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Introduction

The Mast Cell

Origin of Mast Cells

Mast cells (MCs) were first discovered by the German scientist Paul Erlich in 1878
and were later recognized for their multifunctional roles in processes such as
homeostasis and pathogen defence (1, 2). MCs originate from pluripotent CD34"
hematopoietic precursors in the bone marrow and circulate in the bloodstream as
immature precursors. When the precursors home into the target tissue, they undergo
terminal differentiation. This cell differentiation, or maturation, is highly regulated
by the local environment, and is particularly dependent on tissue-specific growth
factors (GFs) and cytokines. An essential GF for MC survival is the stem cell factor,
which can be expressed and released by various structural cells, such as epithelial
cells (3-6). MCs are widely distributed in our bodies and are typically located at the
interface between the host and the external world, such as the gut, skin, and lungs
(7, 8).

MCs have played a crucial function in the innate immunity of animals throughout
evolutionary history. These immune cells appeared early in evolution and have since
evolved into multifunctional cells in vertebrates. The development of MCs can be
traced back to an ancestor approximately 450-500 million years ago, which includes
hagfish, lampreys, and sharks. In invertebrates, granular haemocytes resembling
primitive versions of MCs have been identified in species such as Arthropoda. This
evolutionary conservation highlights the critical role of MCs in immune responses,
pathogen defence, and homeostatic maintenance (1, 9).

Role of Mast Cells in Healthy Conditions

MCs are strategically located in the connective tissue and mucosal surfaces in close
proximity to the outside world, which indicates their vital role in recognizing and
responding to environmental insults and tissue injury (1, 6): due to their location
and fast response, MCs are among the first cells to react to harmful compounds and
initiate an immune response. MCs have a great number of receptors situated on their
plasma membranes and in the cytosol, and these allow them to detect many different
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stimuli as part of both innate and acquired immunity. MCs express pattern
recognition receptors (PRRs), including toll-like receptors (TLRs) and NOD-like
receptors, that are receptors that recognize different kinds of microbial products,
viruses and bacteria and thus play a role in innate immunity. The antibody receptor
for immunoglobulin E (IgE), FceRl, is located on the MC membrane surface and
plays a role in acquired immunity (4, 10). Additionally, MCs can respond to various
endogenous stimuli, such as IL-33 and ATP that are released upon tissue injury.
MCs contribute to all stages of wound healing, including acute inflammation,
proliferation, and remodelling, which are required to close and heal the wound gaps

(11).

Unlike many other innate immune cells, MCs are long-lived and can survive in the
body for months or even years. Upon recognition and activation, MCs respond by
releasing cytosolic granules that contain a wide range of powerful proteins. After
this so-called degranulation, they can recover and replenish their granules within
just a few days (12, 13). Consequently, MCs play significant roles in host defence
and tissue repair, and, interestingly, congenital MC deficiency has never been
reported, which indicates their essential role in maintaining healthy tissues (1, 14).

In the human Iung, MCs are found in the whole respiratory system, including the
upper airways, bronchi, bronchioles, and the alveolar parenchyma in the lower
airways (15) with an increased density from the central airways to the peripheral
compartments (15, 16). The preliminary role of lung MCs is to actively maintain the
healthy lung by protecting against infection by respiratory pathogens.

Activation

Because MCs express a vast number of receptors, their activation can be mediated
through various kinds of stimuli. When activated, MCs release their secretory
cytoplasmic granulates. These granules can be released either by anaphylactic
degranulation, with complete granule release, or piecemeal degranulation, where
small amounts of mediators are released without complete degranulation. Both IgE-
mediated and non-IgE-mediated activation can cause the release of various
immunologically active substances which will be explained below (2, 17).

FceRl

MCs express large numbers of FceRlIs on their cell surface, estimated to amount to
about 500,000 receptors per cell, but may vary depending on the circulating
concentration of IgE (18). When one multivalent allergen binds to two IgE
antibodies, which in turn are bound to a high-affinity FceRI each, the allergen
crosslinks the IgE on the MC surface (Figure 1). Crosslinking of IgE receptors
induce an intracellular signal transduction pathway, leading to activation and
degranulation by initiate fusion and the subsequent exocytosis of granules. This

14



degranulation includes release of granules containing pre-formed mediators, such
as proteases (tryptase and chymase), histamine, TNF-a, as well as de novo
production of lipid mediators, such as prostaglandins and leukotrienes and various
cytokines and chemokines. This type of activation usually results in
bronchoconstriction, plasma extravasation, recruitment of inflammatory cells and
inflammation and is typically associated with immediate hypersensitivity reactions
and allergic responses (19-21).

MAST CELL ACTIVATION MAST CELL DEGRANULATION

Parasites

Allergens \'
/- ‘lgh‘

Anaphylactic
Degranulation *
Mast cell granule

containing tryptase, chymase,
histamine, cytokines,
prostaglandins etc.

Pieacemeal
Degranulation

Figure 1. lllustration of different stimuli and surface receptors that can activate mast cells (left), which induces either
anaphylactic degranulation or piecemeal degranulation (right).

Previous investigations have been conducted to gain insights into other biological
roles of FceRI activation. One study has for example shown the involvement of IgE-
mediated response in parasite defence. IgE-deficient mice exhibited a disturbed
defence against intestinal parasites and increased numbers of parasite larvae in the
skeletal muscles, in comparison to their wild type controls (22). This implies that
IgE-mediated activation is important for parasite elimination and that MCs are vital
for regulating homeostasis in vivo, although they are well recognized for their role
in allergic responses.

Non-FceRI activation

Besides FceRI activation, MCs can be activated by other immunoglobulins as well.
IgG, for example, can bind to the FcyRs on the MC surface (Figure 1), a process
involved in allergic reactions as well as in the recognition of bacteria and parasite
expulsion (12, 23, 24).

As part of the innate immune response, MCs can also recognize, and be directly
activated by, invasive pathogens through PRR-dependent and complement-
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dependent pathways. TLRs recognize pathogen-associated molecular patterns
(PAMPs) such as different types of bacteria and viruses (25). Generally, for human
MCs, TLR1, TLR2, TLR4, TLRS5 and TLR6 are situated on the cell surface and
recognize bacteria and fungi, whereas TLR3, TLR7, and TLR9 are located in the
cytosol and are involved in virus recognition (Figure 1). Upon TLR activation,
distinct profiles of MC-derived mediators and cytokines are released, usually
without degranulation, depending on the specific TLR subtype. Some central
cytokines included in TLR activation are TNF-o, IL-6, IL-13, and IL-1p.
Importantly, the individual expression patterns of TLRs may differ depending on
the localisation of the MC (26, 27).

C3a and C5a belong to the complement system and can initiate degranulation and
chemotaxis of MCs via the C3aR and C5aR receptors. These compounds induce
degranulation particularly of MCrc (27-29). Moreover, MCs can respond to other
host endogenous compounds, including neurotensin, substance P, and endothelin 1
(30-32).

Phenotypes

MCs are known for their heterogeneity, even within the same organ. Therefore, their
intracellular granules, which contain a wide range of proteins, are highly influenced
by the local environment, and the MC content may vary a lot depending on their
localization. Along with the granules, the ultrastructure, immunological and non-
immunological activation, and receptor expression, exhibit marked heterogeneity;
up to 50% of the MC granules consist of proteases, which therefore makes them the
majority fraction of the MC protein content (33). Among these proteases, B-tryptase
is the predominant protease in human MCs (34). Chymase may also be present in
large quantities in some MC populations. Due to these different expression profiles,
human MCs have been defined into two major phenotypes based on their granule
content, namely MCr, which is tryptase positive, and MCrc, which is tryptase,
chymase, and carboxypeptidase A (CPA3) positive (4, 35, 36). In healthy human
lungs, MCr is the predominant phenotype, and is found in structures including the
bronchial mucosa and alveolar parenchyma (37, 38). In contrast, the MCrc
phenotype is typically found in the connective tissue, such as the skin.

The different levels of protease expression in MCs and their anatomical locations
implies that they have distinct functions, but these particular roles remain poorly
defined (38). In the pathological conditions of respiratory diseases, a disturbed MC
balance has been observed; the numbers of MCs are vastly elevated, they are found
in locations that usually have very few MCs (e.g., the bronchial epithelium), and
they seem to undergo a phenotypic switch from MCr to MCrc. However, the
underpinning mechanisms and implications of these events are less understood.
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Differences between Human and Other Animals

Rodents demonstrate a different MC distribution in the lungs compared to humans;
their MCs are present in the bronchial airway wall, but, in contrast to humans, they
lack MCs in the small airways and alveolar parenchyma. (15, 16). However, a recent
study has identified parenchymal MCs in wild mice, suggesting that environmental
factors may impact the tissue distribution of MCs in mice (39). Hence, rodents kept
in animal facilities may not display a natural distribution of MCs when compared to
wild animals. Additionally, the granule content may have a different profile than
humans, i.e., mouse MCs express various numbers of serine proteases. For example,
humans have only one identified chymase gene, belonging to the o-family, whereas
rodents have several chymase genes, mouse MC protease 1 (mMCP-1), mMCP-2
and mMCP-4 which belongs to the B-chymases as well as one o.-chymase, mMCP-
5. Even though human chymase and mMCP-5 both are a-chymase, mMCP-4 is
suggested to be the functional homologue to human chymase. The different
chymases differ significantly in expression patterns depending on their tissue
distribution. Mouse MCs also express four types of tryptases, i.e., mMCP-6 and
mMCP-7 which are the main tryptases studied in mice, but also mouse
transmembrane tryptase and mMcp-11 (40-43). In humans, four different groups of
tryptase have been defined (o, B, ¥, and G), which have been further categorized in
several subtypes. B-tryptase is the main active form in humans (3). However, it is
not fully understood which mouse proteases are functionally translational to human
proteases.

Respiratory Diseases

Chronic respiratory diseases cause significant health problems worldwide and
include a diverse range of conditions affecting the lungs and respiratory system.
Among the most prevalent respiratory diseases are asthma, chronic obstructive
pulmonary disease (COPD) and idiopathic pulmonary fibrosis (IPF), which impose
a substantial burden on individuals, healthcare systems and society (44, 45). In 2017,
more than 500 million people suffered from chronic respiratory diseases, which is
almost a 40% increase since 1990, and together these diseases account for 3.9
million deaths per year. COPD is the most prevalent disease with 3.9% global
prevalence (46). COPD is primarily caused by exposure to harmful particles or
gases, e.g., tobacco smoke, and is a progressive lung disease characterized by
irreversible airflow limitation, chronic bronchitis and parenchymal destruction
(emphysema) (47). Asthma is the second prevalent disease with 3.6% global
prevalence (46)

The pathologies behind chronic respiratory diseases are highly diverse. However,
common features include chronic inflammation, structural changes of the airways
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and alveolar parenchyma and impaired lung function. Their symptoms are
associated with coughing, shortness of breath and reduced exercise tolerance, which
has a significant impact on the life quality of the patients. Today there are no
available cures for any of these diseases, only various forms of treatment to control
the symptoms and improve the daily life of these patients (45, 46, 48).

The understanding of pathogenesis of chronic respiratory diseases is limited, while
being crucial to develop effective prevention, diagnosis, and treatment strategies.
Despite vast complexities, research has stressed the roles of immune dysregulation,
oxidative stress, genetic susceptibility, environmental factors and tissue remodelling
processes, as drivers of the development and progression of chronic respiratory
diseases.

Asthma

Asthma affects approximately 300 million people worldwide: 1 in 7 children and 1
in 12 adults (49, 50). It is a chronic inflammatory lung disease which leads to airflow
obstruction, structural alterations, and bronchial hyperresponsiveness (51, 52). The
airflow limitations are due to bronchoconstriction, airway wall thickening and
increased mucus.

Asthma is a heterogenous disease, and has further been divided into subphenotypes
with differing pathology, clinical expression, and responses (53), such as (1) clinical
and physiological phenotypes, including severity, exacerbation frequency,
treatment resistance, and age onset, (2) phenotype related triggers, such as drugs,
environmental allergens, and exercise, and (3) inflammatory phenotypes, such as
eosinophilic, and neutrophilic (53).

The two most common way of treating asthma symptoms are with the inhaled
glucocorticosteroids (ICS), which has anti-inflammatory properties, and/or the
short- and long-acting 2 adrenergic agonists which induce smooth muscle
relaxation (54, 55). However, not all patients receive adequate relief through these
medications, which is likely to be a consequence of asthma heterogeneity and
unknown underpinning mechanisms. Approximately 10% of asthma patients have
severe disease and require high dose of ICS with additional steroids administration.
These patients run high risk of developing severe exacerbations which require
hospitalization (55). Therefore, more studies are needed in order to deepen the
insight on asthma heterogeneity and develop new treatment approaches.

Most asthmatics display T2-high asthma, including early-onset allergic eosinophilic
asthma as well as late-onset non-allergic eosinophilic asthma. T2-high asthma
patients usually have high levels of fractional exhaled nitric oxide (FeNO) (56, 57),
sometimes referred to as a FeNO-high phenotype. The T2-high cytokine profile are
generally associated with increased levels of inflammatory alarmins (IL-25, IL-33
and TLSP) (58) and cytokines (IL-3, IL-4, IL-5, IL-9, IL-13 and GM-CSF) and other
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mediators (55), which is produced by the epithelium and inflammatory cells, such
as T helper 2 (Th2) cells and type 2 innate lymphoid cells (ILC2s). These cytokines
promote characteristic features such as eosinophilia, mucus hypersecretion,
bronchial hyperresponsiveness and IgE production (59). Some recent clinical trials
have yielded successful results in targeting the T2-signalling pathways in severe
asthma, including anti-IgE (omalizumab), anti-IL-4 and IL-13 (dupilumab) and anti-
IL-5 (mepolizumab, benralizumab and relizumab).

Contrasting T2-high asthma, T2-low asthma is less studied, and has no clear
endotype definition or salient biomarkers (60). Therefore, the lack of T2-high
biomarkers can be used for characterizing T2-low asthma (61). However, Thl and
Th17 cells are suggested to be involved in this endotype and some studies have
reported that several T2 cytokines may also be implicated in T2-low asthma by
activation of Th17 cells (59, 62, 63). In terms of treatment, this endotype display
resistance to ICS and have presence of either neutrophilic or paucigranulocytic
inflammation, and yet, no biologicals are approved.

Mast Cells in Diseases

MCs have also been recognized for their role in various pathological conditions
across different organs. They were first recognized for their role in IgE-dependent
allergic diseases, as they express high quantities of the IgE receptor, but are now
also known for their involvement in chronic respiratory diseases as well as
inflammatory autoimmune diseases as well. Additionally, MCs demonstrates
opposing roles in tumour progressions, where they may facilitate or diminish
tumour growth, depending on the type of tumour (10).

In asthmatic patients, MC are found in high densities in the bronchial epithelium,
mucosa and airway smooth muscle and their activation can cause release of pro-
inflammatory mediators which are believed to contribute to airway inflammation
and bronchoconstriction. In a study comparing MC phenotypes and distribution in
different asthma severities, Balzar et al. (64) found that the total number of
submucosal MC were highest in mild asthma, whereas MCrc were the predominant
MC phenotype in severe asthma. When looking at intraepithelial MCs, patients with
mild asthma and severe asthma had similar numbers of MCs, but the proportion of
MCr and MCrc was shifted in the severe asthmatic epithelium, where MCrc was
the dominating subtype. Hence, they conclude that severe asthma is associated with
a predominance of MCrc in airway submucosa and epithelium.

Furthermore, MCs have, in several studies, demonstrated a phenotypic switch, re-
localisation, and correlations with different clinical parameters. For example, the
airway smooth muscle bundles have an increased infiltration of MCs in asthma
patients, which was further correlated with hyperresponsiveness (65). A more recent
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study found that the density of MCrcs infiltrating the airway epithelium correlated
with airway hyperresponsiveness in patients with FeNO-high asthma (66). Also in
the distal lung compartments, i.e., alveolar parenchyma, the proportion and density
of MCrc was significantly increased in uncontrolled atopic asthma patients, both
compared to healthy as well as controlled asthma subjects, and was associated with
alveolar collagen VI (67).

Similar observations have also been confirmed in the pathophysiology of other
chronic respiratory diseases, including chronic obstructive pulmonary disease
(COPD), idiopathic pulmonary fibrosis (IPF), and cystic fibrosis (CF). Commonly,
they demonstrate an increased density of the MCrc population, which home into
structures such as the alveolar parenchyma and bronchial epithelium, where they are
associated with pro-inflammatory responses and tissue remodelling, similarly to the
pathology of asthma (64, 68-73). In COPD, studies have shown that both the C5a
expression and the C5aR (CD88) expression in MCt and MCrc cells was increased,
which may be a source for the chronic MC activation in COPD (69, 74). The
alveolar parenchyma in lungs from IPF patients, had a higher proportion of MCrc
with an increased transforming growth factor B (TGF-P) expression. Furthermore,
both the density and percentage of MCrc in IPF was positively correlated with the
degree of fibrosis (70); in CF patients, the numbers of MCrc were increased in the
inflammatory and fibrotic areas and an elevated IL-6 expression was found in the
lungs of CF patients (70). Various respiratory diseases at severe stages are
characterized by epithelial proliferation, remodelling and loss of function, however,
the knowledge about these tissue alterations is limited and needs further
investigation.

Exacerbations in asthma and COPD are often associated with viral infections. Some
respiratory viral infections elevate the population and change the function of MCs
(75, 76), where the activated MCs secrete cytokines and mediators that can activate
the endothelium to recruit immune cells to the infection area (26). However, little is
known about MC-epithelial crosstalk in pro-inflammatory and viral settings.

In summary, the histopathology of several respiratory diseases indicates that MCs,
in particular MCrc, are associated with disease severity, but despite MC
pathological presence and phenotypic switch from MCr to MCrg, little is actually
known regarding their functional role in disease pathogenesis. As both tryptase and
chymase are predominantly synthesized in MCs, it is important to study the effects
of these proteases on airway cells in order to understand the impact of the infiltrating
MCs and how they may prevent or promote disease development.

Tryptase

Within the cytosolic granules, tryptase is stored as an inactive precursor but can
rapidly convert to active tryptase upon release. The active tryptase is a composition
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of four monomeric substructures which are stabilized by heparin complexes,
creating the tetrameric active protease. Tryptase, as well as chymase, belongs to
serine proteases family and act by cleaving a variety of different substrates (77).

In homeostasis, tryptase is acknowledged for its multifunctional roles, such as
activation of cytokines, stimulation of cytokine release in cells such as epithelial
cells, endothelial cells and fibroblast, cleavage of cell surface receptors, regulation
of extracellular matrix (ECM) deposition by activating fibroblast and matrix
metalloproteinases (MMPs) and promoting wound healing. Tryptase can also
activate pro-inflammatory pathways, which may result in airway inflammation and
mucus secretion, and induce collagen synthesis in fibroblasts (1, 78-81). One
particular receptor that tryptase is known to cleave and activate, is the protease-
activated receptor-2 (PAR-2), which belongs to the G protein-couples receptor
family. PAR-2 is widely expressed on various cell types such as epithelial cells and
fibroblasts, and is involved in inflammation, coagulation and cell proliferation (78).
However, tryptase may activate other receptors as well, as PAR-2 inhibition may
not reduce tryptase induction of all biological events, but these underpinning
mechanisms and receptors remain to be identified.

In the context of lung diseases, tryptase exhibits various activities that are believed
to be involved in several disease progressions, including asthma and COPD.
Respiratory diseases are characterized by tissue remodelling and thickening of
different lung structures, such as the smooth muscle cell layer, fibrotic tissue, and
epithelial layers. As the number of MCs is significantly increased in lung diseases,
tryptase is believed to be involved in the thickening of lung tissues as it acts as a
mitogen (e.g., induce cell division and proliferation) for several cell types. For
example, tryptase exhibits mitogenic effects in human airway smooth muscle
(ASM) cells (82, 83), fibroblasts and epithelial cells (84). In fibroblasts, PAR-2
inhibition reduced tryptase mitogenic and migratory effects (85, 86).

In asthmatic patients, the number of MCs in the bronchoalveolar lavage (BAL) fluid
is increased, as well as the levels of tryptase, indicating an on-going degranulation
of tryptase in asthmatic conditions (87). Tryptase has also been reported to be
involved in airway hyperresponsiveness, airway remodelling, and
bronchoconstriction, and to directly induce smooth muscle contraction (88-91),
which is associated with asthma. In addition, tryptase has been shown to induce the
production and release of TGF-f in human ASM cells and MCs (92, 93), and to be
involved in pathogenesis of emphysema and small airway remodelling, in COPD
(94).

Taken together, tryptase appears to promote several events on lung structures and
cells, which suggests that tryptase may be an important factor in airway remodelling
and pathogenesis of respiratory diseases. However, while it is of great interest to
develop therapeutic strategies that targets tryptase, functional and mechanistic
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knowledge is still lacking, and more studies are thus warranted to identify potential
therapeutic targets.

Chymase

Chymase is a monomeric protease with chymotrypsin-like cleavage specificity
which can cleave large number of proteins and peptides in different sizes, to regulate
a variety of physiological functions (91). For example, chymase can cleave ECM
proteins (e.g., pro-MMP2 and 9), cytokines (e.g., IL-1B, IL-6, IL-13, IL-33, TNFs),
latent TGF-J3, fibronectin and tight junction proteins. It is also well known for its
role in regulating blood pressure by cleaving angiotensin (Ang) I to generate Ang I
(95-102). One study reported that mice deficient for Mcpt1 demonstrated a delayed
removal of the nematode Trichinella spiralis but not in Nippostrongylus
brasiliensis, suggesting that chymase is important in the defence of selected parasite
worms (103).

Whether chymases are detrimental or beneficial in respiratory diseases is debated,
and different studies reports opposing findings, which further highlights chymase
complexity in pathogenesis (102). As an example, by cleaving and degrading pro-
inflammatory cytokines such as 1L-6, IL-13 and IL-33, chymase may dampen the
pro-inflammatory response, which would have a protective effect in asthma,
whereas activation of IL-1 could promote airway inflammation (91). In addition,
chymase can also regulate many substrates that are associated with tissue
remodelling, who can also serve dual roles in pathogenesis. Cleavage and activation
of e.g., MMPs and fibronectin may prevent excessive ECM deposition in lung
tissue, which could potentially alleviate airway remodelling. On the other hand,
activation of TGF-3 can promote ECM deposition in allergic airways (96, 104) and,
in the context of IPF, TGF-B activation contribute to fibrosis, since it is a cytokine
involved in the fibrotic response (96, 104).

In addition to ECM remodelling, chymase has been shown to provoke profound
morphological alterations in explanted primary bronchial tubes with fragmentation
of ECM and dissociation of epithelial cells from the basement membrane in lung
tissue (105). Additionally, chymase disrupts vital barrier protein junctions in cell
line cultures (105, 106). These studies imply a strong detrimental role of chymase
on epithelial barrier properties, which can enhance the risk of translocation of
inhaled invaders into the subepithelial space and lead to immunological responses
and airway and mucosal inflammation.

Taken together, several of these events induced by chymase may contribute to host
protection but also in detrimental regulations of ECM remodelling and thus provoke
severe complications in inflammatory lung diseases.

22



It may seem contradictive that MCs, including tryptase and chymase, show both
detrimental and beneficial properties in host defence and survival. It is important to
note that the MC activation needs to be in balance to maintain a proper biological
beneficial function, and that, in the pathological conditions, the MC activation is
believed to be dysregulated, which in turn may lead to harmful responses. However,
more studies are however needed to better understand MCs role in the pathogenesis
of chronic respiratory diseases.

Experimental Research Models

Studies and correlations using histopathology is critical to understand how the
cellular architecture and phenotypes are organized in disease pathologies. These
studies mirror the actual consequences and developments in tissues which have
already happened and enable us to understand many underlying events causing
clinical symptoms. For example, such studies have helped researchers not only to
find the presence of high numbers of MCs in respiratory diseases and phenotyping
them, but also to further find distinct pathological disease phenotypes, which is
highly important for therapeutical aspects. At this stage, it is difficult to draw any
conclusions regarding the impact of MCs on disease development, as they might be
beneficial and/or detrimental. From here, it is therefore important to complement
histopathological studies by performing additional research, investigating for
example functional implications and biochemical properties of these cells. This is
typically done using different in vivo and in vitro models.

Typical in vitro models used to study implication of MCs in respiratory disease,
make use of either purified or recombinant proteins related to MC expression (e.g.,
tryptase or chymase) to stimulate the cell type of interest. Those cells can originate
from a cell line or, for example, directly from human samples (i.e., primary human
cells). As in vitro studies are performed in a closed and highly regulated
environment, they can never fully reflect the physiological events which may
happened in an in vivo context, but they can be designed in different ways which
are more or less comparable to the physiological lung.

Furthermore, some common ways of studying the functional role of a certain cells,
proteins, or pathways in vivo are to genetically modify an animal model or use
specific inhibitors targeting the protein of interest. A vast number of animal models
have been developed and used over the years and have had a major impact on
research by giving us deeper insights into molecular mechanisms, correlations, and
biological physiology (102). For example, a chymase-deficient mouse model
(Mcpt4-/-) for asthma showed enhanced airway reactivity and increased eosinophil
infiltration, and was suggested to be a result of impairment of degrading IL-33
(107). Also, another study used a chymase inhibitor, showing that inhibition of
chymase dampened the airway inflammation (108). These kinds of studies are
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important for studying the effects of specific proteins, cells, or mechanistic
pathways in the complex in vivo setting.

While these translational models are indeed important and have helped us to
understand the physiological effects of, for example, chymase in certain contexts,
but it is also important to underscore that human MC and protease expression
profiles and distribution are different than that of rodents, and that these in vivo
studies cannot be directly transferable to human physiology — although, they serve
as important platforms to evaluate fundamental physiological functions.

As these are examples of experimental models, they will never fully replicate the
human disease development, but at least, they will provide valuable understanding
of chemical, cellular, functional, and pathological implications of the disease or
protein of interest.

The Airway Epithelium

The Lung Epithelium and the Role of Epithelial Cells

The human lung has an estimated surface of 70m?, which is directly in contact with
the external environment, and every day the inner surface of the lungs is exposed to
more than 10,000L of air. The main function of the lung is to maintain gas exchange
in order to oxygenate the host body (109).

The lung comprises distinct compartments, which have different functions and
structures, stretching from the mucosal tissue in the upper and lower respiratory
tract to the alveoli in the peripheral lung parenchyma, where the gas exchange is
taking place (Figure 2). Each lung compartment has developed its specific
population of immune cells which actively participates in inflammatory responses.

The inhaled air contains many particles and pathogens, which can cause harm for
the host. This is largely overcome by efficient host defence systems and
mechanisms, wherein the differentiated respiratory epithelium plays a central role.
The inner surface of the lung is covered by the epithelium, providing a physical
barrier, immune defence and mucociliary clearance of inhaled particles, to maintain
a healthy state of the host. (50, 109).
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Figure 2. lllustration of lung anathomy, streching from the upper respiratory tract, to the lower respiratory tract and the
alveoli in the respiratory zone.

An important element in the epithelial barrier is the formation of protein junctions
between the lining cells, to allow strong cell-cell contact and paracellular passages
of ions, water, and macromolecules. The epithelial barrier consists of linked
complexes of tight junctions (TJ) or adherens junctions (AJ) and intracellular
cytoskeleton proteins. Occludin is an integral TJ protein regulating paracellular
permeability and zonula occludens-1 (ZO-1) is an intracellular protein that links TJ
to the actin cytoskeleton on the intracellular site. These protein complexes,
accompanied by a range of other barrier-associated proteins, constitute the apical
cell polarity and barrier properties of the epithelium, which are involved in signal
transductions and cell homeostasis (110, 111).

Epithelial Alterations in Asthma

Altered epithelial structure and function are typical hallmarks of lung diseases
(Figure 3) (110, 112). Considering barrier function, asthma patients demonstrate a
decreased physical barrier compared to healthy subjects. This is apparent by
increased ionic and macromolecular permeability as well as impaired TJ and AJ
protein organization and expression (113, 114). Cell cultures from asthmatic
patients are also more sensitive to disruption by cigarette smoke extract (113).
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However, the underpinning mechanisms of compromised epithelium are not fully

understood.

Healthy Airway
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Figure 3: The airways in asthma patients are altered, with various structural and functional impairments including
epithelial remodelling, MC infiltration and elevated ECM deposition. ECM: extracellular matrix, MC: mast cell, ASM:
airway smooth muscle.

In the asthmatic epithelium, structural abnormalities are typically referred to airway
and epithelial remodelling. Importantly, physiologic remodelling is critical for
maintaining a healthy epithelium and includes regeneration of injured tissue by
parenchymal cells. In asthma, however, all compartments of the airway wall —
including inner, outer, and total — are significantly thickened due to airway
remodelling, resulting in airway narrowing. In cases of fatal asthma, the airway wall
is increased by 50-300%, and 10-100% in non-fatal asthma, compared to non-
asthmatic controls (115, 116). This is partly explained by abnormal cell growth and
replacement of injured tissue by ECM, leading to impaired airway structure (116).
In particular, pathological remodelling as seen in asthma includes subepithelial
fibrosis, goblet cell hyperplasia, and smooth muscle hypertrophy. Additionally, a
study by Cohen et al. (117) demonstrates that the airway epithelium in severe asthma
has a much higher rate of cell proliferation and a dysregulated proliferative response
than in mild asthma and in healthy subjects. The authors propose that this may drive
the processes leading to the epithelial hyperplasia and thickening seen in severe
asthma, despite treatment with high doses of corticosteroids.
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In addition to increased proliferation rate, the enhanced levels of various growth
factors, including basic fibroblast growth factor (bFGF) and platelet-derived growth
factor (PDGF), are also proposed to be implicated in the tissue remodelling,
thickening of airway structures, and asthma pathology (118, 119). Furthermore,
elevated expression of the pro-survival protein BIRC3 has been linked to asthma
pathogenesis (120), which also suggests a dysregulation of cell survival-death
balance. Although this proliferative response may be initiated by persistent airway
inflammation, viral infection or injury, it is still not clear what drives the
proliferative epithelial remodelling process in asthma.
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Aims of the Thesis

MCs appear in high numbers within the airway epithelium in patients with
respiratory diseases. The general aim of this thesis was to study how MC specific
proteases released from intraepithelial MCs impacts the airway epithelium and their
potential role in disease progression.

The specific objectives of the four studies were as follows:
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In paper I, the aim was to explore the effects of tryptase and chymase on
fundamental epithelial cell appearance and properties, in particular cell
morphology, cell growth, and migratory capacity.

In paper 11, the objective was to study the impact of tryptase in the context
of wound healing, with a focus on direct gap closure effects as well as in
regulating the release of wound healing-associated proteins and gene
expression patterns in epithelial cells.

In paper III, the aim was to further investigate the role of tryptase in
epithelial cell growth properties and to characterize its ability to regulate
homeostasis in alveolar and bronchial epithelial cells. We additionally
aimed to study these parameters in a pro-inflammatory and viral
environment.

In paper IV, the aim was to study if chymase affects the barrier properties
of fully differentiated bronchial epithelial cells and to test whether the
potential effects differed between cells from healthy and asthmatic donors.



Methodology

To understand the molecular and cellular role of MCs in the pathophysiology of
respiratory diseases, we used different in vitro experimental approaches, including
submerged cell cultures (Figure 4A) and air-liquid interface (ALI) cultures (Figure
4B). This section will provide an overall introduction to the methods utilized in our
research. Further information about specific methods or materials are provided in
individual papers [-1V.

Cell Culture Models

Bronchial Epithelial Cell Line: Beas-2B

The bronchial epithelial cell line Beas-2B was originally established as a human
immortalized, non-cancerous bronchial epithelial cell line in 1988 (121) and was
used in papers I, II and III. Cells were maintained in RPMI-medium 1640
supplemented with 10% foetal bovine serum and 1% penicillin-streptomycin and
cultured in a humidified incubator at 37°C in 5% CO,. Experiments were performed
in starvation medium (RPMI supplemented with 1% foetal bovine serum and 1%
penicillin-streptomycin). For experiments, cells were used in submerged cultures.

Bronchial Epithelial Cell Line: BCi-NS1.1

The immortalized BCi-NS1-1 (BCi) cell line was used in paper IV for the barrier
study because BCi cells have, in contrast to Beas-2B, a multipotent differentiation
capacity, which allows them to form TJs and cilia and to produce mucus (122). Cells
were maintained in collagen-coated flasks in complete airway epithelial medium,
i.e., airway epithelial cell basal medium supplemented with an airway epithelial
growth medium supplement pack (Promocell) in a humidified incubator at 37°C in
5% COs. For experiments, these BECs were differentiated in ALI cultures.
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Alveolar Epithelial Cell Line: A549

Because increased MC density also is found in the alveolar parenchyma in diseased
conditions, we also wanted to investigate the role of MC protease in alveolar
epithelial cells. Hence, both Beas-2B and the alveolar epithelial cell line A549 were
studied in paper III. A549 was originally an adenocarcinomic human alveolar
epithelial cell line. In our experiments, the cells were maintained in Ham’s F12-
medium supplemented with 10% foetal bovine serum and 1% penicillin-
streptomycin. Cells were cultured in the same manner as the Beas-2B cells, except
for the starvation medium, which was based on Ham’s F12-medium. For
experiments, the cells were used in submerged cultures.

Primary Bronchial Epithelial Cells

Two different patient cohorts were used in this thesis. In paper III, primary human
BECs were collected from patients with mild to moderate asthma by bronchoscopy.
These patients were not treated with inhaled corticosteroids (for at least 3 months)
and had airway hyperresponsiveness to mannitol. The patients were originally a part
of the Reconstruct study at Bispebjerg Hospital, Denmark (66), and the samples
(n=5) used in paper III were previously collected by Ramu et al. (106). Briefly,
primary cells were collected through epithelial brushings using a sterile fibre-optic
bronchoscope, vortexed, centrifuged, washed and then cultured in collagen-coated
cell culture flasks in bronchial epithelial growth medium (BEGM) from Lonza.
Cells were cultured in a humidified incubator at 37°C in 5% CO,. For the
experiments, these primary cells were used in submerged cultures.

In paper 1V, primary BECs were obtained from non-asthmatic (n = 6) and asthmatic
donors (n = 4) by epithelial brushings using fibre-optic bronchoscopy, followed by
isolation and expansion. Small airway cells were maintained in small airway
epithelial medium and large airway cells were maintained in large airway epithelial
medium (Promocell). The experiments comparing cell responses between non-
asthmatic and asthmatic volunteers were run in pairs and were sex and age matched.
For the experiments, these primary BECs were differentiated in ALI cultures.

ALI Cultures

Cells from the BCi cell line, non-asthmatic donors, and asthmatic donors (both small
and large airways) were used to study the impact of chymase on barrier properties
in paper IV. To be able to study the barrier function, one first needs to establish a
proper epithelial barrier layer. By culturing cells at the ALI, cells will differentiate
into ciliated and mucus-producing cells and will become polarised with the apical
expression of tight junction proteins, e.g., ZO-1 and occludin (Figure 4B). This
experimental design is also referred to as three-dimensional (3D) in vitro modelling.
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For differentiation, cells were first seeded onto collagen-coated transwell inserts
(0.4 um pore size, Corning) with 200 pl apical and 500 pul basolateral media. Then
2-3 days later the cultures were changed to ALI by replacing the old media with 300
pl ALI-culture media (1:1 complete airway epithelial medium and complete
DMEM) in the basolateral compartment only. After this, cells were cultured for 3
weeks at the ALI with media replacement 3 times/week, and the transepithelial
electrical resistance (TER) was measured once a week to track the formation of the
physical barrier. TER measurements were performed using chopstick electrodes
after a 15-minute incubation with 100 pl pre-heated HBSS in the apical
compartment.

000 I\

Submerged Epithelial
Cell Culture

| ‘ ’ Differentiated Epithelial
\ Cells in ALI Culture

Figure 4. lllustration of the submerged epithelial cell culture system (A) and the pseudostratified epithelium with
differentiated epithelial cells in ALI cultures (B). The image was created in BioRender by Frida Berlin.

In Vitro Cell Stimulation

Tryptase and Chymase

In this thesis, the MC proteases tryptase and chymase were used to study MCs’ roles
in airway remodelling, barrier integrity, and homeostasis. Highly purified human
lung tryptase (Merck Millipore) with a molecular wight of ~135kDa were used in
this thesis. The tetramer was non-covalently linked with two sets of dissimilar
subunits of o and  isoforms sequences. The undiluted tryptase had an enzymatic
activity of 62.5 units/mg protein according to the manufacturer’s description. The
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chymase was a monomeric recombinant human chymase (Sigma-Aldrich) with an
enzymatic activity of 90 units/mg protein.

To establish specific concentrations for tryptase and chymase in submerged cultures
(paper 1, 11, III), epithelial cells were stimulated with different concentrations of the
proteases. Supernatants were collected and validated at different timepoints using a
lactate dehydrogenase (LDH) cytotoxicity assay and cytokine measurements. Dose
response experiments were also performed using a holographic live-cell imaging
system to validate protease effects, cell survival, and potential toxicity. For
submerged epithelial cell cultures, 0.5 pg/mL was carefully chosen as the
appropriate concentration for both tryptase and chymase. For the ALI cultures
(project IV), high (5 pg/mL) and low (0.5 pg/mL) concentrations of chymase were
used, and no visible signs of toxicity was observed.

PAR-2 inhibitor

To explore tryptase’s mechanism of action, a synthetic inhibitor was used to block
the protease-activated receptor-2 (PAR-2). Cells were pre-treated with the
antagonist I-191 (MedChemExpress) for 30 minutes at 37°C in 5% CO,, followed
by one wash in PBS and then stimulation with tryptase.

Pro-inflammatory and Viral Stimulations

The TLR3 agonist polyinosinic:polycytidylic acid (Polyl:C) is a synthetic analogue of
dsRNA which was used as a viral mimic (InvivoGen, France). The TLR4 agonist
lipopolysaccharide (LPS, InvivoGen, France) and in-house made cigarette smoke extract
were used to initiate pro-inflammatory responses in BECs. Cells were pre-treated with
tryptase for 3h and then co-stimulated with the indicated viral or pro-inflammatory stimuli.

Experimental Set-Up

The general experimental set-up for submerged alveolar and bronchial epithelial cell
cultures will be explained in this section (Figure 5). Cells were seeded onto cell
culture plates 3 days prior to start for RNA, supernatant and protein collection as
well as for immunocytochemistry and 24 h prior to start for the Holomonitor M4
experiments. On the experimental day, cells were stimulated with tryptase or
chymase along with non-stimulated control cells. In paper III, cells were co-
stimulated with pro-inflammatory or viral stimuli, which were added into the
supernatant 3 h after protease stimulation. RNA, cell culture supernatants, and cell
lysates were collected at 6 h and 24 h for further protein and gene analysis. Cells
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used for immunocytochemistry were seeded onto 4-well chamber slides and were
fixated in 2% paraformaldehyde at 24h after protease exposure.

Tryptase or Chymase Pro-inflammatory
Stimulation Stimulation
3h
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Immunocytochemistry

Holographic live-cell imaging

Figure 5. lllustration of the experimental set-up for submerged cell cultures. The image was created in BioRender by
Frida Berlin.

Cells cultured in ALI, had a similar experimental set-up but with some minor
changes. First, TER measurements were performed in the “old” media, as described
above, for baseline comparison. Then 10ul of 30x of the indicated chymase
concentration was spiked and mixed into fresh basolateral cell culture media when
starting the experiments. TER measurements were repeated at the different read out
time points, i.e., 1, 2, 6, and 24h after chymase exposure. The transwells were placed
on different plates, based on their read-out time, un order to avoid external
disturbances. After the TER measurements, the cells were fixed in 4%
paraformaldehyde for 15 minutes, followed by washings in PBS. Apical and
basolateral supernatants were collected for further analysis.

Holographic Live-Cell Imaging

To assess the functional properties of tryptase and chymase on epithelial migration,
morphology, proliferation and wound healing capacity, a novel live-cell imaging
system, the Holomonitor M4 from Phase Holographic Imaging (Lund, Sweden),
was used (paper L, I, III). The Holomonitor uses digital holography to record cells
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in real time and provides reconstructed 3D images and videos and quantitative data
on a single-cell level. The method is label free, and all experiments are performed
inside the humidified incubator at 37°C in 5% CO,. The epithelial cells were split
and seeded onto a Sarstedt TC 6-well plate 24 h prior to the start of the monitoring.
In the wound healing model, cells were seeded into 2-well culture-inserts (Ibidi,
Germany) at high densities. For all experiments, fresh media (with or without
proteases) was added 30 minutes prior to start, and a random capture pattern of at
least 5 different positions per well was chosen. Images were captured every 15
minutes over 24, 36, or 72 h, giving >1000 images in total per repeat. All data were
analysed using HStudio.

Immunocytochemsitry

Submerged cultures

Cells were permeabilized in 0.1% Tween-20 and immunostained with the primary
antibody BIRC3 (Thermo Fisher Scientific, USA) at a 1:50 dilution or Ki67 (Dako,
Denmark) at a 1:300 dilution and thereafter incubated with the secondary antibody
Alexa Fluor 488 (Invitrogen) at a 1:200 dilution. For cytoskeletal immunostaining,
FITC-conjugated phalloidin 488 (Sigma-Aldrich, USA) was used at a 1:1000
dilution. Nuclei counterstaining was performed using the mounting medium
ProLong Gold antifade reagent with DAPI (Invitrogen, USA).

Differentiated ALI cultures

Fixed cells were permeabilized with 0.1% Triton X-100, blocked in 1% BSA and
then immunostained with the occludin-conjugated monoclonal antibody 488
(Invitrogen, USA) at a 1:100 dilution and with the F-actin 555 phalloidin (Acti-
stain, Cytoskeleton) at a 1:200 dilution. DAPI (Roche, Switzerland) at a 1:500
dilution as used for nuclei stainings. Cells were finally mounted with Mowiol
(Sigma-Aldrich, USA).
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Results

In the following section, the main results from the studies included in this thesis
are presented. A more detailed description of the findings can be found in the
result section of each paper.

Tryptase

Respiratory diseases such as asthma, are characterized by increased number of MCs
in specific lung compartments, including the bronchial epithelium and alveolar
parenchyma. MCs are known to express high levels of tryptase, suggesting that
neighbouring cells and the local environment are exposed to this protease at higher
concentrations in diseases conditions than in non-diseased. However, the MC-
epithelial interactions in the lung remain poorly understood. Therefore, we aimed to
functionally study how MC tryptase may affect bronchial and alveolar epithelial
cells, with a particular focus on airway remodelling and wound healing capacity.

Tryptase-mediated Effects on Cell Morphology, Migration and Wound
Healing Capacity in BECs

First, the tryptase effect on fundamental cell shape was evaluated. BECs stimulated
with tryptase exhibited a significantly elongated cell morphology and a
reorganization of the cytoskeleton (Figure 6A and B) in comparison to non-
stimulated cells (Paper I). Because these features are an indication of migratory
cells, we then used the Holomonitor M4 to analyse tryptase’s effect on cell motility.
Single-cell tracking analysis revealed that tryptase significantly increased cell
migration, motility, and speed in BECs in submerged cultures (Paper I, Figure 6C
and D). When comparing different time intervals, we found that tryptase induced a
significant increase in cell motility already within 3 h post stimulation, which
remained throughout the entire experiment (36h).
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Figure 6. Tryptase induced morphological alterations and reorganization of the cytoskeleton (A) and enhanced
migration (B) and wound healing capacity (C) in BECs. Immunofluorescent images (A,B) were taken by confocal
microscopy. XY-plots (B) obtained from the Holomonitor M4 represents the exact migratory pattern of non-stimulated
(above) and tryptase stimulated (below) BECs over 12 h.

When further analysing motility properties in a wound healing model, we found that
tryptase’s enhancement of migratory capacity remained in the wound gap, and,
accordingly, tryptase enhanced the wound healing capacity in BECs (Figure 6E).
To study the mechanistic pathway, a PAR-2 inhibitor (I-191) was used and showed
that tryptase induction of wound gap closure was reduced in cells pre-treated with
the inhibitor compared to controls (Paper II).

Tryptase Promotes Cell Growth in Alveolar and Bronchial Epithelial
Cells

The Holomonitor M4 was used to functionally study the proliferative effect of
tryptase on BECs and AECs. The analysis revealed that tryptase significantly
shortened the cell division intervals, indicating an acceleration of cell divisions
initiated by tryptase. Moreover, tryptase promoted epithelial cell growth in both cell
types when compared to individual control cells (Figure 7B). To further understand
the underlying mechanisms of cell growth, we investigated the involvement of the
PAR-2 receptor. When AECs were pre-stimulated with the PAR-2 inhibitor (I-191),
the induction of cell growth by tryptase was diminished, although the reduction was
not statistically significant (Figure 7C). The study in paper III also examined
primary BECs from asthma patients to assess the impact of tryptase on cell growth
in a disease-specific context. In contrast to the cell lines, no difference in cell growth
was observed in the PBECs. However, a significant upregulation of the proliferation
marker Ki67 was found in PBECs stimulated with tryptase (Paper II1), which was
also observed in the tryptase stimulated Beas2-b (Paper I). This implies that the
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effects of tryptase on cell growth may vary between cell lines and primary cells.
Notably, the cell line experiments were performed at 72 h while the PBECs
experiments were performed at 36 h, which also may explain the difference.
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Figure 7. Tryptase increased the cell growth in AECs and BECs. Representative images of AECs obtained with
Holomonitor M4 demonstrating the number of cells for non-stimulated (above) and tryptase-stimulated cells (below) at
72h (A). Tryptase significantly elevated the cell growth in AECs at 72h (B). A cell growth curve of AECs showed
diminished proliferative effect by tryprase when pre-stimulated with a PAR-2 inhibitor (C). Non-parametric Mann—
Whitney tests were used for the comparison of the non-stimulated (NS) and tryptase-treated groups.

Because patients with asthma displays airway inflammation, we additionally studied
BEC growth properties in pro-inflammatory and viral settings (Paper III).
Interestingly, tryptase induction of cell growth remained in the pro-inflammatory
settings (LPS and cigarette smoke extract), but not in the viral setting (poly 1:C).

Increased Epithelial Release of GFs and Expression of Pro-Survival
Proteins in Tryptase-Stimulated Cells

To further investigate whether tryptase can alter the epithelial responses and
homeostasis, cell culture supernatants, and protein expressions were analysed
(Paper III). Tryptase stimulation resulted in a significant upregulation of the anti-
apoptotic protein BIRC3 in PBECs, BECs, and AECs, indicating enhanced cell
survival in tryptase-stimulated cells. Additionally, tryptase altered the release of
various cytokines and GFs by bronchial and alveolar cell lines as well as in PBECs.
In the PBEC:s, tryptase induced the release of GFs such as Granzyme B, G-CSF,
MIP-1a, and PDGF-AA and there was a significant elevation in bFGF release (500-
fold relative to controls). On the other hand, tryptase stimulation also led to a
significant reduction in proteins such as GRO-B, TGF-a, and VEGF.

Taken together, these results suggest that tryptase promotes epithelial cell growth
and survival and improves wound healing capacity.
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Chymase

Because there is a phenotypically shifted MC population in the pathological
conditions of respiratory diseases, with an increased proportion of MCs expressing
both tryptase and chymase, we also sought to understand the role of chymase on
bronchial epithelial remodelling and barrier function.

Chymase Altered Cell Morphology, Enhanced Cell Migration, and
Decreased Cell Growth

BECs stimulated with chymase demonstrated a statistically significant difference in
cell morphology when compared to non-stimulated cells. Chymase-treated BECs
had reduced cell area and optical volume, increased cell thickness, and were more
elongated. Similar to tryptase-treated cells, chymase induced the reorganization of
the cytoskeleton and induce strong migratory effects, with increased cell motility,
migration, and speed (Paper I).

Opposing the proliferative effect induced by tryptase, chymase stimulated BECs
showed a reduction in cell growth compared to non-stimulated cells (Paper I). This
was functionally assessed by Holomonitor M4 analysis, demonstrating a significant
decrease in cell growth and in the percentage of dividing cells, accompanied by
decreased Ki67 protein expression and reduced metabolic activity. Importantly,
toxicity assays did not indicate cellular toxicity at the concentration used in the
experiments.

Chymase-Mediated Disruption of Barrier Integrity

Chymase effect on ionic epithelial permeability was evaluated by performing TER
measurements at different time points in fully differentiated primary BECs from
healthy donors and from patients with severe asthma (Paper IV). The ALI cultures
were stimulated with either low (0.5 pg/mL) or high (5 pg/mL) concentrations of
chymase (Figure 8A). The obtained results indicated an early drop in TER, already
at 1 h, followed by a quick recovery at 2 h for both concentrations and in both
groups. The high concentrations of chymase showed a partial, but not full recovery,
as was seen for the low concentrations of chymase. Furthermore, all groups had a
second drop in TER (approximately 10-15%) at 6 h, and from here only the BECs
from healthy donors treated with low concentration of chymase fully recovered at
24 h. Whereas the BECs from severe asthma patient treated with low concentration
of chymase recovered only slightly and the other groups remained at similar
permeability levels as after the second drop. These findings indicate that chymase
caused an increase in ionic leakage in BECs from both healthy individuals and those
with and severe asthma, where BECs from healthy donors were the only group
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exhibited a full barrier recovery after the impairment induced by chymase earlier in
the experiment.
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Figure 8. Chymase impaired barrier integrity in ALI cultures from healthy donors and those with severe asthma. TER
values taken over time (A) revealed the recovery of healthy cells treated with low concentrations of chymase, but not in
severily asthmatic cells. Immunofluorescent stainings of non-stimulated and chymase-stimulated (high concentration)
cells from a non-asthmatic donor (B). Green: occludin, red: F-actin (cytoskeleton), and blue: nuclei.

Immunostainings indicated the decreased expression of the tight junction protein
occludin (Figure 8B, green) and the reorganisation of the cytoskeleton (red) in cells
from a non-asthmatic patient treated with a high concentration of chymase for 24h,
compared to non-stimulated cells. While non-stimulated cells displayed a uniform
and even pericellular expression, chymase-treated cells demonstrated a patchy
expression pattern of occludin throughout the sample.

Summary of Results

The main findings from the present thesis are summarised in a graphical figure
(Figure 9). Collectively, the results from the included papers show that
intraepithelial MC release of the tryptase and chymase proteases enhance cell
migration, induce morphological alterations, and had opposing effects on cell
division patterns and cell growth. Tryptase increased pro-survival gene and protein
expression, altered epithelial release of various GFs and cytokines, and promoted
wound gap closure, while chymase impaired the epithelial barrier function.
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Figure 9. lllustration summarising the results obtained in the present thesis. The image was created in BioRender by
Frida Berlin.

Taken together, these results indicate vast and powerful effects of tryptase and
chymase on epithelial cell function and thus, are likely to play critical roles in airway
remodelling and in the disruption of epithelial homeostasis and function under
pathological conditions.
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Conclusions

The findings presented in this thesis shed light on the role of tryptase and chymase
on airway remodelling and epithelial dysfunction.

Tryptase exerts significant influence on various remodelling events, particularly
those related to cell growth, cell survival, and wound healing. Hence, tryptase may
be involved in the cell growth of different lung structures commonly observed in
patients with respiratory diseases. Pro-migratory effects induced by tryptase were
PAR-2 dependent, suggesting an important role for tryptase activation of PAR-2 in
rapid gap closure following epithelial damage.

Chymase has a profound impact on bronchial remodelling and barrier integrity, and
this is primarily associated with loss of cell-cell contact, increased cell migration,
and disruption of barrier integrity.

Collectively, the release of tryptase and chymase by intraepithelial MCs appears to
induce critical activities that are involved in respiratory disease progression and in
disruption of crucial epithelial functions.
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Discussion

Morphology and Migration

The role of MCs and their mediators on epithelial function has been poorly studied.
Using the holographic live-cell imaging technology Holomonitor M4, we quantified
different morphological parameters, performed single-cell tracking analysis, and
evaluated wound healing capacity in submerged cultures stimulated with tryptase or
chymase. The results indicate that both proteases can actively induce changes in the
shape and migratory effects of the bronchial epithelium, which may have
implication for cell-cell contact and tissue structure and functions in the lungs.
However, the molecular mechanisms involved in these features remain to be
explored, although such mechanisms might be limited to epithelial cells, since no
pro-migratory effects have been seen in fibroblasts stimulated with chymase (123).
Notably, the migratory and morphological effects are not identical, and this suggests
that the proteases might partly mediate responses through different signalling
mechanisms or might activate distinct cellular pathways.

Epithelial proliferation and migration are required in the wound healing process and
can be induced by various GFs, cytokines and other triggers after epithelial injury
or viral infection (117, 124, 125). Because cell migration is associated with
important wound healing processes, the wound healing capacity of tryptase was
investigated. The results revealed that tryptase promotes wound gap closure via
PAR-2 by inducing migratory properties in BECs. These results are in line with
previous results showing that tryptase is involved in tissue repairment of several cell
types (126). However, in pathological contexts tryptase’s involvement in
proliferation, migration, and wound healing may contribute to critical epithelial
expansion, which may lead to chronic inflammation and subsequently remodelling
(80). Therefore, tryptase and PAR-2 are potential targets for therapeutic strategies
aimed at promoting efficient gap closure while minimizing the detrimental effects
associated with chronic inflammation and remodelling.
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Dual Roles in Epithelial Homeostasis

A hallmark of airway remodelling in asthma is thickening of the airway wall,
including the epithelium, submucosa, and smooth muscle layer, and these effects
are suggested to be a result of chronic inflammation (127). Previous in vitro studies
have reported that tryptase can induce proliferative properties in various cell types
based on the altered regulation of genes and proteins that are involved in
proliferation (82, 84, 128). However, as far as we are aware, this has never been
investigated functionally in either bronchial or alveolar epithelial cells, and thus the
underpinning mechanisms of airway thickening remain poorly understood.
Therefore, the results from this thesis provide valuable insights into the functional
effects of tryptase on epithelial cells in the context of lung diseases. Because tryptase
exhibited mitogenic properties on BECs and AECs by promoting cell growth,
increasing cell survival expression, and the release of cytokines, these findings
contribute to a better understanding of the role of tryptase in airway remodelling
and epithelial dysfunction. We also show that the effect on cell growth may at least
partially be induced by PAR-2 receptor, however; this needs to be further
functionally investigated.

Interestingly, this work showed that tryptase significantly shortened the cell division
intervals, which indicates an acceleration in the cell division rate, both in the early
and the late phase of the experiment. This suggests that the mitogenic effects of
tryptase remained even after more than 24 h post-stimulation, which is when the
enzymatic activity had been lost. This may be explained by unknown intracellular
effects and/or by the fact that tryptase significantly induced the release of potent
GFs in the epithelial cells. These GFs are likely to influence the cells within the cell
culture, and importantly, seen from an in vivo perspective, these GFs may have
implications on the local microenvironment as well. For example, bFGF and PDGF-
AA are strongly associated with airway remodelling in asthma (118, 119), and since
tryptase has the ability to induce the release of these GFs, our data suggests that
tryptase has a substantial impact on the cell growth not only of epithelial cells, but
also on other cell types (1).

In contrast, functional and molecular assays demonstrated that chymase-stimulated
BECs had a reduction in cell growth, compared to non-stimulated BECs (Paper I).
Further analyses revealed that the decreased cell growth was not due to cell death
or cytotoxicity but rather to a decreased division rate, reduced metabolic activity,
and reduced Ki67 expression. Interestingly, chymase has been reported to induce
some proliferative effects in other cell types, including fibroblasts and small airway
epithelial cells (129, 130). These opposing results imply that chymase may induce
different biological activities depending on cell type. Additionally, the small airway
epithelial cells were primary cells, which may also explain the opposing results.
However, the results from this study suggest that chymase has a diminishing effect
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on bronchial epithelial cell growth, which may cause impaired maintenance of
bronchial epithelium and weakened repair capacity upon injury.

Chymase Disrupts Bronchial Epithelial Barrier
Properties

Because there is an increased number of MCrcs in alveolar and bronchial epithelium
under pathological conditions (64, 67, 69, 70), it is likely that these structures are
exposed to various concentrations of chymase. Zhou et al. has shown that chymase
acts detrimentally on barrier integrity in epithelial layers (105), but the impact of
chymase on barrier function has not been investigated in PBECs previously. As cells
from patients with severe asthma show greater epithelial permeability at baseline
compared to healthy donors (113), we aimed to compare healthy and asthmatic
patients’ responses to chymase exposure. Therefore, we used a translational in vitro
model, i.e., fully differentiated BCis as well as PBECs from patients with severe
asthma and healthy donors in order to study how the epithelial integrity is affected
by chymase.

Both healthy and asthmatic PBECs stimulated with chymase showed a fluctuating
ionic permeability pattern over time. This was demonstrated by an initial drop at 1
h, a quick recovery at 2 h and a second drop at 6 h. At the first drop and recovery,
the high concentrations of chymase had a slightly bigger drop and poorer recovery
than the cells treated with the low concentration, which showed full recovery.
However, after the second drop at 6 h, only the healthy cells stimulated with a low
concentration of chymase were able to fully recover. These observations may be
explained by the different ability for cells to initiate epithelial restorative responses
and/or by the proteolytic properties of chymase. The drop at 1 h may be caused by
the direct enzymatic activity of chymase, followed by an initial recovery response
induced by the epithelial cells. The second drop observed at 6 h, may be due to a
second (delayed) epithelial defence mechanisms, which might cause the increased
permeability. Until now, the differences in permeability were possibly associated
with the concentrations of chymase, where no clear differences between healthy and
severely asthmatic ALI cultures were observed. A further, an explanation for why
the severely asthmatic, but not the healthy ALI cultures stimulated with low
concentration of chymase failed to recover may be due to impaired epithelial healing
mechanisms in these subjects. Importantly, these hypotheses are not yet confirmed,
and we aim to further investigate these preliminary results to broaden our insights
into the role of chymase on epithelial barrier integrity and to compare the responses
between PBECs from healthy and asthmatic patients. It has previously been reported
that inhibition of TNF-o neutralized barrier permeability (131), and therefore, it
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would be of importance to further analyse the cellular response in order to
understand these differences.

An important element for providing a proper barrier is the formation of junctions
between the epithelial cells lining the lungs. Previous studies have reported that the
physical bronchial epithelium is decreased in asthma pathology, with impaired tight
junction and adheres junction proteins (113, 114). Differentiated PBECs stimulated
with a high concentration of chymase had low expression of the tight junction
protein occludin and showed a rearrangement of the cytoskeleton at 24 h post
stimulation, when compared to non-stimulated controls. This suggests that chymase
induces damage to barrier-associated proteins which may have severe consequences
for epithelial barrier function. Thus, in the context of the epithelial barrier, the
presence of intraepithelial MCrcs along with their release of chymase, may play a
critical role in the susceptibility to external pathogens and chronic inflammation.

Advantages and Limitations with the Experimental
Design

The majority of experiments conducted in this thesis were based on cell lines. Using
cell lines and primary cells each has its advantages and disadvantages. Immortalized
cell lines are readily available and can be maintained in culture for long periods,
they are often homogenous, thus providing a consistent and standardized cell
population for experiments, and they are cost-effective (122). Additionally, with
regards to ethical considerations and respect to the donors, I believe that in
explorative studies like the ones conducted in the thesis, the preliminary
experiments and optimisation of experimental protocols would best be performed in
cell lines, and then confirmed in primary cells in order to minimize waste of valuable
human material. However, cell lines may not fully recapitulate the complexity and
heterogeneity of primary cells, thus potentially limiting their relevance to in vivo
conditions (132). Primary cells (and some exceptional cell lines, such as BCi) also
allow a more translational model, as was used in paper 1V, because they exhibit
multipotent differentiation capacity and thus enable culturing in ALI and 3D
experimental set ups (122). The 3D models have several advantages over the 2D
models (submerged cultures) by better resembling the cellular phenotypes found in
vivo and exhibiting epithelial barrier formation (132).

While 3D models are considered more translational and physiologically relevant
compared to submerged cultures, they do also have limitations, particularly when
using a single cell type. To better mimic the complex human lung environment in
vitro, additional experimental methods, such as co-cultures, can offer advantages
for future research. The use of co-cultures involves culturing multiple cell types
together, allowing for interactions and crosstalk between different cell populations.
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In the context of the aim of this thesis, incorporated co-cultures of epithelial cells
and MCs may provide a more comprehensive understanding of the cellular
responses and their interactions.

In order to investigate the effects of tryptase and chymase on epithelial cells, it is
important to consider the in vivo conditions and complexities associated with their
concentrations and the type of MC degranulation. The exact concentrations of the
mature proteases iz vivo remain uncertain and variable (133-135). Furthermore, the
degradation and regulation of proteases may differ in vivo, where additional factors
and cells are present, compared to our in vitro set-up where only one cell type was
used.

The assessment of ideal protease concentrations for in vitro studies was challenging
due to the complexity of replicating the in vivo milieu. Although these
concentrations may not fully reproduce the in vivo scenario, our objective was to
use concentrations that elicit epithelial responses based on various parameters. The
findings from this thesis serve as a basis for further investigation to better
understand the interaction between MC proteases and epithelial cells in respiratory
diseases.

The Significance of Our Findings

Previous MC research has predominantly focused on IgE-mediated activation and
mechanisms in allergic responses, and this thesis expands our understanding of MC
function in the light of tissue remodelling.

It is increasingly recognized that MCs play fundamental roles beyond IgE-mediated
pathways. The results obtained in this thesis highlight the functional effects of
tryptase and chymase on bronchial and alveolar epithelial cells, their contribution to
the maintenance of cellular homeostasis as well as their potential involvement in
respiratory disease pathogenesis. The different effects of tryptase and chymase on
epithelial function indicate the involvement of different mode of actions, further
emphasizing the complexity of MC-mediated processes in the lungs. In line with
previous hypotheses, our results suggest that MCs are important for regulating cell
growth and homeostasis, but whether tryptase and chymase are beneficial or
detrimental are still not evident.

If intraepithelial MCs release both tryptase and chymase, it is likely that both
proteases induce different functional events on the microenvironment. Our studies
suggest that tryptase stimulate cell growth and increase wound healing which are
important for protecting the epithelial barrier and close wound gaps. On the other
hand, if large amounts of tryptase are released continuously by MCs, it may lead to
excessive cell growth and thus promote detrimental tissue remodelling, particularly
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towards a thickening of airway structures. In contrast, chymase may play an
important role in dampening these events by reducing cell growth, cleaving
cytokines and GFs, degrading junction proteins, etc. However, as chymase exhibits
relatively strong proteolytic effects on barrier structures, released chymase may lead
to barrier impairments and cause epithelial injuries, which in turn may result in
inflammation and tissue remodelling.

Since our results from this thesis show contradicting effects not only of the proteases
in epithelial homeostasis, but also of the proteases role in the respiratory disease
pathogenesis, the impact of MCs, and in particularly MCrcs, in disease
prevention/development is still not fully understood. Importantly, it is not known
how much of tryptase and/or chymase that are released in vivo, although both
proteases are expressed and stored in the cytosol — but overactivated MCs or
excessive release of tryptase and/or chymase may play a central role in the
pathogenesis of respiratory diseases.

Further research is warranted to uncover the precise underlying molecular
mechanisms that are involved in respiratory conditions and to explore the potential
therapeutic targeting of MC proteases. Developing clinical interventions are needed
to alleviate airway remodelling and restore epithelial homeostasis.
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Future Perspectives

The findings presented in this thesis have shed light on the functional role of tryptase
and chymase, both potent MC proteases, on lung epithelial cells and highlight the
importance of investigating these proteases in human disease. However, there is still
much to explore in order to fully comprehend the impact of MCs on disease
pathogenesis in vivo.

Identify the relevant molecular mechanisms

Little is known regarding the mechanism of action of both tryptase and chymase.
While the present study, along with other research, has demonstrated significant
effects of these proteases on epithelial and other structural cells, the underlying
mechanisms are still poorly characterized. In addition, our understanding of the
signalling pathways and cellular events induced by tryptase and chymase are
limited. Although PAR-2 appears to play a role in certain cellular activations and
activities (136), numerous events remain uncovered and require additional
investigation to fully understand the comprehensive actions of tryptase and chymase
on cellular responses and their remodelling effects. This would provide vital insights
for the development of therapeutic strategies. To address these knowledge gaps,
future research should focus on downstream signalling cascades and identifying
specific receptors or extracellular targets.

The role of MCs in epithelial barrier disruption

As observed in paper IV, chymase may have a direct proteolytic effect but may also
be able to cause changes in permeability due to its initiation of the epithelial
response. Thus, it is crucial to analyse the epithelial release of different cytokines,
alarmins, and other proteins in order to understand the underpinning molecular
mechanisms causing epithelial impairments. In addition, gene and protein profiling
and characterization are needed. Finally, to get a bigger picture of the role of
intraepithelial MCrcs in maintaining barrier function, it would be essential to
perform additional experiments using tryptase and perhaps MC supernatants
because they also might affect barrier properties.
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Explore other MC-associated proteins

Since MCs are highly plastic cells, and because the composition of their granules
can be greatly influenced by the local microenvironment, it would be of great
interest to further characterize MC heterogeneity in different lung compartments
under different disease conditions. It is important to note that MCs express various
other proteins that may also have significant implications for disease development.
One such protein is CPA3, which warrants further investigation. Performing similar
experiments to those conducted in this study could provide valuable insights into
the roles of MCs in disease pathogenesis and may involve MC-associated proteins
related to cell growth, migration, inflammation, and tissue remodelling in lung
epithelial cells or relevant models. In line with this, it will be highly relevant to
advance the in vitro models by, for example, using ALI cultures, co-cultures, or
organoids.

Inhibition of specific targets?

By incorporating inhibitors into the experimental design, we can gain insights into
the specific contributions of tryptase and chymase to cellular processes and can
evaluate the potential of inhibitors to alleviate or modulate these effects. As an
example, it would be interesting to inhibit certain potential proteins that may be
involved in the second drop in epithelial permeability, which was observed in paper
IV. These kinds of studies would contribute to our understanding of MC-derived
secondary mechanisms and help identifying potential therapeutic strategies that can
disrupt MC-mediated pathogenesis in lung diseases.
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Popularvetenskaplig Sammanfattning

Kroniska luftvigssjukdomar &r ett samlingsnamn for bestdende sjukdomar som
paverkar luftvigarna och andra delar av lungan, hir inkluderas bland annat astma
och KOL. Omkring 450 miljoner ménniskor vérlden dver dr drabbade av nidgon
form av kronisk respiratorisk sjukdom och sjukdomarna utgor den tredje vanligaste
dodsorsaken i virlden med 6ver 3 miljoner dodsfall &rligen. Den ursprungliga
orsaken till varfor luftvigssjukdomarna utvecklas dr fortfarande oként, diremot har
exempelvis tobaksrok, luftfororeningar, damm och frekventa respiratoriska
infektioner i barndomen identifierats som riskfaktorer till sjukdomsutvecklingen.
Idag finns det ingen bot mot dessa sjukdomar, men det finns olika typer av
symptomlindrande mediciner tillgingliga. Trots detta dr det inte alla som blir
hjélpta.

Varje dag andas vi in 10 000 liter luft. I och med det ar det en stor risk att lungorna
kommer i kontakt med externa, potentiellt skadliga partiklar, sdsom virus, bakterier
och mikrober. Den delen av lungans yta som vetter mot den inandade luften bestar
av miljontals, hart sammanlinkade epitelceller, som bildar lungepitelet.
Lungepitelet ar en ytterst viktig komponent i immunforsvaret genom att det skapar
en fysisk barridir som skyddar oss mot utomstdende partiklar. Dessutom kan
lungepitelet reagera pa potentiella faror och péakalla forstirkning av immunceller
med syfte att eliminera dessa faror, pa sa vis kan en frisk vivnad uppratthallas. En
av de forsta immuncellerna att exponeras for externa partiklar dr mastcellen.
Mastceller dr en del av det medfédda immunforsvaret och finns i alla kroppens
organ, bland annat i lungorna. Nir mastceller stoter pd externa partiklar blir de
aktiverade och utsondrar en stor méngd olika kraftfulla proteiner som finns lagrade
inne i cellen, héribland tryptas och kymas, som har till uppgift att skydda oss mot
en potentiell skada och léka eventuella sar. I denna avhandling belyses tva faktorer
i utvecklingen av luftvigssjukdomar: proteinerna tryptas och kymas.

De senaste arens forskning har visat att mastceller &ar involverade i
sjukdomsutvecklingen av olika typer av lungsjukdomar, som exempelvis astma.
Astma dr en komplex lungsjukdom, som leder till nedsatt andningsférmaga och
hosta samt kan ge brostsmértor. En astmatikers tillstdnd forvirras i regel nir de
exponeras for partiklar som triggar inflammationen, som till exempel virus. Trots
att forskning genomforts i decennier ar det fortfarande inte klarlagt vilka faktorer
det ar som driver sjukdomsutvecklingen.
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Studier har visat att mastceller finns i mycket hogt antal i astmatikers lungor, dock
ar effekten av mastcellers, eller dess utsondrade proteiners, verkan pa sjukdomen &r
inte kidnd. Dé tryptas och kymas 4r de mest frekvent forekommande proteinerna i
mastceller &r en hypotes att astmatikers lungvédvnad exponeras for hogre nivéer av
tryptas och kymas én hos friska. Det dr darfor av intresse att studera dessa proteiners
inverkan pé sjukdomsutvecklingen, vare sig den ar positiv eller negativ, for att pa
sd vis efterstrdva djupare forstielse for mastcellernas roll i luftvigssjukdomar.
Darfor &r forskningen i den hdr doktorsavhandlingen &dgnad &t att fordjupa
kunskapen om mastcellers roll i sjukdomsutveckling av astma, med fokus pa tryptas
och kymas.

Genom att i laboratoriet stimulera epitelceller med tryptas och kymas har olika typer
av parametrar kunnat ldsas av. Resultaten visar att dessa tvd proteiner har olika
effekter pa epitelceller, som i sin tur skulle kunna spela centrala roller i
sjukdomsutvecklingen av kroniska lungsjukdomar, sdsom astma. Resultaten visar
ocksa att proteinerna delvis har olika egenskaper.

Tryptas uppvisade egenskaper som bidrog till att epitelcellerna dkade kraftigt i
tillvaxt och 6verlevnad samt inducerade ytterligare frislippning av potenta tillvaxt-
proteiner frén epitelcellerna — som 1 sin tur kan paverka tillvéxten av olika typer av
lungceller, inklusive epitelcellerna sjilva. Detta skulle kunna leda till fortjockning
av olika typer av lungvédvnader, vilket dr karakteristiskt for astma.

Kymas & andra sidan, minskade tillvixten av epitelceller. Utdver det sa édndrade
kymas ocksa cellernas form och inducerade forhdjda rorelsemdnster. Dessutom
observerades att kymas hade negativa effekter pa epitelbarridren och skadade de
andra proteinerna som ldnkar samman epitelcellerna och 6kade genomsldppligheten
av sma molekyler. Nér astmatiker jamfordes med friska framkom att astmatiker
hade nedsatt dterhdmtning efter kymas-inducerad skada, vilket tyder pa att kymas
bryter upp den fysiska barridren i bade astmatiker och friska, men att astmatiker har
fordrdjd aterhdmtning jamfort med friska.

Sammantaget visar studierna i avhandlingen att tryptas och kymas har olika
funktioner 1 celltillvixt dar de bada proteinerna stér den normala
celltillvaxtbalansen och inducerar ytterligare strukturférdndringar i epitelet, vilka ar
vanligt forekommande kénnetecken i astma. Kymas orsakade ocksd skada pa
lungbarridren, vilket tyder pé att kymas kan 6ka genomslidppligheten av skadliga
damnen och att astmatiker har forsdmrad aterhdmtning jamfort med friska.
Sammanfattningsvis belyser resultaten att mastceller, genom utsondrandet av
framfor allt tryptas och kymas, verkar ha en central roll i utvecklingen av
luftviagssjukdomar. Genom en 6kad forstaelse for samspelet mellan mastceller och
lungvévnad kan nya terapeutiska strategier for att aterstélla epitelfunktionen tas
fram och leda till forbéttring den allménna hélsan hos drabbade patienter.
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