy and asthmatic HBECs, it will be interesting to see whether HDM-
induced UA and decreased viral-induced IFNs response are related in any
way. Another important aspect also need to address that all patients with
allergic asthma used in paper II were allergic to HDM. Further, to determine
if the lower IFN response to HDM was caused by an allergic background or
if HDM interacted with bronchial epithelial cells differently than other
allergens.

In paper V, we showed that HDM-SLIT increased the viral induced IFN-beta
response in cultured HBECs from patients with allergic asthma. We and other
have showed that allergens exposure prior to viral infections impaired IFNs
response in HBECs were regulated through PRRs [126, 248, 249, 312].
Continuing from paper V, we will use the stored cDNA from the VITAL
study to assess the change and expression in PRRs and transcription factors
resulting in improved antiviral responses in HBECs before and after AIT.

It is also important to address in future studies by using specific allergen
components from different allergens. Specifically, we wanted to use specific
HDM components of Dermatophagoides pteronissinus with protease
activity (Der p 1) and unknown enzymatic activity (Der p 2, Der p 5) to
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elucidate exact mechanism of interaction of these HDM components with
HBECs from asthma and healthy controls.

Mast cell protease and histamine effect on bronchial
smooth muscle cells

The number of MCs present on allergic asthmatic human airway smooth
muscle cells is higher than on non-allergic and healthy individuals [347,
348]. Due to their interaction with the smooth muscle in the airways, MCs
are probably important players in affecting the bronchial smooth muscle tone
and thus bronchial hyperresponsiveness. Mast cells infiltrate the airway
smooth muscle bundles in asthma, where they engage in interactions with the
smooth muscle cells. Studies have shown that, in situ and in co-culture with
airway smooth muscle cells, MCs are constantly activated. This activation
can cause MC degranulation and the release of T2 cytokines, which can
further enhance epithelial driven inflammation and successive
bronchoconstriction [349]. In the future, we wanted to investigate the effect
of mast cell mediators (tryptase, chymase and histamine) on alarmins (IL-33
and TSLP) and pro-inflammatory cytokine release from bronchial smooth
muscle cells from both healthy and asthmatic individuals in order to follow
up on our findings in paper III.

75



76



Popular science summary

Asthma is one of the most common non-communicable chronic lung
diseases. The symptoms of the disease are increased mucus production,
coughing and shortness of breath. It is estimated that more than 300 million
individuals worldwide suffer from asthma, making it a severe public health
concern. The prevalence of asthma is higher in the western world, although
incidence of asthma is increasing all around the world. Asthma is the most
prevalent chronic disease in children and is listed as the fifth most common
cause of death in this age group.

The goal of asthma therapy is to reduce and control symptoms.
Glucocorticoids is the most common drug to reduce airway inflammation.
Additionally, short-acting medications (relaxants) can be taken right away
during an asthma attack to reverse the constriction of the smooth muscle in
the airways and alleviate symptoms. Current therapies can effectively lower
the ongoing inflammatory process and symptoms of asthma in the majority
of patients, but there is no curative treatment available.

There are some groups of asthma patients that have severe disease and do not
respond well to treatment. These patients might experience significant
physical, psychological, economic, and social effects in their daily lives. The
reason why some patient does not respond well to normal treatment options
is that asthma is quite a mixed disease. For example, individuals with asthma
have different types of underlying inflammation in their lungs, as well as
different clinical aspects of the disease (e.g., what triggers it). These
variations in asthma are known as "phenotypes." Asthma treatment is
currently shifting toward aiming to treat the more dominant specific
phenotype of asthma for individual patients rather than applying the same
treatment plan for all patients.

The development of two key treatment approaches for asthma and allergies
is ongoing. The first strategy, allergen-specific immunotherapy (AIT), seeks
to reduce the allergy-driven diseases and has a long-term disease-modifying
effect. The second strategy aim to stratify patients into a specific phenotype
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and reduce specific pathological immune responses by using biological
immune response modifiers. These drugs are called biologics.

Airway structural cells, such as epithelial and smooth muscle cells, are
important in the pathophysiology of asthma in several ways inducing both
innate immunity and airway inflammation. Environmental trigger factors for
asthma include exposure to aeroallergens such as house dust mites, fungal,
and pollen allergens, as well as respiratory viruses such as respiratory
syncytial virus (RSV) and rhinovirus (common cold virus). Many
aeroallergens contain proteases, which can activate and damage the epithelial
barrier and increase allergen sensitization and airway infections. Airway
epithelial cells (AECs) line the airways like a carpet and connect the outside
and inside of the lung. These cells serve as the first line of defense against
environmental stimuli and contain specific sensors that can identify these
triggers through pattern recognition receptors (PRRs), including toll-like
receptors (TLRs) or NOD-like receptors (NODs). The recognition or
activation of various environmental stimuli by PRRs results in the production
of several pro-inflammatory cytokines, anti-viral proteins, and alarmins.
Alarmins or danger associated molecular patterns (DAMPs) are molecules
that are normally stored within the cells, but when cells are damaged or
stressed by environmental triggers, they release molecules into the
extracellular environment. Once released into the extracellular space, they
alert our immune system to regulate an inflammatory response.

The overall aim of this thesis is to investigate the innate immune response to
aeroallergens and viral infections in airway structural cells. To carry out the
studies, we have performed experiments with cultured bronchial epithelial
and smooth muscle cells from the lungs of asthmatic patients. The first part
of'this thesis investigated effects of different allergens and allergic mediators
on the metabolic DAMPs (ATP and UA), pro-inflammatory cytokines and
alarmins cytokines (IL-33 and TSLP) release in bronchial epithelial cells.
Next, we investigated exposure to allergens or stimulations with allergic
mediators prior to viral infection to see if it altered the anti-viral response in
bronchial epithelial cells from patients with asthma. Our results showed that
allergens induced DAMPs release and pro-inflammatory cytokines which
were blocked by serine protease inhibitors. Our findings might suggest that
proteases within allergens are a key target for potential treatments for allergic
inflammation in asthma.

The second part of the thesis is to investigate the rhinovirus-induced
differential expression of alarmin (IL-33) expression and its regulating
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mechanism in bronchial smooth muscle cells from both severe and non-
severe asthma and healthy controls. Our results showed that non-severe
asthmatics have higher expression of IL-33 than the severe asthma and
healthy controls. Further, we demonstrated that rhinovirus-induced IL-33
expression in bronchial smooth muscle cells regulated through TLR3.
Additionally, TLR3 activation results in downstream signalling molecules,
which promotes gene expression. Next, we investigated the TLR3
downstream signalling pathways, and our results showed that TAK-I1
downstream signalling pathway were responsible for RV-induced IL-33
expression in bronchial smooth muscle cells. These signalling molecules
might be prospective therapeutic targets for the treatment of viral-induced
asthma exacerbations since they might contribute to the pathophysiology of
airway inflammation caused by respiratory viruses.

The final study of the thesis focuses on the question, whether house dust mite
sublingual allergen immunotherapy (HDM-SLIT) could improve the
epithelial anti-viral response in bronchial epithelial cells from patients with
allergic asthma. We demonstrated that HDM-SLIT improves epithelial anti-
viral response and tend to reduce the alarmin IL-33 expression. This indicates
that allergen immunotherapy might be a potential treatment option for
allergic inflammation and viral induced exacerbations in asthma.
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Popularvetenskaplig sammanfattning

Astma ar en av de vanligaste icke-smittsamma kroniska lungsjukdomarna.
Symptomen dr okad slemproduktion, hosta och andndd. Dessa symtom
orsakas av ett Overaktivt immunsvar 1 luftvdgarna, vilket leder till
inflammation. Det uppskattas att mer &n 300 miljoner individer vérlden 6ver
lider av astma, vilket gér den till ett allvarligt folkhélsoproblem.
Forekomsten av astma dr hogre i véstvarlden, &ven om férekomsten av astma
okar over hela vérlden. Astma &r den vanligaste kroniska sjukdomen hos barn
och listas som den femte vanligaste dodsorsaken i denna aldersgrupp.

Malet med astmabehandling dr att minska och kontrollera symtomen.
Glukokortikoider &dr det vanligaste ldkemedlet for att minska
luftvigsinflammation. Dessutom kan kortverkande mediciner (avslappnande
medel) tas direkt under ett astmaanfall for att minska sammandragningen av
den glatta muskulaturen 1 luftvdgarna och lindra symtomen. Nuvarande
behandling kan effektivt ddmpa den pagéende inflammatoriska processen
och astmasymtomen hos majoriteten av patienterna, men det finns ingen
botande behandling tillgénglig.

Det finns en stor grupp astmapatienter som har en allvarlig sjukdom och som
inte svarar bra pd behandling. Dessa patienter kan uppleva betydande fysiska,
psykologiska, ekonomiska och sociala effekter 1 sina dagliga liv.
Anledningen till att vissa patienter inte svarar bra pad normala
behandlingsalternativ &r att astma dr en heterogen sjukdom. Till exempel har
individer med astma olika typer av underliggande inflammation i sina lungor,
savil som olika kliniska aspekter av sjukdomen (t.ex. vad som utloser den).
Dessa variationer 1 astma dr kdnda som "fenotyper". P4 senare tid har
behandlingsstrategierna for astma dndrats och riktas mot att ge patienterna
personlig behandling baserat pa den specifika fenotypen av astma snarare &n
att tillimpa samma behandlingsplan for alla patienter.

Utvecklingen av tva viktiga behandlingsmetoder for astma och allergier
pagar fortfarande. Den forsta strategin, allergenspecifik immunterapi (AIT),
syftar till att minska de allergidrivna sjukdomarna och har en langsiktig
sjukdomsmodifierande effekt. Den andra strategin syftar till att indela
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patienter i en specifik fenotyp och minska specifika patologiska immunsvar
genom att anvianda biologiska immunsvarsmodifierare. Dessa likemedel
kallas biologiska.

Strukturella celler 1 luftvéigarna, sdsom epitelceller och glatta muskelceller,
ar viktiga 1 astmas patofysiologi. Utlosande faktorer i miljon inkluderar
exponering for aeroallergener som kvalster, mogel- och pollenallergener,
savil som luftvagsvirus som respiratoriskt syncytialvirus (RS) och rhinovirus
(forkylningsvirus). Méanga aeroallergener innehéller nedbrytande proteiner,
sa kallade proteaser, som kan aktivera och skada epitelbarridren och oka
kansligheten mot allergen. Slemhinneceller kantar luftvigarna som en matta
och forbinder insidan av lungan med den yttre miljon. Dessa celler fungerar
som den forsta forsvarslinjen mot yttre stimuli och kan identifiera utlésande
dmnen genom igenkdnningsproteiner (pattern recognition receptorer, PRRs),
sa kallade toll-like receptorer (TLR) eller NOD-like receptorer (NODs).
Igenkdnnandet av olika miljostimuli och aktiveringen av PRRs resulterar i
produktion av flera pro-inflammatoriska cytokiner, antivirala proteiner och
alarminer. Alarminer (damage associated molecular patterns, DAMPs) dr
molekyler som normalt lagras inuti cellerna, men nér celler skadas eller
stressas av yttre stimuli utsondrar de dmnen till den extracelluldra miljon.
Nar de vidl sldpps ut i det extracelluldra utrymmet, varnar de vart
immunsystem fOr att uppreglera ett inflammatoriskt svar.

Det overgripande syftet med denna avhandling ar att undersoka det
medfédda immunsvaret mot aeroallergener och virusinfektioner i
luftvdgarnas strukturella celler. For att genomfora studierna har vi gjort
experiment med odlade luftvégsceller och glatta muskelceller fran lungorna
hos astmatiska patienter. Den forsta delen av denna avhandling undersokte
effekter av olika allergener och allergiska &mnen péd frisdttningen av
metaboliska DAMPs (ATP och UA), pro-inflammatoriska cytokiner och
alarminer (IL-33 och TSLP) friséttning fran luftvdgarnas slemhinneceller.
Darefter undersokte vi hur exponering for allergener eller stimulering med
allergiska dmnen innan virusinfektion forédndrade det antivirala svaret i
bronkiala epitelceller fran patienter med astma. Vara resultat visade att
allergener inducerade DAMPs-frisittning och pro-inflammatoriska
cytokiner som blockerades av serinproteashammare. Vara fynd kan tyda pa
att proteaser 1 allergener ér ett nyckelmal for potentiella behandlingar for
allergisk inflammation vid astma.

Den andra delen av avhandlingen var att undersoka det rhinovirus-
inducerade uttrycket av alarminet IL-33, och dess reglering i luftvigarnas
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glatta muskelceller frdn patienter med olika svarighetsgrad av astma och
friska kontroller. Véra resultat visade att astmatiker med mildare sjukdom
har hogre uttryck av IL-33 &n svar astma och friska kontroller. Vidare visade
vi att rthinovirus-inducerat IL-33-uttryck i glatta muskelceller regleras genom
TLR3. Dessutom resulterar TLR3-aktivering i nedstrdms signalmolekyler,
vilket frdmjar genuttryck. Daérefter undersokte vi TLR3 nedstroms
signalvdgar och vara resultat visade att TAK-1 nedstroms signalvdg var
ansvariga for RV-inducerat 1L-33 uttryck i bronkiala glatta muskelceller.
Dessa signalmolekyler kan bidra till patofysiologin i luftvdgsinflammation
som orsakas av luftvidgsvirus, och de kan vara potentiella terapeutiska mal
for behandling av virusinducerade astmaattacker.

Den sista studien 1 avhandlingen fokuserar pa fragan huruvida sublingual
allergen immunterapi (HDM-SLIT) mot kvalster skulle kunna forbattra det
antivirala svaret 1 luftvdgsslemhinnan fran patienter med allergisk astma. Vi
visade att HDM-SLIT forbattrar slemhinnans anti-virala respons och
tenderar att minska uttrycket av alarminet IL-33. Detta indikerar att
allergenimmunterapi kan vara ett potentiellt behandlingsalternativ for
allergisk inflammation och virusinducerade attacker vid astma.
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SLIMUQUSGTGLD. U6 &H6vr6r Gme&rrsnsug,m&rr& SLeVG|LOm
Grmurefaele Hienguifgedled @ bhH eUEMTSSLILLL CLHF&HESLPMII
6TNCL_6dlut6D LMHMILD QILDETEMLOLLITEN &H6M& C1&F 6L &6 CLPGVLD [HITIRIG6NT
LfGCETGem6n QFILIGITCTLD. @h& < U16UMISEMSUNEIT (L & 6L
LGHUWITEsT), LILGeUM) €26)6UT6MLD LOMHMILD E2626UTEMLD

G Hulervgiseanes euaTj&lengd LOTMHM DAMPSEET (ATP LDHMILD UA),
LCOT-@e6dr.-.LienGLOL_ Ll 60&L_GLMen&63T LOMMILD 6V MTLOI6ITES 61T
0FL_GL MEn&HEOT&HET (IL-33 LOMMILD TSLP) CLNF & GSLOM 6TLNGIL 60lLI6D
QageL&aM6L QeuafuNGLD aNenaTey&HsmneT Sy Ulie| QAFLISS. HEHES),
SherogInm CrmureN&eiL O([bbHE L& GLOMI 6TINCIL 6dluled
Q&6LS61M6L smEUTENL CTHITLIL 6TEHITONEMEIEMILI LOMDMILIEHLO GG LD
EDEUTErV QHTMHMISHE (LOEITEUTI] 626)I6UTEMLD LD G FILISIV ST 8 (61 L 60T
€26UEUTENLD SI6LEVL )] GIT6TI(H & 6L HerMewT CleueNLILIT(H&6man BHIThIG6IT
SLIMUBCHIMLD. speleUTemLD H6uI(HLD DAMPSET GleueMui(h LMHmILD
SIMHE &G FMLIT6 05 CLMTen&65T 4 SHlilsned C&Flesr LGHTL e 6rv
&HULMTETSHOMTEL &(HSSLILILL TS 6TMRISET (LPIG.6Y 61T SITL. (h &l6aTm6dT.
S4,NVGILDTENED 626)UTENLD 62658 S METE &IT& SILILDIT6ST
5EEMESHEHSSHTE (PSS QEVEETS 62616UTEMLD 2_61T6N
GO le 6r0 &6l @(HLILISTS 6TRIS6NT &66oT(HLllg.LILIS6T Q& FleN&&6e0ILD.

S I1QIMN&MSUN6IT QTEHUTL_MLD LiGSILITEsTS], 60 FCeuTmemedFeromed
SNGGOTL_LILIL L SI60MJLO6DT (IL-33) GleuafIlILImL1q.657 LOMMLIL L
Qeuafuum(® LMHMILD &(HEMLOUITET Y, 6MVGILOT LDHM)ILD

S, CrrsEwinme &L (RUUT(H &M (BHE) CLAGF & GLOMIL
CILDEITEMLOWITETT H60&F CFELEHANEL SIS 60T 62(LPRIGL(BSHSILD

QU LPEHMENUI Y TMILQISTGLD. H(H6MLOLLITEN e VGILOT LOMHM)ILD
SComeSuLme S (HLLUT(HSemaT el &(h6MLDUITEIT 4, 6rVGILDIT
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Crmwumeiselt IL-33 @657 &S QeveNULmLenL & C&Teuor(herenssiiy
6T6OTLIENS 6TMRIGET (D161 &6 ST (H&l6oTment. GLOgYILD, TLR3 €LH6VLD
SLRUUESSULCLD CLPEF&HSSLPM CILDETENLOUITEST §6nE ClFeL&6T6L
rhinovirus-&I6SoTL_LIUL L IL-33 QeueLILm(h 6T60TLI6NS BHITHIS6IT
BeBLNSCHMD. 0 (H&60TSH, TLR3 Q&FWILLI(HSSHEL SLpHlemev &FLOIG6m(6h
LRV SFMIGET6L aNenenHm&I, @I LD GeueMLImL émL
2a15,GMNSHME). SI(HH I, TLR3 SLDHne0 H&6Te0lh LITN S Hemern
BITRIGET QU6 QFUICHTLD, GLOGYILD L& F&HGLOMILI CILD6OTEOLOUIT6HT
SHOF QF6L&AT6L RV- ST LILIL L IL-33 Qleuaflium_iq M@ TAK-1
SLpHl6m6v FLOIGEM(EH LITNS SHITTGUIILD 6T6ITLIEN S 6TMRIG6IT (LDIG. 6L GH6lT
&ML (h&6tTmert. QhG Flé6160IM! CLP6L&HFaMIGHETT G6LUITE 6NEUTErVSHETTED
gHU@BL STHMILILTNS SILPMHEUNEST CHTUNUIL @UINLNUIVISHS
LUR&6M& 8880 (HLD, CLOGYILD Si606) 6M6UTErumeL Sesorl LI L
SLEMVGILOT S SHILILS EF5HE F1EFn&WaillILIGm ST &T&SILILDT60T
§EEMEF Q605G SIS @) (HSHS6VILD.

all_ (B &l LL &S slieMhiG 660 speiieumenid CHTQUISTLIL HHEFen g
(HDM-SLIT) 62616UMENLD ,eroGILOm ChmumensenL @b
CLPEFHEGLPMI 6TLNCIL60IULI6L QF6L&EM6D 6TLNCIL 60ILIEL smET6rv
sTRILIY sTElFelement GLOLDLIGS SO 6T601m CHeimaTluiedr LG meor

S UIUMIGENSHUNET HenL_& Y16 HEUGTLD C1F IS SHIHM ).
epeveUmenLd CHTQUISTLIL HEHEFME 4,601 6TLNCIL60ILIEL MUV
sTAILIL sTElFelemest GLODLIGSHIHMEI LOMHMILD 6TEE [ &6

0 &L_GLMem&60T IL-33 GleuaMUUML_6nL & GMMDEHS (L6 HME)
6T60TLIEM & [BITRIGEIT BICHLINSCHITLD. 626)6UTEMLD SILPMHE LOMHMILD
SL,6rGILDMETN6L sneUTerv GT6I(h &0 HSHIFILILIS Eh5HE §626UTEOLD
CrmAWHJIY HHEFME (h FTHHUSHFa DTS Q\(HSHHEVMLD 6T6ITLIENG
881 GNEAD.

88



Acknowledgement

The completion of this thesis would not be possible without an excellent team
effort including numerous people and institutions. To them, I would like to
express my sincere gratitude considering their crucial help.

Prior to all else, I would like to thank my main supervisor, Prof. Lena Uller.
Lena, without whom this thesis would not even start. Thank you for
introducing me to what biomedical research really is like with your smart
insights and outstanding teaching supervision. I am incredibly grateful for
her patience, support (both professional and personal), encouragement and
enthusiasm, which has gone above and beyond expectations. I am very
grateful that she believed in me and offered me the opportunity to pursue my
PhD in her lab. Thank you!

I am deeply grateful to my co-supervisor, Dr. Hamid Akbarshahi, for his
scientific assistance, remarkable constructive criticism and intellectual
shrewdness and, most of all, for always be a tough craver. I truly believe I
could not have done without your assistance in the lab.

Prof. Leif Bjermer, thank you for being my co-supervisor and for providing
clinical samples.

I would also like to thank my co-supervisor, Dr. Cecilia Andersson, for
giving me the chance to be a part of mast cell research. [ am very appreciative
and cherish our Uppsala meeting good memories and warm friendship.

I want to thank my half-time examiners, Prof. Jonas Erjefialt and Dr. Anna-
Karin Larsson. And a special thanks to Jonas Erjefilt for cheering me up
and spreading your positive energy around BMC D12.

I extend my special thanks to Dr. Anja Meissner. I have always admired
your scientific competence and hard work in research. I have always enjoyed
our “cell-lab” conversations.

&9



I have always looked forward to be in the lab and have enjoyed working. This
has been possible because of the following important people:

Jenny Calven, thank you for teaching me the perfection in the cell culture
lab and technical details. For all your guidance with the bronchial smooth
muscle cells even during your parental leave. I am so grateful for your
guidance and encouragement. Mandy Menzel, thank you for being there for
me from day one in the lab and for all your timely assistance and advice with
my experiments and manuscripts. Additionally, I want to express my
gratitude to you for sharing room with me during the conference and for
inspiring me with your perfect timing and punctuality. Irma Mahmutovic
Persson, you are the most excited person I have ever met. You continue to
be an inspiration to me and thank you for your kindness and your friendship.

I want to express my gratitude to all of my lab members, past and present
Samuel Cerps thank you so much for the pleasant experience in the lab, the
several conferences, and the amazing discussions about basic immunology,
Sofia M thank you so much “Anbey” for your friendship, the good times we
spent together, and for sharing the Bio-render account, Sofia T it has been a
pleasure working and sharing office space with you. A special thanks to you
for introducing me to the Knédckebrdd for my pre-lunch, Fanny, Joakim,
Frida, Omeyma, Ebba and Edwina, for walking this PhD journey with me
and for being such pleasant company.

Juanjo, thank you so much for all the support in the lab and laugh both in
and outside work. Thank you so much in particular for the experience of the
Spanish wedding; I will cherish those moments forever. I also want to thank
Fran, Sara, Moni and Pablo for a wonderful experience in Spain and in the
lab.

I am greatly appreciative of all my co-authors for a successful collaboration.
I had the privilege to cooperate with very outstanding academic and generous
persons that crucially contributed to the development of this work. I would
like to express my gratitude to Prof. Celeste Porsbjerg at Bispeberg hospital
in Copenhagen, Asger and Morten, for the clinical samples and interesting
discussions during various meetings. Especially many thanks go to Dr.
Christian Uggerhoj Wohlk, for our collaboration around paper V all your
help and excellent work experience especially with cell cultures.

Many thanks to Lisette Eklund and Maria Palmkron for their
administrative assistance at EMV, in particular, for their tremendous
emotional support throughout my visa application process. Martin Nystrom

90



deserves special thanks for his technical assistance with IT and computer
service.

A very special word of thanks goes to Prem and Azra exceptional persons
that they are always present in good and bad moments, for their true
friendship through long time.

Daisy and Selvi, thanks for being good friends, who always makes me laugh
for the silliest of reasons. Thank you especially for the lunchtimes at D12 and
the funny Insta reels (I hope both of you understand what I meant). Specially
Daisy and Gabriel for our lovely time together.

Neha and Manar, Thank you so much for your friendship, love, support, lots
of fun and good times over the years. Special thanks to Manar for the
cookies, chocolates, and free health advices.

Special thanks go to Bjorn Olde and Bengt-Olof Nilsson, for their useful
comments and advices throughout these years.

I would like to thank to all “C12 and D12 colleagues” for creating such a
nice and good environment, Ellen Tufvesson, Sebastian Albinsson,
Catarina Rippe, Karl swird, Fredrik Leeb Lundberg, Katarzyna
Krawczyk, Kreema, Fatima, Elisabeth, Sara Dhal, Li Lu, Katarzyna
said Hilmersson, Katarzyna Kawka, Siv Svennson, Mario, Monika
Bauden, Gayathri, Hodan, Renan, Julia, Lotte, Frank, Carlos, Martin,
Carin, Francisco, Lena Thiman, Marie Wildt, Sara Rolandson, and
everyone else in D12. Thank you for all your support during my PhD and
also for the Friday FIKA and fun during lunch.

Special thanks go to Prof. Kaleel Razak and my friend Shafika, my sister
and well-wisher, for always encouraging me with your successes in both your
personal and professional lives. Had fantastic memories of our time together
watching "SURA" movie in LA, our trip to the Hollywood studio, Laguna
Beach, and my first baby shower. My deepest love goes to Haroon and
Hassan.

My close friends back in India, Padma Meganathan and Subbulaxmi
Pattamuthu. Thank you so much for sending me the package from India and
for the lovely vacation days we spent.

91



My dear friends from Lund and Malmé who have all made my life abroad so
easy and never made me miss home a single day:

A big thank to Veeresh and Ramesh, for your support when I was alone in
Sweden and all your timely help. Saranya karthikeyan, Indhu Sanker,
Rupa Bala, Belinda Deepan, Sathya Ramesh, Agatheesh, Sudar,
Madhuri Paul, Priya Ram, Kumutha Athimoolam, Jeyasree
Vishwakumar, Ashwini Kannan, Sunitha Mubarak, Deepa Sundar,
Vignesh, Karthika Prem, Sudhakar, Chanchala Ram, Monalisa Panda,
Vaishali Grish, Ranjana Sandeep, Chinmay, Kavitha Veguru, Madhavi
Ravi, Sudha Parimala, Rathi Ramji and Farhana Jahid, thanks a lot guys
for considering me as one of your own many times. Thank you so much for
all the fun times, be it lunch/dinner, birthday parties, ladies meet and kids
dance practice sessions, all of them have been fun and only fun! Thanks a
lot, everyone. And very special thanks to Jeyasree Vishwakumar and
Balamurugan for correcting Tamil popular summary of my thesis. Special
thanks go to Roopsi for the stunning cover image.

Finally, a word of appreciation goes to my entire family members for
believing and supporting me throughout this PhD journey:

I want to express my gratitude to my uncle Prof. Narayanan Muthu and my
sister Ghandhimathi Narayanan for helping to achieve my goals. Not just
helping me, but also being my parents. I want to express my gratitude for
everything you have done for me and for helping me pursue my studies. I
could not have accomplished what I have up to this point without you both.

I intend to express my gratitude to my in-laws Kurunthu and
Karungammal for their everlasting love and support. Particularly, my
father-in-law, who I seen in my life being really supportive and encouraging
his daughter-in-law's education and career. I feel really blessed to be a part
of this family. I would also like to thank my entire family members: my
brother in-laws Mathiazhagan and Prabhakaran, my co-sisters Selvi,
Maheswari, my sister Malar and mama Balamurugan, my brother Palani
and my anni Parameshwari, my sister in-laws Revathi, Madhavi, Laxmi,
Jamuna, my niece Rajapriya, Akash, Ajay, Karthika, Praveen, Naveen,
Kiruthiga, Divya, Varun and Viven kutty.

[ wanted to thank my loving husband Dr. Dharmalingam for being there for
me in both good and terrible circumstances and for bearing with all of my
emotions. You are my main inspiration and pillar of my life. Without your

92



support, I could not have succeeded. I love ® you more than I can express
in words.

My daughter Akshaya Dharmalingam has taught me how to be a fighter
and never give up even when all the odds are against us, and I am grateful
for her unconditional love. Over the years, I have learned so much from you.
I thank you for being my mom during my difficult times.

Last but not least, my little princess Ashvitha Dharmalingam. I love you so
much and I am so glad you entered my life.

93



94



References

10.

11.

12.

13.

14.
15.

Enilari O, Sinha S. The Global Impact of Asthma in Adult Populations. Ann Glob
Health. 2019;85(1).

Kuruvilla ME, Lee FE, Lee GB. Understanding Asthma Phenotypes, Endotypes, and
Mechanisms of Disease. Clin Rev Allergy Immunol. 2019;56(2):219-33.

Quirt J, Hildebrand KJ, Mazza J, Noya F, Kim H. Asthma. Allergy Asthma Clin
Immunol. 2018;14(Suppl 2):50.

Kaplan AG, Balter MS, Bell AD, Kim H, Mclvor RA. Diagnosis of asthma in adults.
CMAJ. 2009;181(10):E210-20.

Witt A, Douglass JA, Harun NS. Overview of recent advancements in asthma
management. Intern Med J. 2022;52(9):1478-87.

GINA. Global Strategy for Asthma Management and Prevention 2022 [Available from:
https://ginasthma.org/gina-reports/.

Lung function testing: selection of reference values and interpretative strategies.
American Thoracic Society. Am Rev Respir Dis. 1991;144(5):1202-18.

Allen M, Heinzmann A, Noguchi E, Abecasis G, Broxholme J, Ponting CP,
Bhattacharyya S, Tinsley J, Zhang Y, Holt R, Jones EY, Lench N, Carey A, Jones H,
Dickens NJ, Dimon C, Nicholls R, Baker C, Xue L, Townsend E, Kabesch M, Weiland
SK, Carr D, von Mutius E, Adcock IM, Barnes PJ, Lathrop GM, Edwards M, Moffatt
MF, Cookson WO. Positional cloning of a novel gene influencing asthma from
chromosome 2q14. Nat Genet. 2003;35(3):258-63.

Anderson SD. Indirect challenge tests: Airway hyperresponsiveness in asthma: its
measurement and clinical significance. Chest. 2010;138(2 Suppl):25S-30S.

Chabra R, Gupta M. Allergic And Environmental Induced Asthma. StatPearls.
Treasure Island (FL)2022.

Gans MD, Gavrilova T. Understanding the immunology of asthma: Pathophysiology,
biomarkers, and treatments for asthma endotypes. Paediatr Respir Rev. 2020;36:118-
27.

Bush A. Pathophysiological Mechanisms of Asthma. Front Pediatr. 2019;7:68.

Joseph C, Tatler AL. Pathobiology of Airway Remodeling in Asthma: The Emerging
Role of Integrins. J Asthma Allergy. 2022;15:595-610.

Rackemann FM. A working classification of asthma. Am J Med. 1947;3(5):601-6.

Wenzel SE. Asthma: defining of the persistent adult phenotypes. Lancet.
2006;368(9537):804-13.

95



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

96

Agache I, Akdis C, Jutel M, Virchow JC. Untangling asthma phenotypes and
endotypes. Allergy. 2012;67(7):835-46.

Pavord ID, Beasley R, Agusti A, Anderson GP, Bel E, Brusselle G, Cullinan P,
Custovic A, Ducharme FM, Fahy JV, Frey U, Gibson P, Heaney LG, Holt PG,
Humbert M, Lloyd CM, Marks G, Martinez FD, Sly PD, von Mutius E, Wenzel S, Zar
HJ, Bush A. After asthma: redefining airways diseases. Lancet. 2018;391(10118):350-
400.

Corren J. Asthma phenotypes and endotypes: an evolving paradigm for classification.
Discov Med. 2013;15(83):243-9.

Bousquet J, Chanez P, Lacoste JY, Barneon G, Ghavanian N, Enander I, Venge P,
Ahlstedt S, Simony-Lafontaine J, Godard P, et al. Eosinophilic inflammation in
asthma. N Engl J Med. 1990;323(15):1033-9.

Brusselle GG, Koppelman GH. Biologic Therapies for Severe Asthma. N Engl J Med.
2022;386(2):157-71.

Fahy JV. Type 2 inflammation in asthma--present in most, absent in many. Nat Rev
Immunol. 2015;15(1):57-65.

Maggi L, Mazzoni A, Capone M, Liotta F, Annunziato F, Cosmi L. The dual function
of ILC2: From host protection to pathogenic players in type 2 asthma. Mol Aspects
Med. 2021;80:100981.

Pawankar R. Allergic diseases and asthma: a global public health concern and a call to
action. World Allergy Organ J. 2014;7(1):12.
Hong S, Son DK, Lim WR, Kim SH, Kim H, Yum HY, Kwon H. The prevalence of

atopic dermatitis, asthma, and allergic rhinitis and the comorbidity of allergic diseases
in children. Environ Health Toxicol. 2012;27:€2012006.

Holt PG, Macaubas C, Stumbles PA, Sly PD. The role of allergy in the development of
asthma. Nature. 1999;402(6760 Suppl):B12-7.

Novak N, Bieber T. Allergic and nonallergic forms of atopic diseases. J Allergy Clin
Immunol. 2003;112(2):252-62.

Ballardini N, Bergstrom A, Wahlgren CF, van Hage M, Hallner E, Kull I, Melen E,
Anto JM, Bousquet J, Wickman M. IgE antibodies in relation to prevalence and
multimorbidity of eczema, asthma, and rhinitis from birth to adolescence. Allergy.
2016;71(3):342-9.

Kalayci O, Miligkos M, Pozo Beltran CF, El-Sayed ZA, Gomez RM, Hossny E, Le
Souef P, Nieto A, Phipatanakul W, Pitrez PM, Xepapadaki P, Jiu-Yao W,
Papadopoulos NG. The role of environmental allergen control in the management of
asthma. World Allergy Organ J. 2022;15(3):100634.

Baxi SN, Phipatanakul W. The role of allergen exposure and avoidance in asthma.
Adolesc Med State Art Rev. 2010;21(1):57-71, viii-ix.

Sheehan WJ, Phipatanakul W. Indoor allergen exposure and asthma outcomes. Curr
Opin Pediatr. 2016;28(6):772-7.

Kia'i N BT. Histology, respiratory epithelium. 2019.

Davis JD, Wypych TP. Cellular and functional heterogeneity of the airway epithelium.
Mucosal Immunol. 2021;14(5):978-90.



33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Bonser LR, Erle DJ. The airway epithelium in asthma. Adv Immunol. 2019;142:1-34.
Crystal RG, Randell SH, Engelhardt JF, Voynow J, Sunday ME. Airway epithelial
cells: current concepts and challenges. Proc Am Thorac Soc. 2008;5(7):772-7.
Lambrecht BN, Hammad H. The airway epithelium in asthma. Nat Med.
2012;18(5):684-92.

Calven J, Ax E, Radinger M. The Airway Epithelium-A Central Player in Asthma
Pathogenesis. Int J Mol Sci. 2020;21(23).

Heijink IH, Kuchibhotla VNS, Roffel MP, Maes T, Knight DA, Sayers I, Nawijn MC.
Epithelial cell dysfunction, a major driver of asthma development. Allergy.
2020;75(8):1902-17.

Duchesne M, Okoye I, Lacy P. Epithelial cell alarmin cytokines: Frontline mediators of
the asthma inflammatory response. Front Immunol. 2022;13:975914.

Hewitt RJ, Lloyd CM. Regulation of immune responses by the airway epithelial cell
landscape. Nat Rev Immunol. 2021;21(6):347-62.

Schleimer RP, Kato A, Kern R, Kuperman D, Avila PC. Epithelium: at the interface of
innate and adaptive immune responses. J Allergy Clin Immunol. 2007;120(6):1279-84.

Blank F, Rothen-Rutishauser B, Gehr P. Dendritic cells and macrophages form a
transepithelial network against foreign particulate antigens. Am J Respir Cell Mol Biol.
2007;36(6):669-77.

Amrani Y, Panettieri RA. Airway smooth muscle: contraction and beyond. Int J
Biochem Cell Biol. 2003;35(3):272-6.

Fehrenbach H, Wagner C, Wegmann M. Airway remodeling in asthma: what really
matters. Cell Tissue Res. 2017;367(3):551-69.

Doeing DC, Solway J. Airway smooth muscle in the pathophysiology and treatment of
asthma. J Appl Physiol (1985). 2013;114(7):834-43.

James AL, Bai TR, Mauad T, Abramson MJ, Dolhnikoff M, McKay KO, Maxwell PS,
Elliot JG, Green FH. Airway smooth muscle thickness in asthma is related to severity
but not duration of asthma. Eur Respir J. 2009;34(5):1040-5.

Solway J, Irvin CG. Airway smooth muscle as a target for asthma therapy. N Engl J
Med. 2007;356(13):1367-9.

Chung KF. Airway smooth muscle cells: contributing to and regulating airway mucosal
inflammation? Eur Respir J. 2000;15(5):961-8.

Calven J, Akbarshahi H, Menzel M, Ayata CK, Idzko M, Bjermer L, Uller L.
Rhinoviral stimuli, epithelial factors and ATP signalling contribute to bronchial smooth
muscle production of IL-33. J Transl Med. 2015;13.

Calven J, Yudina Y, Uller L. Rhinovirus and dsRNA induce RIG-I-like receptors and
expression of interferon beta and lambdal in human bronchial smooth muscle cells.
PLoS One. 2013;8(4):¢62718.

Ozier A, Allard B, Bara I, Girodet PO, Trian T, Marthan R, Berger P. The pivotal role
of airway smooth muscle in asthma pathophysiology. J Allergy (Cairo).
2011;2011:742710.

97



S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

98

Saunders R, Sutcliffe A, Kaur D, Siddiqui S, Hollins F, Wardlaw A, Bradding P,
Brightling C. Airway smooth muscle chemokine receptor expression and function in
asthma. Clin Exp Allergy. 2009;39(11):1684-92.

Chung KF, Patel HJ, Fadlon EJ, Rousell J, Haddad EB, Jose PJ, Mitchell J, Belvisi M.
Induction of eotaxin expression and release from human airway smooth muscle cells by
IL-1beta and TNFalpha: effects of IL-10 and corticosteroids. Br J Pharmacol.
1999;127(5):1145-50.

Moore PE, Church TL, Chism DD, Panettieri RA, Jr., Shore SA. IL-13 and IL-4 cause
eotaxin release in human airway smooth muscle cells: a role for ERK. Am J Physiol
Lung Cell Mol Physiol. 2002;282(4):L847-53.

Berger P, Girodet PO, Begueret H, Ousova O, Perng DW, Marthan R, Walls AF,
Tunon de Lara JM. Tryptase-stimulated human airway smooth muscle cells induce
cytokine synthesis and mast cell chemotaxis. FASEB J. 2003;17(14):2139-41.

Ammit AJ, Lazaar AL, Irani C, O'Neill GM, Gordon ND, Amrani Y, Penn RB,
Panettieri RA, Jr. Tumor necrosis factor-alpha-induced secretion of RANTES and
interleukin-6 from human airway smooth muscle cells: modulation by glucocorticoids
and beta-agonists. Am J Respir Cell Mol Biol. 2002;26(4):465-74.

Akira S, Uematsu S, Takeuchi O. Pathogen recognition and innate immunity. Cell.
2006;124(4):783-801.

Li D, Wu M. Pattern recognition receptors in health and diseases. Signal Transduct
Target Ther. 2021;6(1):291.

Fitzgerald KA, Kagan JC. Toll-like Receptors and the Control of Immunity. Cell.
2020;180(6):1044-66.

Kawai T, Akira S. The role of pattern-recognition receptors in innate immunity: update
on Toll-like receptors. Nat Immunol. 2010;11(5):373-84.

Asami J, Shimizu T. Structural and functional understanding of the toll-like receptors.
Protein Sci. 2021;30(4):761-72.

Alexopoulou L, Holt AC, Medzhitov R, Flavell RA. Recognition of double-stranded
RNA and activation of NF-kappaB by Toll-like receptor 3. Nature.
2001;413(6857):732-8.

Saito T, Hirai R, Loo YM, Owen D, Johnson CL, Sinha SC, Akira S, Fujita T, Gale M,
Jr. Regulation of innate antiviral defenses through a shared repressor domain in RIG-I
and LGP2. Proc Natl Acad Sci U S A. 2007;104(2):582-7.

Bamming D, Horvath CM. Regulation of signal transduction by enzymatically inactive
antiviral RNA helicase proteins MDAS, RIG-I, and LGP2. J Biol Chem.
2009;284(15):9700-12.

Sears MR, Burrows B, Flannery EM, Herbison GP, Holdaway MD. Atopy in
childhood. I. Gender and allergen related risks for development of hay fever and
asthma. Clin Exp Allergy. 1993;23(11):941-8.

Fort MM, Cheung J, Yen D, Li J, Zurawski SM, Lo S, Menon S, Clifford T, Hunte B,
Lesley R, Muchamuel T, Hurst SD, Zurawski G, Leach MW, Gorman DM, Rennick
DM. IL-25 induces IL-4, IL-5, and IL-13 and Th2-associated pathologies in vivo.
Immunity. 2001;15(6):985-95.



66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81

Schmitz J, Owyang A, Oldham E, Song Y, Murphy E, McClanahan TK, Zurawski G,
Moshrefi M, Qin J, Li X, Gorman DM, Bazan JF, Kastelein RA. IL-33, an interleukin-
1-like cytokine that signals via the IL-1 receptor-related protein ST2 and induces T
helper type 2-associated cytokines. Immunity. 2005;23(5):479-90.

Ying S, O'Connor B, Ratoff J, Meng Q, Fang C, Cousins D, Zhang G, Gu S, Gao Z,
Shamji B, Edwards MJ, Lee TH, Corrigan CJ. Expression and cellular provenance of
thymic stromal lymphopoietin and chemokines in patients with severe asthma and
chronic obstructive pulmonary disease. J Immunol. 2008;181(4):2790-8.

Neill DR, Wong SH, Bellosi A, Flynn RJ, Daly M, Langford TK, Bucks C, Kane CM,

Fallon PG, Pannell R, Jolin HE, McKenzie AN. Nuocytes represent a new innate
effector leukocyte that mediates type-2 immunity. Nature. 2010;464(7293):1367-70.
Kato A. Group 2 Innate Lymphoid Cells in Airway Diseases. Chest. 2019;156(1):141-
9.

Saenz SA, Siracusa MC, Perrigoue JG, Spencer SP, Urban JF, Jr., Tocker JE, Budelsky
AL, Kleinschek MA, Kastelein RA, Kambayashi T, Bhandoola A, Artis D. IL25 elicits
a multipotent progenitor cell population that promotes T(H)2 cytokine responses.
Nature. 2010;464(7293):1362-6.

Chang JE, Doherty TA, Baum R, Broide D. Prostaglandin D2 regulates human type 2
innate lymphoid cell chemotaxis. J Allergy Clin Immunol. 2014;133(3):899-901 e3.
Hammad H, Lambrecht BN. Barrier Epithelial Cells and the Control of Type 2
Immunity. Immunity. 2015;43(1):29-40.

Gauvreau GM, El-Gammal Al, O'Byrne PM. Allergen-induced airway responses. Eur
Respir J. 2015;46(3):819-31.

Lambrecht BN, Hammad H, Fahy JV. The Cytokines of Asthma. Immunity.
2019;50(4):975-91.

Nelson RP, Jr., DiNicolo R, Fernandez-Caldas E, Seleznick MJ, Lockey RF, Good RA.
Allergen-specific IgE levels and mite allergen exposure in children with acute asthma
first seen in an emergency department and in nonasthmatic control subjects. J Allergy
Clin Immunol. 1996;98(2):258-63.

Calderon MA, Linneberg A, Kleine-Tebbe J, De Blay F, Hernandez Fernandez de
Rojas D, Virchow JC, Demoly P. Respiratory allergy caused by house dust mites: What
do we really know? J Allergy Clin Immunol. 2015;136(1):38-48.

Thomas WR, Hales BJ, Smith WA. House dust mite allergens in asthma and allergy.
Trends Mol Med. 2010;16(7):321-8.

Gregory LG, Lloyd CM. Orchestrating house dust mite-associated allergy in the lung.
Trends Immunol. 2011;32(9):402-11.

Fahlbusch B, Koch A, Douwes J, Bischof W, Gehring U, Richter K, Wichmann HE,
Heinrich J. The effect of storage on allergen and microbial agent levels in frozen house
dust. Allergy. 2003;58(2):150-3.

Jacquet A. Interactions of airway epithelium with protease allergens in the allergic
response. Clin Exp Allergy. 2011;41(3):305-11.

Platts-Mills TA, Chapman MD. Dust mites: immunology, allergic disease, and
environmental control. J Allergy Clin Immunol. 1987;80(6):755-75.

99



82.

83.

84.

85.

86.

&7.

88.

89.

90.

91.

92.

93.

94.
95.

100

De Alba J, Raemdonck K, Dekkak A, Collins M, Wong S, Nials AT, Knowles RG,
Belvisi MG, Birrell MA. House dust mite induces direct airway inflammation in vivo:
implications for future disease therapy? Eur Respir J. 2010;35(6):1377-87.

Birrell MA, Van Oosterhout AJ, Belvisi MG. Do the current house dust mite-driven
models really mimic allergic asthma? Eur Respir J. 2010;36(5):1220-1.

Soto-Quiros M, Avila L, Platts-Mills TA, Hunt JF, Erdman DD, Carper H, Murphy
DD, Odio S, James HR, Patrie JT, Hunt W, O'Rourke AK, Davis MD, Steinke JW, Lu
X, Kennedy J, Heymann PW. High titers of IgE antibody to dust mite allergen and risk
for wheezing among asthmatic children infected with rhinovirus. J Allergy Clin
Immunol. 2012;129(6):1499-505 e5.

Green RM, Custovic A, Sanderson G, Hunter J, Johnston SL, Woodcock A. Synergism
between allergens and viruses and risk of hospital admission with asthma: case-control
study. BMJ. 2002;324(7340):763.

Trian T, Allard B, Dupin I, Carvalho G, Ousova O, Maurat E, Bataille J, Thumerel M,
Begueret H, Girodet PO, Marthan R, Berger P. House dust mites induce proliferation of
severe asthmatic smooth muscle cells via an epithelium-dependent pathway. Am J
Respir Crit Care Med. 2015;191(5):538-46.

Mouthuy J, Detry B, Sohy C, Pirson F, Pilette C. Presence in sputum of functional dust
mite-specific IgE antibodies in intrinsic asthma. Am J Respir Crit Care Med.
2011;184(2):206-14.

Suanno C SS, Aloisi I, De Nuntiis P, Facchini MC, Del Duca S, Fernandez-Gonzalez
D. . Airborne Pollen, Allergens, and Proteins: A Comparative Study of Three Sampling
Methods. . Sustainability. 2022;14(19):11825.

Burney P, Malmberg E, Chinn S, Jarvis D, Luczynska C, Lai E. The distribution of
total and specific serum IgE in the European Community Respiratory Health Survey. J
Allergy Clin Immunol. 1997;99(3):314-22.

D'Amato G. Urban air pollution and plant-derived respiratory allergy. Clin Exp
Allergy. 2000;30(5):628-36.

Hollbacher B, Schmitt AO, Hofer H, Ferreira F, Lackner P. Identification of Proteases
and Protease Inhibitors in Allergenic and Non-Allergenic Pollen. Int J Mol Sci.
2017;18(6).

Groeme R, Airouche S, Kopecny D, Jaekel J, Savko M, Berjont N, Bussieres L, Le
Mignon M, Jagic F, Zieglmayer P, Baron-Bodo V, Bordas-Le Floch V, Mascarell L,
Briozzo P, Moingeon P. Structural and Functional Characterization of the Major
Allergen Amb a 11 from Short Ragweed Pollen. J Biol Chem. 2016;291(25):13076-87.

Gunawan H, Takai T, Kamijo S, Wang XL, Tkeda S, Okumura K, Ogawa H.
Characterization of proteases, proteins, and eicosanoid-like substances in soluble
extracts from allergenic pollen grains. Int Arch Allergy Immunol. 2008;147(4):276-88.

Carsten Ambelas Skjoth BS, Seigfried Jager and EAN-Network. Pollen Sources. 2012.
Vinhas R, Cortes L, Cardoso I, Mendes VM, Manadas B, Todo-Bom A, Pires E,
Verissimo P. Pollen proteases compromise the airway epithelial barrier through

degradation of transmembrane adhesion proteins and lung bioactive peptides. Allergy.
2011;66(8):1088-98.



96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Pfaar O, Karatzas K, Bastl K, Berger U, Buters J, Darsow U, Demoly P, Durham SR,
Galan C, Gehrig R, Gerth van Wijk R, Jacobsen L, Katsifarakis N, Klimek L, Saarto A,
Sofiev M, Thibaudon M, Werchan B, Bergmann KC. Pollen season is reflected on
symptom load for grass and birch pollen-induced allergic rhinitis in different
geographic areas-An EAACI Task Force Report. Allergy. 2020;75(5):1099-106.
Walker JA, McKenzie ANJ. T(H)2 cell development and function. Nat Rev Immunol.
2018;18(2):121-33.

Dales RE, Cakmak S, Judek S, Dann T, Coates F, Brook JR, Burnett RT. Influence of
outdoor aeroallergens on hospitalization for asthma in Canada. J Allergy Clin
Immunol. 2004;113(2):303-6.

Hosoki K, Boldogh I, Sur S. Innate responses to pollen allergens. Curr Opin Allergy
Clin Immunol. 2015;15(1):79-88.

Blume C, Swindle EJ, Dennison P, Jayasekera NP, Dudley S, Monk P, Behrendt H,
Schmidt-Weber CB, Holgate ST, Howarth PH, Traidl-Hoffmann C, Davies DE. Barrier
responses of human bronchial epithelial cells to grass pollen exposure. Eur Respir J.
2013;42(1):87-97.

Priyamvada H, Singh RK, Akila M, Ravikrishna R, Verma RS, Gunthe SS. Seasonal
variation of the dominant allergenic fungal aerosols - One year study from southern
Indian region. Sci Rep. 2017;7(1):11171.

Zukiewicz-Sobczak WA. The role of fungi in allergic diseases. Postepy Dermatol
Alergol. 2013;30(1):42-5.

DL. H. The fungal dimension of biodiversity: magnitude, significance, and
conservation. . Mycological research 1991;95(6):641-55.

Denning DW, O'Driscoll BR, Hogaboam CM, Bowyer P, Niven RM. The link between
fungi and severe asthma: a summary of the evidence. Eur Respir J. 2006;27(3):615-26.
Deards MJ, Montague AE. Purification and characterisation of a major allergen of
Alternaria alternata. Mol Immunol. 1991;28(4-5):409-15.

Chruszcz M, Chapman MD, Osinski T, Solberg R, Demas M, Porebski PJ, Majorek
KA, Pomes A, Minor W. Alternaria alternata allergen Alt a 1: a unique beta-barrel
protein dimer found exclusively in fungi. J Allergy Clin Immunol. 2012;130(1):241-7
9.

Twaroch TE, Arcalis E, Sterflinger K, Stoger E, Swoboda I, Valenta R. Predominant
localization of the major Alternaria allergen Alt a 1 in the cell wall of airborne spores. J
Allergy Clin Immunol. 2012;129(4):1148-9.

Simon-Nobbe B, Probst G, Kajava AV, Oberkofler H, Susani M, Crameri R, Ferreira
F, Ebner C, Breitenbach M. IgE-binding epitopes of enolases, a class of highly
conserved fungal allergens. J Allergy Clin Immunol. 2000;106(5):887-95.

Reese TA, Liang HE, Tager AM, Luster AD, Van Rooijen N, Voehringer D, Locksley
RM. Chitin induces accumulation in tissue of innate immune cells associated with
allergy. Nature. 2007;447(7140):92-6.

Van Dyken SJ, Garcia D, Porter P, Huang X, Quinlan PJ, Blanc PD, Corry DB,
Locksley RM. Fungal chitin from asthma-associated home environments induces
eosinophilic lung infiltration. J Immunol. 2011;187(5):2261-7.

101



111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

102

Semik-Orzech A, Barczyk A, Pierzchala W. [The influence of sensitivity to fungal
allergens on the development and course of allergic diseases of the respiratory tract].
Pneumonol Alergol Pol. 2008;76(1):29-36.

Dall'antonia F, Pavkov-Keller T, Zangger K, Keller W. Structure of allergens and
structure based epitope predictions. Methods. 2014;66(1):3-21.

Matsumura Y. Role of Allergen Source-Derived Proteases in Sensitization via Airway
Epithelial Cells. J Allergy (Cairo). 2012;2012:903659.

Soh WT, Zhang J, Hollenberg MD, Vliagoftis H, Rothenberg ME, Sokol CL, Robinson
C, Jacquet A. Protease allergens as initiators-regulators of allergic inflammation.
Allergy. 2023.

Greene CM, McElvaney NG. Proteases and antiproteases in chronic neutrophilic lung
disease - relevance to drug discovery. Br J Pharmacol. 2009;158(4):1048-58.

Meyer M, Jaspers 1. Respiratory protease/antiprotease balance determines susceptibility
to viral infection and can be modified by nutritional antioxidants. Am J Physiol Lung
Cell Mol Physiol. 2015;308(12):L1189-201.

Kesic MJ, Hernandez M, Jaspers 1. Airway protease/antiprotease imbalance in atopic
asthmatics contributes to increased influenza A virus cleavage and replication. Respir
Res. 2012;13(1):82.

Welle M. Development, significance, and heterogeneity of mast cells with particular
regard to the mast cell-specific proteases chymase and tryptase. J Leukoc Biol.
1997;61(3):233-45.

Forster C. Tight junctions and the modulation of barrier function in disease. Histochem
Cell Biol. 2008;130(1):55-70.

Leino MS, Loxham M, Blume C, Swindle EJ, Jayasekera NP, Dennison PW, Shamji
BW, Edwards MJ, Holgate ST, Howarth PH, Davies DE. Barrier disrupting effects of
alternaria alternata extract on bronchial epithelium from asthmatic donors. PLoS One.
2013;8(8):e71278.

Gaspar R, de Matos MR, Cortes L, Nunes-Correia I, Todo-Bom A, Pires E, Verissimo
P. Pollen Proteases Play Multiple Roles in Allergic Disorders. Int J Mol Sci.
2020;21(10).

Kamijo S, Takeda H, Tokura T, Suzuki M, Inui K, Hara M, Matsuda H, Matsuda A,
Oboki K, Ohno T, Saito H, Nakae S, Sudo K, Suto H, Ichikawa S, Ogawa H, Okumura
K, Takai T. IL-33-mediated innate response and adaptive immune cells contribute to

maximum responses of protease allergen-induced allergic airway inflammation. J
Immunol. 2013;190(9):4489-99.

Cunningham PT, Elliot CE, Lenzo JC, Jarnicki AG, Larcombe AN, Zosky GR, Holt
PG, Thomas WR. Sensitizing and Th2 adjuvant activity of cysteine protease allergens.
Int Arch Allergy Immunol. 2012;158(4):347-58.

Salazar F, Ghaemmaghami AM. Allergen recognition by innate immune cells: critical
role of dendritic and epithelial cells. Front Immunol. 2013;4:356.

Liu T, Zhang L, Joo D, Sun SC. NF-kappaB signaling in inflammation. Signal
Transduct Target Ther. 2017;2:17023-.



126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Zhu L, Lee B, Zhao F, Zhou X, Chin V, Ling SC, Chen Y. Modulation of airway
epithelial antiviral immunity by fungal exposure. Am J Respir Cell Mol Biol.
2014;50(6):1136-43.

Lan RS, Stewart GA, Henry PJ. Role of protease-activated receptors in airway
function: a target for therapeutic intervention? Pharmacol Ther. 2002;95(3):239-57.

Vroling AB, Duinsbergen D, Fokkens WJ, van Drunen CM. Allergen induced gene
expression of airway epithelial cells shows a possible role for TNF-alpha. Allergy.
2007;62(11):1310-9.

Tomee JF, van Weissenbruch R, de Monchy JG, Kauffman HF. Interactions between
inhalant allergen extracts and airway epithelial cells: effect on cytokine production and
cell detachment. J Allergy Clin Immunol. 1998;102(1):75-85.

King C, Brennan S, Thompson PJ, Stewart GA. Dust mite proteolytic allergens induce
cytokine release from cultured airway epithelium. J Immunol. 1998;161(7):3645-51.
Asokananthan N, Graham PT, Stewart DJ, Bakker AJ, Eidne KA, Thompson PJ,
Stewart GA. House dust mite allergens induce proinflammatory cytokines from
respiratory epithelial cells: the cysteine protease allergen, Der p 1, activates protease-
activated receptor (PAR)-2 and inactivates PAR-1. J Immunol. 2002;169(8):4572-8.
Kono H, Rock KL. How dying cells alert the immune system to danger. Nat Rev
Immunol. 2008;8(4):279-89.

Brennan TV, Lunsford KE, Kuo PC. Innate pathways of immune activation in
transplantation. J Transplant. 2010;2010.

Latz E, Xiao TS, Stutz A. Activation and regulation of the inflammasomes. Nat Rev
Immunol. 2013;13(6):397-411.

Kim SR, Park HJ, Lee KB, Kim HJ, Jeong JS, Cho SH, Lee YC. Epithelial PI3K-delta
Promotes House Dust Mite-Induced Allergic Asthma in NLRP3 Inflammasome-
Dependent and -Independent Manners. Allergy Asthma Immunol Res. 2020;12(2):338-
58.

Roh JS, Sohn DH. Damage-Associated Molecular Patterns in Inflammatory Diseases.
Immune Netw. 2018;18(4):e27.

El Ridi R, Tallima H. Physiological functions and pathogenic potential of uric acid: A
review. J Adv Res. 2017;8(5):487-93.

Shi Y, Evans JE, Rock KL. Molecular identification of a danger signal that alerts the
immune system to dying cells. Nature. 2003;425(6957):516-21.

Ghaemi-Oskouie F, Shi Y. The role of uric acid as an endogenous danger signal in
immunity and inflammation. Curr Rheumatol Rep. 2011;13(2):160-6.

Lee TH, Song HJ, Park CS. Role of inflammasome activation in development and
exacerbation of asthma. Asia Pac Allergy. 2014;4(4):187-96.

Wang H, Jia Y, Yi M, Li Y, Chen O. High Serum Uric Acid Was a Risk Factor for
Incident Asthma: An Open Cohort Study. Risk Manag Healthc Policy. 2020;13:2337-
46.

Lambrecht BN, Kool M, Willart MA, Hammad H. Mechanism of action of clinically
approved adjuvants. Curr Opin Immunol. 2009;21(1):23-9.

103



143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

104

Kool M, Willart MA, van Nimwegen M, Bergen I, Pouliot P, Virchow JC, Rogers N,
Osorio F, Reis e Sousa C, Hammad H, Lambrecht BN. An unexpected role for uric
acid as an inducer of T helper 2 cell immunity to inhaled antigens and inflammatory
mediator of allergic asthma. Immunity. 2011;34(4):527-40.

Loser S, Gregory LG, Zhang Y, Schaefer K, Walker SA, Buckley J, Denney L, Dean
CH, Cookson WOC, Moffatt MF, Lloyd CM. Pulmonary ORMDLS3 is critical for
induction of Alternaria-induced allergic airways disease. J Allergy Clin Immunol.
2017;139(5):1496-507 €3.

Hara K, lijima K, Elias MK, Seno S, Tojima I, Kobayashi T, Kephart GM,
Kurabayashi M, Kita H. Airway uric acid is a sensor of inhaled protease allergens and
initiates type 2 immune responses in respiratory mucosa. J Immunol.
2014;192(9):4032-42.

Rajendran M, Dane E, Conley J, Tantama M. Imaging Adenosine Triphosphate (ATP).
Biol Bull. 2016;231(1):73-84.

Rayah A, Kanellopoulos JM, Di Virgilio F. P2 receptors and immunity. Microbes
Infect. 2012;14(14):1254-62.

Pfeiffer ZA, Guerra AN, Hill LM, Gavala ML, Prabhu U, Aga M, Hall DJ, Bertics PJ.
Nucleotide receptor signaling in murine macrophages is linked to reactive oxygen
species generation. Free Radic Biol Med. 2007;42(10):1506-16.

Lenertz LY, Gavala ML, Hill LM, Bertics PJ. Cell signaling via the P2X(7) nucleotide
receptor: linkage to ROS production, gene transcription, and receptor trafficking.
Purinergic Signal. 2009;5(2):175-87.

Aga M, Johnson CJ, Hart AP, Guadarrama AG, Suresh M, Svaren J, Bertics PJ, Darien

BJ. Modulation of monocyte signaling and pore formation in response to agonists of
the nucleotide receptor P2X(7). J Leukoc Biol. 2002;72(1):222-32.

Solle M, Labasi J, Perregaux DG, Stam E, Petrushova N, Koller BH, Griffiths RJ,
Gabel CA. Altered cytokine production in mice lacking P2X(7) receptors. J Biol Chem.
2001;276(1):125-32.

Ferrari D, Chiozzi P, Falzoni S, Dal Susino M, Melchiorri L, Baricordi OR, Di Virgilio
F. Extracellular ATP triggers IL-1 beta release by activating the purinergic P2Z
receptor of human macrophages. J Immunol. 1997;159(3):1451-8.

Kobayashi T, Soma T, Noguchi T, Nakagome K, Nakamoto H, Kita H, Nagata M.
ATP drives eosinophil effector responses through P2 purinergic receptors. Allergol Int.
2015;64 Suppl(0):S30-6.

Ferrari D, Vuerich M, Casciano F, Longhi MS, Melloni E, Secchiero P, Zech A,
Robson SC, Muller T, Idzko M. Eosinophils and Purinergic Signaling in Health and
Disease. Front Immunol. 2020;11:1339.

Gao ZG, Jacobson KA. Purinergic Signaling in Mast Cell Degranulation and Asthma.
Front Pharmacol. 2017;8:947.

Wareham KJ, Seward EP. P2X7 receptors induce degranulation in human mast cells.
Purinergic Signal. 2016;12(2):235-46.



157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

Idzko M, Hammad H, van Nimwegen M, Kool M, Willart MA, Muskens F,
Hoogsteden HC, Luttmann W, Ferrari D, Di Virgilio F, Virchow JC, Jr., Lambrecht
BN. Extracellular ATP triggers and maintains asthmatic airway inflammation by
activating dendritic cells. Nat Med. 2007;13(8):913-9.

Silva-Vilches C, Ring S, Mahnke K. ATP and Its Metabolite Adenosine as Regulators
of Dendritic Cell Activity. Front Immunol. 2018;9:2581.

LiR, Shang Y, Hu X, Yu Y, Zhou T, Xiong W, Zou X. ATP/P2X7r axis mediates the
pathological process of allergic asthma by inducing M2 polarization of alveolar
macrophages. Exp Cell Res. 2020;386(1):111708.

Nagai J, Balestrieri B, Fanning LB, Kyin T, Cirka H, Lin J, Idzko M, Zech A, Kim EY,
Brennan PJ, Boyce JA. P2Y6 signaling in alveolar macrophages prevents leukotriene-
dependent type 2 allergic lung inflammation. J Clin Invest. 2019;129(12):5169-86.

Kim K, Kim HJ, Binas B, Kang JH, Chung IY. Inflammatory mediators ATP and
S100A12 activate the NLRP3 inflammasome to induce MUCSAC production in airway
epithelial cells. Biochem Biophys Res Commun. 2018;503(2):657-64.

McNamara N, Gallup M, Khong A, Sucher A, Maltseva I, Fahy J, Basbaum C.
Adenosine up-regulation of the mucin gene, MUC?2, in asthma. FASEB J.
2004;18(14):1770-2.

Geary C, Akinbi H, Korfhagen T, Fabre JE, Boucher R, Rice W. Increased

susceptibility of purinergic receptor-deficient mice to lung infection with Pseudomonas
aeruginosa. Am J Physiol Lung Cell Mol Physiol. 2005;289(5):L890-5.

Driver AG, Kukoly CA, Ali S, Mustafa SJ. Adenosine in bronchoalveolar lavage fluid
in asthma. Am Rev Respir Dis. 1993;148(1):91-7.

Huang YA, Chen JC, Wu CC, Hsu CW, Ko AM, Chen LC, Kuo ML. Reducing Lung
ATP Levels and Alleviating Asthmatic Airway Inflammation through Adeno-
Associated Viral Vector-Mediated CD39 Expression. Biomedicines. 2021;9(6).

Arzola-Martinez L, Benavente R, Vega G, Rios M, Fonseca W, Rasky AJ, Morris S,
Lukacs NW, Villalon MJ. Blocking ATP-releasing channels prevents high extracellular
ATP levels and airway hyperreactivity in an asthmatic mouse model. Am J Physiol
Lung Cell Mol Physiol. 2021;321(2):L466-L76.

Kouzaki H, lijima K, Kobayashi T, O'Grady SM, Kita H. The danger signal,
extracellular ATP, is a sensor for an airborne allergen and triggers IL-33 release and
innate Th2-type responses. J Immunol. 2011;186(7):4375-87.

Srisomboon Y, Squillace DL, Maniak PJ, Kita H, O'Grady SM. Fungal allergen-
induced IL-33 secretion involves cholesterol-dependent, VDAC-1-mediated ATP
release from the airway epithelium. J Physiol. 2020;598(10):1829-45.

Kountz TS, Biyasheva A, Schleimer RP, Prakriya M. Extracellular Nucleotides and
Histamine Suppress TLR3- and RIG-I-Mediated Release of Antiviral IFNs from
Human Airway Epithelial Cells. J Immunol. 2022;208(10):2390-402.

Stanbery AG, Shuchi S, Jakob von M, Tait Wojno ED, Ziegler SF. TSLP, IL-33, and
IL-25: Not just for allergy and helminth infection. J Allergy Clin Immunol.
2022;150(6):1302-13.

Whetstone CE, Ranjbar M, Omer H, Cusack RP, Gauvreau GM. The Role of Airway
Epithelial Cell Alarmins in Asthma. Cells. 2022;11(7).

105



172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

106

Moussion C, Ortega N, Girard JP. The IL-1-like cytokine IL.-33 is constitutively
expressed in the nucleus of endothelial cells and epithelial cells in vivo: a novel
‘alarmin'? PLoS One. 2008;3(10):e3331.

Martin MU. Special aspects of interleukin-33 and the IL-33 receptor complex. Semin
Immunol. 2013;25(6):449-57.

Cayrol C, Girard JP. IL-33: an alarmin cytokine with crucial roles in innate immunity,
inflammation and allergy. Curr Opin Immunol. 2014;31:31-7.

Saikumar Jayalatha AK, Hesse L, Ketelaar ME, Koppelman GH, Nawijn MC. The
central role of IL-33/IL-1RL1 pathway in asthma: From pathogenesis to intervention.
Pharmacol Ther. 2021;225:107847.

Liew FY, Girard JP, Turnquist HR. Interleukin-33 in health and disease. Nat Rev
Immunol. 2016;16(11):676-89.

Prefontaine D, Lajoie-Kadoch S, Foley S, Audusseau S, Olivenstein R, Halayko AJ,
Lemiere C, Martin JG, Hamid Q. Increased expression of IL-33 in severe asthma:
evidence of expression by airway smooth muscle cells. J Immunol. 2009;183(8):5094-
103.

Prefontaine D, Nadigel J, Chouiali F, Audusseau S, Semlali A, Chakir J, Martin JG,
Hamid Q. Increased IL-33 expression by epithelial cells in bronchial asthma. J Allergy
Clin Immunol. 2010;125(3):752-4.

Oboki K, Nakae S, Matsumoto K, Saito H. IL-33 and Airway Inflammation. Allergy
Asthma Immunol Res. 2011;3(2):81-8.

Momen T, Ahanchian H, Reisi M, Shamsdin SA, Shahsanai A, Keivanfar M.
Comparison of Interleukin-33 Serum Levels in Asthmatic Patients with a Control
Group and Relation with the Severity of the Disease. Int J Prev Med. 2017;8:65.

Gordon ED, Palandra J, Wesolowska-Andersen A, Ringel L, Rios CL, Lachowicz-
Scroggins ME, Sharp LZ, Everman JL, MacLeod HJ, Lee JW, Mason RJ, Matthay
MA, Sheldon RT, Peters MC, Nocka KH, Fahy JV, Seibold MA. IL1RL1 asthma risk
variants regulate airway type 2 inflammation. JCI Insight. 2016;1(14):e87871.

Mitchell PD, Salter BM, Oliveria JP, El-Gammal A, Tworek D, Smith SG, Sehmi R,
Gauvreau GM, PM OAB. IL-33 and Its Receptor ST2 after Inhaled Allergen Challenge
in Allergic Asthmatics. Int Arch Allergy Immunol. 2018;176(2):133-42.

Oboki K, Ohno T, Kajiwara N, Arae K, Morita H, Ishii A, Nambu A, Abe T, Kiyonari
H, Matsumoto K, Sudo K, Okumura K, Saito H, Nakae S. IL-33 is a crucial amplifier
of innate rather than acquired immunity. Proc Natl Acad Sci U S A.
2010;107(43):18581-6.

Snelgrove RJ, Gregory LG, Peiro T, Akthar S, Campbell GA, Walker SA, Lloyd CM.
Alternaria-derived serine protease activity drives IL-33-mediated asthma exacerbations.
J Allergy Clin Immunol. 2014;134(3):583-92 e6.

Drake LY, Prakash YS. Contributions of IL-33 in Non-hematopoietic Lung Cells to
Obstructive Lung Disease. Front Immunol. 2020;11:1798.

Kaur D, Gomez E, Doe C, Berair R, Woodman L, Saunders R, Hollins F, Rose FR,
Amrani Y, May R, Kearley J, Humbles A, Cohen ES, Brightling CE. IL-33 drives

airway hyper-responsiveness through IL-13-mediated mast cell: airway smooth muscle
crosstalk. Allergy. 2015;70(5):556-67.



187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

WuW, XuY,He X, LuY,Guo Y, Yin Z, Xie J, Zhao J. IL-33 promotes mouse
keratinocyte-derived chemokine, an IL-8 homologue, expression in airway smooth
muscle cells in ovalbumin-sensitized mice. Asian Pac J Allergy Immunol.
2014;32(4):337-44.

Friend SL, Hosier S, Nelson A, Foxworthe D, Williams DE, Farr A. A thymic stromal
cell line supports in vitro development of surface IgM+ B cells and produces a novel
growth factor affecting B and T lineage cells. Exp Hematol. 1994;22(3):321-8.

Ebina-Shibuya R, Leonard WJ. Role of thymic stromal lymphopoietin in allergy and
beyond. Nat Rev Immunol. 2023;23(1):24-37.

Miyata M, Hatsushika K, Ando T, Shimokawa N, Ohnuma Y, Katoh R, Suto H,
Ogawa H, Masuyama K, Nakao A. Mast cell regulation of epithelial TSLP expression
plays an important role in the development of allergic rhinitis. Eur J Immunol.
2008;38(6):1487-92.

Cianferoni A, Spergel J. The importance of TSLP in allergic disease and its role as a
potential therapeutic target. Expert Rev Clin Immunol. 2014;10(11):1463-74.

Kato A, Favoreto S, Jr., Avila PC, Schleimer RP. TLR3- and Th2 cytokine-dependent
production of thymic stromal lymphopoietin in human airway epithelial cells. J
Immunol. 2007;179(2):1080-7.

Allakhverdi Z, Comeau MR, Jessup HK, Yoon BR, Brewer A, Chartier S, Paquette N,
Ziegler SF, Sarfati M, Delespesse G. Thymic stromal lymphopoietin is released by
human epithelial cells in response to microbes, trauma, or inflammation and potently
activates mast cells. J Exp Med. 2007;204(2):253-8.

Lv],YuQ,LvJ], DiC, Lin X, Su W, WuM, Xia Z. Airway epithelial TSLP
production of TLR2 drives type 2 immunity in allergic airway inflammation. Eur J
Immunol. 2018;48(11):1838-50.

Uller L, Persson C. Viral induced overproduction of epithelial TSLP: Role in
exacerbations of asthma and COPD? J Allergy Clin Immunol. 2018;142(2):712.

Uller L, Leino M, Bedke N, Sammut D, Green B, Lau L, Howarth PH, Holgate ST,
Davies DE. Double-stranded RNA induces disproportionate expression of thymic
stromal lymphopoietin versus interferon-beta in bronchial epithelial cells from donors
with asthma. Thorax. 2010;65(7):626-32.

Shikotra A, Choy DF, Ohri CM, Doran E, Butler C, Hargadon B, Shelley M, Abbas
AR, Austin CD, Jackman J, Wu LC, Heaney LG, Arron JR, Bradding P. Increased
expression of immunoreactive thymic stromal lymphopoietin in patients with severe
asthma. J Allergy Clin Immunol. 2012;129(1):104-11 e1-9.

West EE, Kashyap M, Leonard WJ. TSLP: A Key Regulator of Asthma Pathogenesis.
Drug Discov Today Dis Mech. 2012;9(3-4).

Brandt EB, Bolcas PE, Ruff BP, Khurana Hershey GK. TSLP contributes to allergic
airway inflammation induced by diesel exhaust particle exposure in an experimental
model of severe asthma. Clin Exp Allergy. 2020;50(1):121-4.

Chen ZG, Zhang TT, Li HT, Chen FH, Zou XL, Ji JZ, Chen H. Neutralization of TSLP
inhibits airway remodeling in a murine model of allergic asthma induced by chronic
exposure to house dust mite. PLoS One. 2013;8(1):e51268.

107



201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

108

Shi L, Leu SW, Xu F, Zhou X, Yin H, Cai L, Zhang L. Local blockade of TSLP
receptor alleviated allergic disease by regulating airway dendritic cells. Clin Immunol.
2008;129(2):202-10.

Matera MG, Rogliani P, Calzetta L, Cazzola M. TSLP Inhibitors for Asthma: Current
Status and Future Prospects. Drugs. 2020;80(5):449-58.

Gauvreau GM, Bergeron C, Boulet LP, Cockcroft DW, Cote A, Davis BE, Leigh R,
Myers I, O'Byrne PM, Sehmi R. Sounding the alarmins-The role of alarmin cytokines
in asthma. Allergy. 2023;78(2):402-17.

Umetsu DT, Mclntire JJ, Akbari O, Macaubas C, DeKruyff RH. Asthma: an epidemic
of dysregulated immunity. Nat Immunol. 2002;3(8):715-20.

Deng C, Peng N, Tang Y, Yu N, Wang C, Cai X, Zhang L, Hu D, Ciccia F, Lu L.
Roles of IL-25 in Type 2 Inflammation and Autoimmune Pathogenesis. Front
Immunol. 2021;12:691559.

Corrigan CJ, Wang W, Meng Q, Fang C, Wu H, Reay V, Lv Z, Fan Y, An Y, Wang
YH, Liu YJ, Lee TH, Ying S. T-helper cell type 2 (Th2) memory T cell-potentiating
cytokine IL-25 has the potential to promote angiogenesis in asthma. Proc Natl Acad Sci
US A.2011;108(4):1579-84.

Cheng D, Xue Z, Yi L, Shi H, Zhang K, Huo X, Bonser LR, Zhao J, Xu Y, Erle DJ,

Zhen G. Epithelial interleukin-25 is a key mediator in Th2-high, corticosteroid-
responsive asthma. Am J Respir Crit Care Med. 2014;190(6):639-48.

Paplinska-Goryca M, Grabczak EM, Dabrowska M, Hermanowicz-Salamon J,
Proboszcz M, Nejman-Gryz P, Maskey-Warzechowska M, Krenke R. Sputum
interleukin-25 correlates with asthma severity: a preliminary study. Postepy Dermatol
Alergol. 2018;35(5):462-9.

Hong H, Liao S, Chen F, Yang Q, Wang DY. Role of IL-25, IL-33, and TSLP in
triggering united airway diseases toward type 2 inflammation. Allergy.
2020;75(11):2794-804.

Williams TC, Loo SL, Nichol KS, Reid AT, Veerati PC, Esneau C, Wark PAB,
Grainge CL, Knight DA, Vincent T, Jackson CL, Alton K, Shimkets RA, Girkin JL,
Bartlett NW. IL-25 blockade augments antiviral immunity during respiratory virus
infection. Commun Biol. 2022;5(1):415.

Dahlin JS, Hallgren J. Mast cell progenitors: origin, development and migration to
tissues. Mol Immunol. 2015;63(1):9-17.

Agier J, Pastwinska J, Brzezinska-Blaszczyk E. An overview of mast cell pattern
recognition receptors. Inflamm Res. 2018;67(9):737-46.

Juremalm M, Nilsson G. Chemokine receptor expression by mast cells. Chem Immunol
Allergy. 2005;87:130-44.

Lyons DO, Pullen NA. Beyond IgE: Alternative Mast Cell Activation Across Different
Disease States. Int J Mol Sci. 2020;21(4).

Moon TC, Befus AD, Kulka M. Mast cell mediators: their differential release and the
secretory pathways involved. Front Immunol. 2014;5:569.

Dai H, Korthuis RJ. Mast Cell Proteases and Inflammation. Drug Discov Today Dis
Models. 2011;8(1):47-55.



217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

Weidner N, Austen KF. Ultrastructural and immunohistochemical characterization of
normal mast cells at multiple body sites. J Invest Dermatol. 1991;96(3 Suppl):26S-30S;
discussion S-18, 60S-5S.

Bradding P, Okayama Y, Howarth PH, Church MK, Holgate ST. Heterogeneity of
human mast cells based on cytokine content. J Immunol. 1995;155(1):297-307.
Mogren S, Berlin F, Eskilsson L, Van Der Burg N, Tufvesson E, Andersson CK. Mast
Cell Proteases Promote Diverse Effects on the Plasminogen Activation System and
Wound Healing in A549 Alveolar Epithelial Cells. Cells. 2022;11(18).

Caughey GH. Mast cell tryptases and chymases in inflammation and host defense.
Immunol Rev. 2007;217:141-54.

Casale TB, Wood D, Richerson HB, Zehr B, Zavala D, Hunninghake GW. Direct
evidence of a role for mast cells in the pathogenesis of antigen-induced
bronchoconstriction. J Clin Invest. 1987;80(5):1507-11.

Andersson CK, Bergqvist A, Mori M, Mauad T, Bjermer L, Erjefalt JS. Mast cell-

associated alveolar inflammation in patients with atopic uncontrolled asthma. J Allergy
Clin Immunol. 2011;127(4):905-12 e1-7.

Beasley R, Burgess C, Crane J, Pearce N, Roche W. Pathology of asthma and its
clinical implications. J Allergy Clin Immunol. 1993;92(1 Pt 2):148-54.

Laitinen A, Karjalainen EM, Altraja A, Laitinen LA. Histopathologic features of early
and progressive asthma. J Allergy Clin Immunol. 2000;105(2 Pt 2):S509-13.

Waern I, Jonasson S, Hjoberg J, Bucht A, Abrink M, Pejler G, Wernersson S. Mouse
mast cell protease 4 is the major chymase in murine airways and has a protective role in
allergic airway inflammation. J Immunol. 2009;183(10):6369-76.

Maryanoff BE, de Garavilla L, Greco MN, Haertlein BJ, Wells GI, Andrade-Gordon P,

Abraham WM. Dual inhibition of cathepsin G and chymase is effective in animal
models of pulmonary inflammation. Am J Respir Crit Care Med. 2010;181(3):247-53.

Krishna MT, Chauhan A, Little L, Sampson K, Hawksworth R, Mant T, Djukanovic R,
Lee T, Holgate S. Inhibition of mast cell tryptase by inhaled APC 366 attenuates
allergen-induced late-phase airway obstruction in asthma. J Allergy Clin Immunol.
2001;107(6):1039-45.

Erin EM, Leaker BR, Zacharasiewicz AS, Higgins LA, Williams TJ, Boyce MJ, de
Boer P, Durham SR, Barnes PJ, Hansel TT. Single dose topical corticosteroid inhibits
IL-5 and IL-13 in nasal lavage following grass pollen challenge. Allergy.
2005;60(12):1524-9.

Erin EM, Zacharasiewicz AS, Nicholson GC, Tan AJ, Higgins LA, Williams TJ,
Murdoch RD, Durham SR, Barnes PJ, Hansel TT. Topical corticosteroid inhibits
interleukin-4, -5 and -13 in nasal secretions following allergen challenge. Clin Exp
Allergy. 2005;35(12):1608-14.

McNeil HP, Adachi R, Stevens RL. Mast cell-restricted tryptases: structure and
function in inflammation and pathogen defense. J Biol Chem. 2007;282(29):20785-9.

Bai TR, Vonk JM, Postma DS, Boezen HM. Severe exacerbations predict excess lung
function decline in asthma. Eur Respir J. 2007;30(3):452-6.

109



232.

233.

234,

235.

236.

237.

238.

239.

240.

241.

242.

243.

244,

245.

246.

247.

110

Jackson DJ, Johnston SL. The role of viruses in acute exacerbations of asthma. J
Allergy Clin Immunol. 2010;125(6):1178-87; quiz 88-9.

Nakagome K, Nagata M. Innate Immune Responses by Respiratory Viruses, Including
Rhinovirus, During Asthma Exacerbation. Front Immunol. 2022;13:865973.

Gern JE. The ABCs of rhinoviruses, wheezing, and asthma. J Virol. 2010;84(15):7418-
26.

Greve JM, Davis G, Meyer AM, Forte CP, Yost SC, Marlor CW, Kamarck ME,
McClelland A. The major human rhinovirus receptor is I[CAM-1. Cell. 1989;56(5):839-
47,

Bochkov YA, Watters K, Ashraf S, Griggs TF, Devries MK, Jackson DJ, Palmenberg
AC, Gern JE. Cadherin-related family member 3, a childhood asthma susceptibility
gene product, mediates rhinovirus C binding and replication. Proc Natl Acad Sci U S
A.2015;112(17):5485-90.

Yang Z, Mitlander H, Vuorinen T, Finotto S. Mechanism of Rhinovirus Immunity and
Asthma. Front Immunol. 2021;12:731846.

Contoli M, Message SD, Laza-Stanca V, Edwards MR, Wark PA, Bartlett NW,
Kebadze T, Mallia P, Stanciu LA, Parker HL, Slater L, Lewis-Antes A, Kon OM,
Holgate ST, Davies DE, Kotenko SV, Papi A, Johnston SL. Role of deficient type I1I
interferon-lambda production in asthma exacerbations. Nat Med. 2006;12(9):1023-6.

Wark PA, Johnston SL, Bucchieri F, Powell R, Puddicombe S, Laza-Stanca V, Holgate
ST, Davies DE. Asthmatic bronchial epithelial cells have a deficient innate immune
response to infection with rhinovirus. J Exp Med. 2005;201(6):937-47.

Ramu S, Calven J, Michaeloudes C, Menzel M, Akbarshahi H, Chung KF, Uller L.
TLR3/TAKI1 signalling regulates rhinovirus-induced interleukin-33 in bronchial
smooth muscle cells. ERJ Open Res. 2020;6(4).

Yamaya M, Nomura K, Arakawa K, Sugawara M, Deng X, Lusamba Kalonji N,
Nishimura H, Yamada M, Nagatomi R, Kawase T. Clarithromycin decreases
rhinovirus replication and cytokine production in nasal epithelial cells from subjects
with bronchial asthma: effects on IL-6, IL-8 and IL-33. Arch Pharm Res.
2020;43(5):526-39.

Jackson D1J. et al. IL-33-dependent type 2 inflammation during rhinovirus-induced
asthma exacerbations in vivo. Am J Respir Crit Care Med. 2014;190(12):1373-82.

Gern JE. Virus/Allergen Interaction in Asthma Exacerbation. Ann Am Thorac Soc.
2015;12 Suppl 2(Suppl 2):S137-43.

Samuel CE. Antiviral actions of interferons. Clin Microbiol Rev. 2001;14(4):778-809,
table of contents.

Hertzog PJ, Williams BR. Fine tuning type I interferon responses. Cytokine Growth
Factor Rev. 2013;24(3):217-25.

Uze G, Schreiber G, Piehler J, Pellegrini S. The receptor of the type I interferon family.
Curr Top Microbiol Immunol. 2007;316:71-95.

Durbin RK, Kotenko SV, Durbin JE. Interferon induction and function at the mucosal
surface. Immunol Rev. 2013;255(1):25-39.



248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

Akbarshahi H, Menzel M, Ramu S, Mahmutovic Persson I, Bjermer L, Uller L. House
dust mite impairs antiviral response in asthma exacerbation models through its effects
on TLR3. Allergy. 2018;73(5):1053-63.

Cerps S, Sverrild A, Ramu S, Nieto-Fontarigo JJ, Akbarshahi H, Menzel M, Andersson
C, Tillgren S, Hvidtfeldt M, Porsbjerg C, Uller L. House dust mite sensitization and
exposure affects bronchial epithelial anti-microbial response to viral stimuli in patients
with asthma. Allergy. 2022;77(8):2498-508.

Chung KF, Wenzel SE, Brozek JL, Bush A, Castro M, Sterk PJ, Adcock IM, Bateman
ED, Bel EH, Bleecker ER, Boulet LP, Brightling C, Chanez P, Dahlen SE, Djukanovic
R, Frey U, Gaga M, Gibson P, Hamid Q, Jajour NN, Mauad T, Sorkness RL, Teague
WG. International ERS/ATS guidelines on definition, evaluation and treatment of
severe asthma. Eur Respir J. 2014;43(2):343-73.

Sobande PO, Kercsmar CM. Inhaled corticosteroids in asthma management. Respir
Care. 2008;53(5):625-33; discussion 33-4.

Mallia P, Contoli M, Caramori G, Pandit A, Johnston SL, Papi A. Exacerbations of
asthma and chronic obstructive pulmonary disease (COPD): focus on virus induced
exacerbations. Curr Pharm Des. 2007;13(1):73-97.

Taylor DR, Hancox RJ. Interactions between corticosteroids and beta agonists. Thorax.
2000;55(7):595-602.

Hancox RJ, Taylor DR. Long-acting beta-agonist treatment in patients with persistent
asthma already receiving inhaled corticosteroids. BioDrugs. 2001;15(1):11-24.

Postma DS, Kerstjens HA, ten Hacken NH. Inhaled corticosteroids and long-acting
beta-agonists in adult asthma: a winning combination in all? Naunyn Schmiedebergs
Arch Pharmacol. 2008;378(2):203-15.

Montuschi P, Peters-Golden ML. Leukotriene modifiers for asthma treatment. Clin Exp
Allergy. 2010;40(12):1732-41.

Bagnasco D, Testino E, Nicola S, Melissari L, Russo M, Canevari RF, Brussino L,
Passalacqua G. Specific Therapy for T2 Asthma. J Pers Med. 2022;12(4).

Corren J, Castro M, O'Riordan T, Hanania NA, Pavord ID, Quirce S, Chipps BE,
Wenzel SE, Thangavelu K, Rice MS, Harel S, Jagerschmidt A, Khan AH, Kamat S,
Maroni J, Rowe P, Lu Y, Amin N, Pirozzi G, Ruddy M, Graham NMH, Teper A.
Dupilumab Efficacy in Patients with Uncontrolled, Moderate-to-Severe Allergic
Asthma. J Allergy Clin Immunol Pract. 2020;8(2):516-26.

Pavord ID, Korn S, Howarth P, Bleecker ER, Buhl R, Keene ON, Ortega H, Chanez P.
Mepolizumab for severe eosinophilic asthma (DREAM): a multicentre, double-blind,
placebo-controlled trial. Lancet. 2012;380(9842):651-9.

Antoniu SA. Lebrikizumab for the treatment of asthma. Expert Opin Investig Drugs.
2016;25(10):1239-49.

Thomson NC, Chaudhuri R. Omalizumab: clinical use for the management of asthma.
Clin Med Insights Circ Respir Pulm Med. 2012;6:27-40.

Buhl R, Soler M, Matz J, Townley R, O'Brien J, Noga O, Champain K, Fox H,
Thirlwell J, Della Cioppa G. Omalizumab provides long-term control in patients with
moderate-to-severe allergic asthma. Eur Respir J. 2002;20(1):73-8.

111



263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

112

Korn S, Thielen A, Seyfried S, Taube C, Kornmann O, Buhl R. Omalizumab in
patients with severe persistent allergic asthma in a real-life setting in Germany. Respir
Med. 2009;103(11):1725-31.

Bumbacea RS, Boustani R, Panaitescu C, Haidar L, Buzan MR, Bumbacea D,
Laculiceanu A, Cojanu C, Spanu D, Agache 1. Mechanisms of allergen immunotherapy
supporting its disease-modifying effect. Immunotherapy. 2022;14(8):627-38.

Dorofeeva Y, Shilovskiy I, Tulaeva I, Focke-Tejkl M, Flicker S, Kudlay D, Khaitov M,
Karsonova A, Riabova K, Karaulov A, Khanferyan R, Pickl WF, Wekerle T, Valenta
R. Past, present, and future of allergen immunotherapy vaccines. Allergy.
2021;76(1):131-49.

Virchow JC, Backer V, Kuna P, Prieto L, Nolte H, Villesen HH, Ljorring C, Riis B, de
Blay F. Efficacy of a House Dust Mite Sublingual Allergen Immunotherapy Tablet in
Adults With Allergic Asthma: A Randomized Clinical Trial. JAMA.
2016;315(16):1715-25.

Mosbech H, Deckelmann R, de Blay F, Pastorello EA, Trebas-Pietras E, Andres LP,
Malcus I, Ljorring C, Canonica GW. Standardized quality (SQ) house dust mite
sublingual immunotherapy tablet (ALK) reduces inhaled corticosteroid use while
maintaining asthma control: a randomized, double-blind, placebo-controlled trial. J
Allergy Clin Immunol. 2014;134(3):568-75 7.

Durham SR, Shamji MH. Allergen immunotherapy: past, present and future. Nat Rev
Immunol. 2022:1-12.

Durham SR, Walker SM, Varga EM, Jacobson MR, O'Brien F, Noble W, Till SJ,
Hamid QA, Nouri-Aria KT. Long-term clinical efficacy of grass-pollen
immunotherapy. N Engl J Med. 1999;341(7):468-75.

Woehlk C, Von Bulow A, Ghanizada M, Sondergaard MB, Hansen S, Porsbjerg C.
Allergen immunotherapy effectively reduces the risk of exacerbations and lower
respiratory tract infections in both seasonal and perennial allergic asthma: a nationwide
epidemiological study. Eur Respir J. 2022;60(5).

Lopez-Souza N, Dolganov G, Dubin R, Sachs LA, Sassina L, Sporer H, Yagi S,
Schnurr D, Boushey HA, Widdicombe JH. Resistance of differentiated human airway
epithelium to infection by rhinovirus. Am J Physiol Lung Cell Mol Physiol.
2004;286(2):L373-81.

Issa R, Xie S, Khorasani N, Sukkar M, Adcock IM, Lee KY, Chung KF. Corticosteroid
inhibition of growth-related oncogene protein-alpha via mitogen-activated kinase
phosphatase-1 in airway smooth muscle cells. J Immunol. 2007;178(11):7366-75.
Ramu S, Menzel M, Bjermer L, Andersson C, Akbarshahi H, Uller L. Allergens
produce serine proteases-dependent distinct release of metabolite DAMPs in human
bronchial epithelial cells. Clin Exp Allergy. 2018;48(2):156-66.

Clark K, Plater L, Peggie M, Cohen P. Use of the pharmacological inhibitor BX795 to
study the regulation and physiological roles of TBK1 and IkappaB kinase epsilon: a
distinct upstream kinase mediates Ser-172 phosphorylation and activation. J Biol
Chem. 2009;284(21):14136-46.



275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

Newton R, Holden NS, Catley MC, Oyelusi W, Leigh R, Proud D, Barnes PJ.
Repression of inflammatory gene expression in human pulmonary epithelial cells by
small-molecule IkappaB kinase inhibitors. J Pharmacol Exp Ther. 2007;321(2):734-42.

Wu J, Powell F, Larsen NA, Lai Z, Byth KF, Read J, Gu RF, Roth M, Toader D, Sach
JC, Chen H. Mechanism and in vitro pharmacology of TAK1 inhibition by (5Z)-7-
Oxozeaenol. ACS Chem Biol. 2013;8(3):643-50.

Kips JC, Anderson GP, Fredberg JJ, Herz U, Inman MD, Jordana M, Kemeny DM,
Lotvall J, Pauwels RA, Plopper CG, Schmidt D, Sterk PJ, Van Oosterhout AJ,
Vargaftig BB, Chung KF. Murine models of asthma. Eur Respir J. 2003;22(2):374-82.

Gueders MM, Paulissen G, Crahay C, Quesada-Calvo F, Hacha J, Van Hove C,
Tournoy K, Louis R, Foidart JM, Noel A, Cataldo DD. Mouse models of asthma: a
comparison between C57BL/6 and BALB/c strains regarding bronchial responsiveness,
inflammation, and cytokine production. Inflamm Res. 2009;58(12):845-54.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time
quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods. 2001;25(4):402-8.

Kobayashi T, Nakagome K, Noguchi T, Kobayashi K, Ueda Y, Soma T, Ikebuchi K,
Nakamoto H, Nagata M. Elevated uric acid and adenosine triphosphate concentrations
in bronchoalveolar lavage fluid of eosinophilic pneumonia. Allergol Int. 2017;66S:S27-
S34.

Li L, Wan C, Wen F. An unexpected role for serum uric acid as a biomarker for
severity of asthma exacerbation. Asian Pac J Allergy Immunol. 2014;32(1):93-9.

Gold MJ, Hiebert PR, Park HY, Stefanowicz D, Le A, Starkey MR, Deane A, Brown
AC, Liu G, Horvat JC, Ibrahim ZA, Sukkar MB, Hansbro PM, Carlsten C, VanEeden
S, Sin DD, McNagny KM, Knight DA, Hirota JA. Mucosal production of uric acid by
airway epithelial cells contributes to particulate matter-induced allergic sensitization.
Mucosal Immunol. 2016;9(3):809-20.

Huff RD, Hsu AC, Nichol KS, Jones B, Knight DA, Wark PAB, Hansbro PM, Hirota
JA. Regulation of xanthine dehydrogensase gene expression and uric acid production in
human airway epithelial cells. PLoS One. 2017;12(9):e0184260.

O'Grady SM, Patil N, Melkamu T, Maniak PJ, Lancto C, Kita H. ATP release and
Ca2+ signalling by human bronchial epithelial cells following Alternaria aeroallergen
exposure. J Physiol. 2013;591(18):4595-609.

Dai X, Tohyama M, Murakami M, Shiraishi K, Liu S, Mori H, Utsunomiya R,
Maeyama K, Sayama K. House dust mite allergens induce interleukin 33 (IL-33)

synthesis and release from keratinocytes via ATP-mediated extracellular signaling.
Biochim Biophys Acta Mol Basis Dis. 2020;1866(5):165719.

Suzuki Y LI, Lajoie S, Inoue Y, Nathan A, Peterson E, Dienger K, Wills-Karp M. .
House Dust Mite Extract Promotes Adenosine-5"-Triphosphate (ATP) Release from
Airway Epithelial Cells. . American Journal of Respiratory and Critical Care Medicine
2009(179).

Gandhi VD, Vliagoftis H. Airway epithelium interactions with aeroallergens: role of
secreted cytokines and chemokines in innate immunity. Front Immunol. 2015;6:147.

Kale SL, Agrawal K, Gaur SN, Arora N. Cockroach protease allergen induces allergic
airway inflammation via epithelial cell activation. Sci Rep. 2017;7:42341.

113



289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

114

Lin CC, Lin LJ, Wang SD, Chiang CJ, Chao YP, Lin J, Kao ST. The effect of serine
protease inhibitors on airway inflammation in a chronic allergen-induced asthma
mouse model. Mediators Inflamm. 2014;2014:879326.

Levi-Schaffer F, Piliponsky AM. Tryptase, a novel link between allergic inflammation
and fibrosis. Trends Immunol. 2003;24(4):158-61.

Sun G, Stacey MA, Schmidt M, Mori L, Mattoli S. Interaction of mite allergens Der p3
and Der p9 with protease-activated receptor-2 expressed by lung epithelial cells. J
Immunol. 2001;167(2):1014-21.

Aoshiba K, Yasuda K, Yasui S, Tamaoki J, Nagai A. Serine proteases increase
oxidative stress in lung cells. Am J Physiol Lung Cell Mol Physiol. 2001;281(3):L556-
64.

Ahmad S, Ahmad A, White CW. Purinergic signaling and kinase activation for
survival in pulmonary oxidative stress and disease. Free Radic Biol Med.
2006;41(1):29-40.

Wang W, LiY,Lv Z, ChenY, Li Y, Huang K, Corrigan CJ, Ying S. Bronchial
Allergen Challenge of Patients with Atopic Asthma Triggers an Alarmin (IL-33, TSLP,
and IL-25) Response in the Airways Epithelium and Submucosa. J Immunol.
2018;201(8):2221-31.

Kouzaki H, O'Grady SM, Lawrence CB, Kita H. Proteases induce production of thymic
stromal lymphopoietin by airway epithelial cells through protease-activated receptor-2.
J Immunol. 2009;183(2):1427-34.

Kouzaki H, Tojima I, Kita H, Shimizu T. Transcription of interleukin-25 and
extracellular release of the protein is regulated by allergen proteases in airway epithelial
cells. Am J Respir Cell Mol Biol. 2013;49(5):741-50.

Neveu WA, Bernardo E, Allard JL, Nagaleekar V, Wargo MJ, Davis RJ, Iwakura Y,
Whittaker LA, Rincon M. Fungal allergen beta-glucans trigger p38 mitogen-activated
protein kinase-mediated IL-6 translation in lung epithelial cells. Am J Respir Cell Mol
Biol. 2011;45(6):1133-41.

Murai H, Qi H, Choudhury B, Wild J, Dharajiya N, Vaidya S, Kalita A, Bacsi A, Corry
D, Kurosky A, Brasier A, Boldogh I, Sur S. Alternaria-induced release of IL-18 from
damaged airway epithelial cells: an NF-kappaB dependent mechanism of Th2
differentiation? PLoS One. 2012;7(2):¢30280.

Reithofer M, Jahn-Schmid B. Allergens with Protease Activity from House Dust Mites.
Int J Mol Sci. 2017;18(7).

Murray CS, Poletti G, Kebadze T, Morris J, Woodcock A, Johnston SL, Custovic A.
Study of modifiable risk factors for asthma exacerbations: virus infection and allergen
exposure increase the risk of asthma hospital admissions in children. Thorax.
2006;61(5):376-82.

Bartlett NW, Walton RP, Edwards MR, Aniscenko J, Caramori G, Zhu J, Glanville N,
Choy KJ, Jourdan P, Burnet J, Tuthill TJ, Pedrick MS, Hurle MJ, Plumpton C, Sharp
NA, Bussell JN, Swallow DM, Schwarze J, Guy B, Almond JW, Jeftery PK, Lloyd
CM, Papi A, Killington RA, Rowlands DJ, Blair ED, Clarke NJ, Johnston SL. Mouse
models of rhinovirus-induced disease and exacerbation of allergic airway
inflammation. Nat Med. 2008;14(2):199-204.



302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

Wong CK, Ho CY, Ko FW, Chan CH, Ho AS, Hui DS, Lam CW. Proinflammatory
cytokines (IL-17, IL-6, IL-18 and IL-12) and Th cytokines (IFN-gamma, IL-4, IL-10
and IL-13) in patients with allergic asthma. Clin Exp Immunol. 2001;125(2):177-83.
Padron-Morales J, Garcia-Solaesa V, Isidoro-Garcia M, Hernandez-Hernandez L,
Garcia-Sanchez A, Hincapie-Lopez G, Lorente-Toledano F, Davila I, Sanz C.
Implications of cytokine genes in allergic asthma. Allergol Immunopathol (Madr).
2014;42(6):603-8.

Ray A, Kolls JK. Neutrophilic Inflammation in Asthma and Association with Disease
Severity. Trends Immunol. 2017;38(12):942-54.

Liu C, Zhang X, Xiang Y, Qu X, Liu H, Liu C, Tan M, Jiang J, Qin X. Role of
epithelial chemokines in the pathogenesis of airway inflammation in asthma (Review).
Mol Med Rep. 2018;17(5):6935-41.

Pease JE, Sabroe 1. The role of interleukin-8 and its receptors in inflammatory lung
disease: implications for therapy. Am J Respir Med. 2002;1(1):19-25.

Bessot JC, Pauli G. Mite allergens: an overview. Eur Ann Allergy Clin Immunol.
2011;43(5):141-56.

Page K. Role of cockroach proteases in allergic disease. Curr Allergy Asthma Rep.
2012;12(5):448-55.

Zhang X, Xu Z, Wen X, Huang G, Nian S, Li L, Guo X, Ye Y, Yuan Q. The onset,
development and pathogenesis of severe neutrophilic asthma. Immunol Cell Biol.
2022;100(3):144-59.

Dougherty RH, Sidhu SS, Raman K, Solon M, Solberg OD, Caughey GH, Woodruff
PG, Fahy JV. Accumulation of intraepithelial mast cells with a unique protease
phenotype in T(H)2-high asthma. J Allergy Clin Immunol. 2010;125(5):1046-53 e8.

Papadopoulos NG, Stanciu LA, Papi A, Holgate ST, Johnston SL. A defective type 1
response to rhinovirus in atopic asthma. Thorax. 2002;57(4):328-32.

Gilles S, Blume C, Wimmer M, Damialis A, Meulenbroek L, Gokkaya M, Bergougnan
C, Eisenbart S, Sundell N, Lindh M, Andersson LM, Dahl A, Chaker A, Kolek F,
Wagner S, Neumann AU, Akdis CA, Garssen J, Westin J, Van't Land B, Davies DE,
Traidl-Hoffmann C. Pollen exposure weakens innate defense against respiratory
viruses. Allergy. 2020;75(3):576-87.

Wisgrill L, Fyhrquist N, Ndika J, Paalanen L, Berger A, Laatikainen T, Karisola P,

Haahtela T, Alenius H. Bet v 1 triggers antiviral-type immune signalling in birch-
pollen-allergic individuals. Clin Exp Allergy. 2022;52(8):929-41.

Ndika J, Airaksinen L, Suojalehto H, Karisola P, Fyhrquist N, Puustinen A, Alenius H.
Epithelial proteome profiling suggests the essential role of interferon-inducible proteins
in patients with allergic rhinitis. J Allergy Clin Immunol. 2017;140(5):1288-98.
Esquivel A, Busse WW, Calatroni A, Togias AG, Grindle KG, Bochkov YA,
Gruchalla RS, Kattan M, Kercsmar CM, Khurana Hershey G, Kim H, Lebeau P, Liu
AH, Szefler SJ, Teach SJ, West JB, Wildfire J, Pongracic JA, Gern JE. Effects of
Omalizumab on Rhinovirus Infections, Illnesses, and Exacerbations of Asthma. Am J
Respir Crit Care Med. 2017;196(8):985-92.

Karimi N MS, Chan L, Napoleoni C, Mehrani Y, Bridle BW, Karimi K. . Mast Cell
Tryptase and Implications for SARS-CoV-2 Pathogenesis. :136-49. BioMed 2021

115



317.

318.

319.

320.

321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

116

Nagarkar DR, Poposki JA, Comeau MR, Biyasheva A, Avila PC, Schleimer RP, Kato
A. Airway epithelial cells activate TH2 cytokine production in mast cells through IL-1
and thymic stromal lymphopoietin. J Allergy Clin Immunol. 2012;130(1):225-32 e4.

Williams JM, Duckworth CA, Burkitt MD, Watson AJ, Campbell BJ, Pritchard DM.
Epithelial cell shedding and barrier function: a matter of life and death at the small
intestinal villus tip. Vet Pathol. 2015;52(3):445-55.

Gon Y, Hashimoto S. Role of airway epithelial barrier dysfunction in pathogenesis of
asthma. Allergol Int. 2018;67(1):12-7.

Zhou X, Wei T, Cox CW, Jiang Y, Roche WR, Walls AF. Mast cell chymase impairs
bronchial epithelium integrity by degrading cell junction molecules of epithelial cells.
Allergy. 2019;74(7):1266-76.

Stewart CE, Torr EE, Mohd Jamili NH, Bosquillon C, Sayers I. Evaluation of
differentiated human bronchial epithelial cell culture systems for asthma research. J
Allergy (Cairo). 2012;2012:943982.

Faksh A, Britt RD, Vogel ER, Thompson MA, Pandya HC, Martin RJ, Pabelick CM,
Prakash Y'S. TLR3 activation increases chemokine expression in human fetal airway
smooth muscle cells. Am J Physiol-Lung C. 2016;310(2):L202-L11.

Chang PJ, Michaeloudes C, Zhu J, Shaikh N, Baker J, Chung KF, Bhavsar PK.
Impaired nuclear translocation of the glucocorticoid receptor in corticosteroid-
insensitive airway smooth muscle in severe asthma. Am J Respir Crit Care Med.
2015;191(1):54-62.

Dey N, Liu T, Garofalo RP, Casola A. TAK1 regulates NF-KappaB and AP-1
activation in airway epithelial cells following RSV infection. Virology.
2011;418(2):93-101.

Farias R, Rousseau S. The TAK1-->IKKbeta-->TPL2-->MKK1/MKK2 Signaling
Cascade Regulates IL-33 Expression in Cystic Fibrosis Airway Epithelial Cells
Following Infection by Pseudomonas aeruginosa. Front Cell Dev Biol. 2015;3:87.

Pera T, Atmaj C, van der Vegt M, Halayko AJ, Zaagsma J, Meurs H. Role for TAKI in
cigarette smoke-induced proinflammatory signaling and IL-8 release by human airway
smooth muscle cells. Am J Physiol Lung Cell Mol Physiol. 2012;303(3):L272-8.

Pera T, Sami R, Zaagsma J, Meurs H. TAK1 plays a major role in growth factor-
induced phenotypic modulation of airway smooth muscle. Am J Physiol Lung Cell Mol
Physiol. 2011;301(5):L.822-8.

Pfaar O et al. A. Guideline on allergen immunotherapy in IgE-mediated allergic
diseases: S2K Guideline of the German Society of Allergology and Clinical
Immunology (DGAKI). Allergol Select. 2022;6:167-232.

Schmitt J, Schwarz K, Stadler E, Wustenberg EG. Allergy immunotherapy for allergic
rhinitis effectively prevents asthma: Results from a large retrospective cohort study. J
Allergy Clin Immunol. 2015;136(6):1511-6.

Bousquet J, Scheinmann P, Guinnepain MT, Perrin-Fayolle M, Sauvaget J, Tonnel AB,
Pauli G, Caillaud D, Dubost R, Leynadier F, Vervloet D, Herman D, Galvain S, Andre

C. Sublingual-swallow immunotherapy (SLIT) in patients with asthma due to house-
dust mites: a double-blind, placebo-controlled study. Allergy. 1999;54(3):249-60.



331.

332.

333.

334.

335.

336.

337.

338.

339.

340.

341.

342.

343.

Radzikowska U EA, Tan G, Stocker N, Heider A, Westermann P, Steiner S, Dreher A,
Wawrzyniak P, Riickert B, Rodriguez-Coira J. . Rhinovirus-induced epithelial RIG-I
inflammasome activation suppresses antiviral immunity and promotes inflammatory
responses in virus-induced asthma exacerbations and COVID-19. . medRxiv 2021

Woehlk C, von Bulow A, Kriegbaum M, Backer V, Porsbjerg C. Allergic asthma is
associated with increased risk of infections requiring antibiotics. Ann Allergy Asthma
Immunol. 2018;120(2):169-76 1.

Yuan X, Wang J, Li Y, He X, Niu B, Wu D, Lan N, Wang X, Zhang Y, Dai X, Wang
X, Liu Z, Li G. Allergy immunotherapy restores airway epithelial barrier dysfunction
through suppressing IL-25 -induced endoplasmic reticulum stress in asthma. Sci Rep.
2018;8(1):7950.

Wang Y, LiC, Xu'Y, Xu D, Yang G, Liao F, Luo X. Sublingual Immunotherapy
Decreases Expression of Interleukin-33 in Children with Allergic Rhinitis. Indian J
Pediatr. 2018;85(10):872-6.

Zissler UM, Jakwerth CA, Guerth F, Lewitan L, Rothkirch S, Davidovic M, Ulrich M,
Oelsner M, Garn H, Schmidt-Weber CB, Chaker AM. Allergen-specific
immunotherapy induces the suppressive secretoglobin 1A1 in cells of the lower
airways. Allergy. 2021;76(8):2461-74.

Hakansson L, Heinrich C, Rak S, Venge P. Priming of eosinophil adhesion in patients
with birch pollen allergy during pollen season: effect of immunotherapy. J Allergy Clin
Immunol. 1997;99(4):551-62.

Scadding GW, Eifan AO, Lao-Araya M, Penagos M, Poon SY, Steveling E, Yan R,
Switzer A, Phippard D, Togias A, Shamji MH, Durham SR. Effect of grass pollen
immunotherapy on clinical and local immune response to nasal allergen challenge.
Allergy. 2015;70(6):689-96.

Tulic MK, Fiset PO, Christodoulopoulos P, Vaillancourt P, Desrosiers M, Lavigne F,
Eiden J, Hamid Q. Amb a 1-immunostimulatory oligodeoxynucleotide conjugate
immunotherapy decreases the nasal inflammatory response. J Allergy Clin Immunol.
2004;113(2):235-41.

Uchida T, Nakagome K, lemura H, Naito E, Miyauchi S, Uchida Y, Soma T, Nagata
M. Clinical evaluation of rush immunotherapy using house dust mite allergen in
Japanese asthmatics. Asia Pac Allergy. 2021;11(3):e32.

Nagata M, Nakagome K. Allergen immunotherapy in asthma: current status and future
perspectives. Allergol Int. 2010;59(1):15-9.

James LK, Shamji MH, Walker SM, Wilson DR, Wachholz PA, Francis JN, Jacobson
MR, Kimber I, Till SJ, Durham SR. Long-term tolerance after allergen immunotherapy
is accompanied by selective persistence of blocking antibodies. J Allergy Clin
Immunol. 2011;127(2):509-16 e1-5.

Nakagome K, Nagata M. Allergen Immunotherapy in Asthma. Pathogens.
2021;10(11).

James KM, Peebles RS, Jr., Hartert TV. Response to infections in patients with asthma

and atopic disease: an epiphenomenon or reflection of host susceptibility? J Allergy
Clin Immunol. 2012;130(2):343-51.

117



344.

345.

346.

347.

348.

349.

118

Noureddine N, Chalubinski M, Wawrzyniak P. The Role of Defective Epithelial
Barriers in Allergic Lung Disease and Asthma Development. J Asthma Allergy.
2022;15:487-504.

Hoshino M, Akitsu K, Kubota K. Effect of Sublingual Immunotherapy on Airway
Inflammation and Airway Wall Thickness in Allergic Asthma. J Allergy Clin Immunol
Pract. 2019;7(8):2804-11.

Gao N, Rezaee F. Airway Epithelial Cell Junctions as Targets for Pathogens and
Antimicrobial Therapy. Pharmaceutics. 2022;14(12).

Ammit AJ, Bekir SS, Johnson PR, Hughes JM, Armour CL, Black JL. Mast cell
numbers are increased in the smooth muscle of human sensitized isolated bronchi. Am
J Respir Crit Care Med. 1997;155(3):1123-9.

Carroll NG, Mutavdzic S, James AL. Distribution and degranulation of airway mast
cells in normal and asthmatic subjects. Eur Respir J. 2002;19(5):879-85.

Bonvini SJ, Birrell MA, Dubuis E, Adcock JJ, Wortley MA, Flajolet P, Bradding P,

Belvisi MG. Novel airway smooth muscle-mast cell interactions and a role for the
TRPV4-ATP axis in non-atopic asthma. Eur Respir J. 2020;56(1).



	Blank Page
	Blank Page
	Blank Page
	Blank Page


<<
  /ASCII85EncodePages false
  /AllowTransparency true
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 25%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA39 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 10
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 250
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 250
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 250
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 250
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.20000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Coated FOGRA39 \050ISO 12647-2:2004\051)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /SVE ()
    /ENU <FEFF004600f6007200200074007200790063006b00200068006f00730020004d0065006400690061002d0054007200790063006b>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        14.173230
        14.173230
        14.173230
        14.173230
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (Coated FOGRA39 \(ISO 12647-2:2004\))
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




