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General introduction






Chapter 1

1. The airways

Human airways are ventilated by thousand liters of air per day over roughly 100 m? surface of
the lung, accordingly being the largest organ with direct contact to the atmospheric
environment (1). The human respiratory system is composed of two main parts: the upper
respiratory tract, which includes the nasal cavity, pharynx and larynx, and lower respiratory
tract (figure 1). The latter can be divided into two distinct zones: the conducting zone and the
respiratory zone each with their distinct purpose, namely the transmission of gases and gas
exchange, respectively (2). The respiratory zone comprises the respiratory bronchioles,
alveolar ducts, alveolar sacs, and alveoli (2). On the other hand, the conducting zone includes
the trachea, bronchi and extends up to the terminal bronchioles (figure 1). Chronic lung
diseases, such as asthma and COPD, are a result of inflammation or obstruction within the

lungs (3) and pose significant challenges to the global health system (4).

Nasal cavity
Nasal pharynx
Oral cavity ——— ~————————— Oropharynx Pharynx
=——ad * Hypopharynx
Larynx—/ 3

@\

% - Trachea

Bronchi

\) i ——————— Bronchioles

Alveolar duct

Alveolar sacs
Alveoli

Figure 1: Human respiratory system. (Created with Biorender.com)

1.1. Asthma

Asthma is a chronic inflammatory disease, which is characterized by reversible airway
obstruction (5). Up to 262 million people worldwide are estimated to suffer from asthma in
2019, according to WHO (6). Recurrent wheezing, chest tightness, cough and shortness of
breath are all common symptoms of asthma (5). Patients with asthma experience these
symptoms following exposure to (non-)specific stimuli such as pollutants, cigarette smoke,
allergens, viruses, pathogens, cold air, etc (7). An asthma diagnosis is based on identifying both

a characteristic pattern of respiratory symptoms and variable expiratory airflow limitation (5).



The strongest risk factors for developing asthma include a genetic predisposition and
environmental exposure to external triggers (8). Atopy, the genetic predisposition to develop
antibodies against allergens, is a well known risk factor to develop allergic asthma. As mucus
overpoduction is a clinical feature of asthma, Ca?* activated CI- channel 1 (CaCC1) gene has
been described to play an important role (9). Moreover, genome-wide association studies
revealed asthma related genes including disintegrin and metalloproteinase 33 (ADAM33) and
immune cell marks such IL-33, IL1IRL1, thymic stromal lymphopoietin (TSLP), but explain only
a part of the hereditary component of asthma (10). Besides, asthma development and
exacerbations are also significantly influenced by environmental risk factors like viral
infections, environmental allergens, air pollution, tobacco smoke, and lifestyle factors like

diet, and exercise (11).

Heterogeneity of asthma

For decades asthma has been considered to be a single disease, but evolved into a syndrome
with enormous heterogeneity. Asthma can vary in underlying mechanisms, age of onset,
severity and treatment response (8). In literature, different asthma clusters are described
based on mechanistic differences (endotypes) and clinical characteristics (phenotypes) to in
the end obtain more insights in their differences and lead to tailored treatment options. Based
on age, asthma can be subdivided into childhood-onset asthma, which has generally an allergic
orgin, and adult-onset asthma. Subsequently, the distinction between allergic (also called
extrinsic) and non-allergic asthma (also called intrinsic asthma) is classically made in clinics
(figure 2).

Allergic asthma is typically characterized with an antigen driven immune response and
eosinophilic inflammation driven by T helper (Th2) lymphocytes and type 2 cytokines
(Interleukin (IL)-4, IL-5, IL-13). It is induced by sensitisation to environmental allergens, leading
to activation and differentiation of allergen-specific Th2 cells, inducing proliferation of
immunoglubin E (IgE) producing B cells (figure 2). The dendritic cells are antigen presenting
cells, capturing foreign particles and present them to naive T cells in the lymph nodes inducing
Th2 maturation. Matured T cells will migrate towards the aiways where they are activated by
epithelial derived cytokines, such as TSLP, IL-33 and IL-25. These activated Th2 cells will
produce typical type 2 cytokines: IL-4, regulating IgE synthesis by B-cells; IL-5, inducing

eosinophilic influx; and IL-13, inducing globlet metaplasia and bronchial hyperreactivity (12).
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Mast cells will be activated by an IgE mediated pathway. In addition, the recently described
innate lymphoid cells (ILCs) can be of particular importance in airway inflammation in asthma
(13). Three different subsets are described: ILC1s, ILC2s and ILC3s, lacking the adaptive antigen
receptors, are the innate counterparts of T lymphocytes (14). ILC2s are important players in
Th2-high inflammation. In response to epithelial damage by external factors and subsequent
release of alarmins (IL-25, IL-33 and TSLP), they are also able to induce cytokine-dependent
inflammation and airway hyperresponsiveness (15). This might explain a severe eosinophilic
inflammation in the absence of classical Th2-mediated allergic response. High number of ILC2s
are identified in both allergic eosinophilic inflammation and non-allergic eosinophilic airway
inflammation in asthma caused by pollutants and microbes (12, 13, 16).

Non-allergic asthma includes subsets of subjects with asthma in whom allergic sensitisation
cannot be demonstrated. The inflammatory reaction in non-allergic asthma phenotype is, on
the other hand, mediated by Th17-type and/or Thl-type cytokines (17), or can also be
mediated by Th2-type cells with eosinophilic inflammation as a result, like mentioned above.
The Thl response includes the cytokines IFN-y and TNF-a, which are associated with
corticosteroid resistance (18). TNF-a is mainly produced by macrophages and mast cells and
it promotes neutrophil chemotaxis. Th17 immune cells produce IL-17, IL-21 and IL-22. IL-17
will recruit neutrophils and activation of them will occur via production of IL-6, G-CSF, GM-
CSF, IL-8, CXCL1 and CXCL5 from airway epithelial cells (19). Furthermore, activated ILC3s by
IL-1B or IL-23, are also a source of IL-17 (13).

Non-Th2 asthma includes relatively late—onset, obesity-associated asthma as well as smoking-
related and neutrophilic asthma, and asthma with minimal inflammation in the affected
patients. Later-onset eosinophilic asthma without traditional allergic elements is considered
more likely to be severe. Aspirin-exacerbated respiratory disease (AERD) is a recognized
subphenotype of this late-onset phenotype. Regarding the type of airway inflammation
following distribution is described in literature: about 41% of adult asthmatics have
eosinophilic inflammation, 40% have pauci-granulocytic inflammation, 16% have neutrophilic
inflammation, and 3% have mixed granulocytic inflammation (20, 21).

To resume, there is a complex interaction between airway epithelium and immune cells with
various aspects of innate and adaptive immunity, in the initiation and continuation of asthma

(figure 2).
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Figure 2: Immunologic pathways involved in allergic and non-allergic asthma. The airway epithelium is important in both
type 2 and non-type 2 inflammation, due to allergic and non-allergic triggers (e.g. pollution, virus and glycolipids). Adapted
from Brusselle et al. (2013) (22) and Boonpiyathad et al. (2019) (23). (Created with Biorender.com)

Asthma treatment

A stepwise guideline has been developed by GINA (24). The cornerstone of asthma treatment
anno 2022 remains the use of inhaled corticosteroids (ICS) with or without short/long acting
beta-receptor agonist (SABA/LABA). ICS have an anti-inflammatory effect, through inhibition
of induction of Th2 cells and of Th2-cytokine production (11). f2-adrenergic agonists have a
bronchodilatory effect through the B2-adrenergic receptor in bronchial smooth muscle cells,
which results in smooth muscle relaxation and bronchodilation (12). If asthma control is not
reached with above guidelines, physicians consider treatment with a so called ‘biological’ to
improve asthma symptoms. Several biologicals are already available on market to treat
asthma: omalizumab (anti-IgE), mepolizumab (anti-IL-5), reslizumab (anti-IL-5), benralizumab
(anti-1L5-receptor), dupilumab (anti-IL-4a-receptor) and tezepelumab (anti-TSLP) (25). Based
on the heterogenity of asthma and current availability of biotherapeutic agents, it isimportant
to introduce personalized medicine for patients who do not respond to conventional asthma

therapy. Potential responders can be identified by looking at specific biomarkers.
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1.2. The epithelial barrier

As mentioned above, epithelial cells are a major culprit in asthma. Nowadays, the respiratory
epithelial barrier is well accepted to be more than just a physical barrier with the external
environment. The epithelial barrier is built up by different cell types, varying in composition
throughout the human respiratory tract: ciliated epithelial cells, non-ciliated mucous goblet
cells, club cells (initially known as clara cells), basal cells and the novel neuroendocrine and
chemosensory cells (tuft cells) and ionocytes (26, 27). Epithelial cells play an active role to
maintain homeostasis and initiate immune reactions when necessary (28). Subsequently,
epithelial cells contribute to both allergic and non-allergic airway inflammation.

Most of environmental molecules will be trapped in the airway surface liquid (ASL) consisting
of mucus layer and cleared via ciliary movements. Beneath this, the ASL includes the periciliary
layer, which surrounds the ciliated epithelial cells and contains proteins, glycoproteins, lipids,
peptides, ions and water. The production and balance between mucin proteins, like Muc5AC
and Muc5B, are key elements to maintain healthy mucus levels (29). Dysregulation of mucin
production has been associated with asthma and chronic rhinosinusitis (26). Active ion
transport across epithelial cells regulates the ASL thickness (30). Changes in ion transport have
been proposed in asthma pathogenesis (31). Surfactant proteins, produced by club cells, cover
the epithelial layer, reducing surface tension. Surfactant dysfunction has also been described
in asthma (32). The physical barrier arises from tight cell-cell adhesion complexes of
neighbouring epithelial cells (figure 3). Tight junctions are the most apically located
intercellular junctions and are important for controlling paracellular permeability, including
ion transport and limiting the transport of macromolecules (33). Tight junctions are composed
of several transmembrane proteins, such as claudins, occludin, tricellulin, junctional adhesion
molecules and cytoplasmic proteins such as zonula occludens (Z0)-1, 2 and 3. Adherens
junctions are located directly below tight junctions and initiate and mediate cell-cell adhesion.
The principal proteins of adherence junctions are a-catenin, B-catenin and E-cadherin. They
furthermore regulate the actin cytoskeleton, intracellular signalling and transcriptional
regulation and initiate and stabilize tight junctions. Desmosomes attach to adjacent cells as
spot-like adhesions to help maintain cell-to-cell adhesion. All these junctional molecules
together form a tight epithelial barrier restricting the passage of external particles such as air
pollutants, allergens, pathogens, etc. Disturbance of this structure is considered to be a central

element in the pathogenesis of asthma (34).
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Figure 3: Organisation of intracellular junctions in the airway epithelium. Adapted from Steelant et al. 2020. (26). (Created
with Biorender.com)

Moreover, epithelial cells are also part of the innate immune system, being the first line of
immune defence to protect the airways from the environment (35). Rapid recognition of both
exogenous and endogenous stressors is essential, therefore epithelial cells express
proteinase-activated receptors (PAR) and multiple pattern recognition receptors (PRR) such
as toll-like receptors (TLRs) and nod-like receptors (NLRs) to sense pathogen-associated
molecular patterns (PAMPs) and damage associated molecular patterns (DAMPs), releasing
upon cellular damage and apoptosis (36). Activation of these receptors lead to the release of
cytokines, chemokines and antimicrobial peptides, attracting and activating innate and
adaptive immune response as dendritic cells, macrophages, mast cells, T- and B-cells,
neutrophils and eosinophils. Specifically, DAMPs such as uric acid and high-mobility group box

1 (HMGB1) or alarmins such as TSLP, IL-33 and IL-25 can be released (figure 2).
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In addition, it is well recognized that the airways are highly innervated by both nociceptor
sensory neurons and cholinergic neurons, enabling interactions with epithelial cells.
Chemosensing is modulated via a variety receptors and ion channels such as transient
receptor potential vanilloid 1 (TRPV1) and ankyrin 1 (TRPA1) (37). Single cell genomics studies
even discovered the pulmonary neuroendocrine cells (PNECs) (27). They are the only
innervated epithelial cell type, containing neuropeptide and neurotransmitters. This
combination of PNECs and direct neuronal innervation may represent a way in which airways

respond to external triggers in a neuro-mediated pathway.

1.3. Mast cells

Since mast cells are located close to the epithelial barrier, they are thought to respond to
external stimuli, resulting in recruitment and activation of other immune cells. The role of
mast cells has been mainly studied in the pathogenesis of airway allergies such as asthma with
focus on IgE-mediated reactions. However, recent techniques revealed novel immunological
and functional properties of mast cells in and beyond allergic diseases, with also a role for
non-Igé mediated activation pathways. Therefore, we elaborate more on the ‘old’ mast cell in
this part of the thesis.

Mast cells are multifunctional and granulated tissue-resident cells located with high numbers
close to interfaces interacting with the external environment such as lung, digestive tract and
skin. Therefore, they are thought to also respond to external stimuli. Accordingly, mast cells
play an important protective role and participate in defence against pathogens, immune
tolerance, wound healing and homeostasis (38). Conversely, mast cells can also play an
important role in allergic reactions and pathophysiology of different diseases such as
mastocytosis, rheumatoid disease and atherosclerosis (38). Mast cells are considered to be
part of both the innate and adaptive immune system. They form a heterogenous population
with differences described in their development, mediator content and function. Mast cells
are derived from committed hematopoietic progenitor cells in the bone marrow. These CD34*
progenitor cells circulate in the blood stream and migrate into peripheral tissues to
differentiate in functional mast cells under the influence of various factors such as IL-3, IL-4,
IL-9, IL-10, IL-33, CXCL2 and TGF-B (38, 39). Their mediators are classically divided as pre-
stored or de novo synthesized. The stored mediators are rapidly released and include

mediators such as serotonin, histamine and enzymes such as tryptase, carboxypeptidase A



and chymase (38)(figure 4). In contrast, de novo synthesized mediators are produced upon
mast cell stimulation, like lipid mediators including leukotrienes (LTs), prostaglandins (PGs)
and platelet-activating factor (PAF) (38)(figure 4). Another class includes cytokines,
chemokines and growth factors such as IL-1B, IL-3, IL-4, IL-5, IL-6, IL-8, IL-10, IL-13, CCL2, CCL5,
GM-CSF, TGF-B, and fibroblast growth factor (FGF) (38)(figure 4). In humans, mast cells are
typically classified based on the composition of produced serine proteases, into tryptase and
chymase positive mast cells (MCrc) and only tryptase positive mast cells (MCy) (40). Based on
immunohistochemistry MCrc have been labelled in connective tissue such as the airway
smooth muscles, while MCr are predominantly found at mucosal surfaces such as the
bronchial epithelium. With the development of more sensitive techniques, this traditional
classification system with associated tissue shifted towards more heterogenous mast cell

subsets in which distribution is closely linked with tissue microenvironments (41).
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Figure 4: Overview of main mast cell surface receptors and mediators. Adapted from Elieh et al. 2020 (38). CRTH2,
Prostaglandin D2 receptor 2. FceRl, High-affinity Fc receptor for IgE; FcyR, Fc receptor for IgG; MCH, Major histocompatibility
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Mast cell activation

Mast cell activation and degranulation is best studied in allergic asthma, known as the classical
IgE-dependent activation. Cross-linking of IgE with the high affinity receptor for IgE (FceRl)
after inhalation of aeroallergens will trigger mast cell activation. Upon antigen binding, the
FceRl receptor forms dimers, initiating cytoplasmic signalling. In short, activation of tyrosine
kinases will lead to hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2) into

diacylglycerol (DAG) and inositol trisphosphate (IP3) and initiating of mitogen-activated
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protein kinase (MAPK) cascade. The MAPK pathway induces transcription factor activation and
subsequent cytokine and eicosanoids (such as PGD2 and LTC4) production. Ca?* mobilization
is triggered by the second messenger IP3, leading to Ca?* influx. Influx of Ca?* is critical for the
release of both stored and newly generated mediators.

In addition, mast cells also express a variety of receptors enabling mast cell IgE-independent
activation by diverse molecules: adenosine, complement, cytokines (e.g. TSLP, TNF-a, I1L-33)
proteases (e.g. tryptase), neuropeptides and TLR ligands (42)(figure 4). Growing evidence
suggests critical roles for epithelium-derived cytokines in regulation of inflammatory
responses by mast cells in either a direct or indirect way in other subtypes of asthma too (43—
45). Furthermore, the newly identified mast cell receptor MAS-related G protein-coupled
receptor X2 (MRGPRX2) may play an important role in IgE-independent mast cell activation in
asthma. MRGPRX2 is a seven transmembrane, nonselective and low-affinity receptor, and
recognizes a wide range of cationic ligands, including FDA approved drugs (e.g. morphine,
vancomycin), host defence proteins, venoms (e.g. mast cell degranulating peptide) and
neuropeptides such as substance P and hemokinin-1 (46, 47). Downstream signalling from
MRGPRX2 involves the activation of Gi protein, inducing activation of MAPK and
phospholipase-C pathway, releasing preformed and de novo synthesized mediators (48).
MRGPRX2 mediated activation seems to be more rapid, but also more transient compared to
IgE mediated activation (49). The expression of MRGPRX2 was found to be significantly

upregulated in asthma lung mast cells compared to non-asthma lung mast cells (50).

Interaction with immune cells

The activity of many cell types is regulated by activated mast cells, as mast cells express
multiplicity of cell surface receptors and can release a whole cascade of different mediators
(figure 4)(51). These interactions are important in the defence against pathogenic
microorganisms including viruses, parasites and bacteria and tissue repair mechanisms.
Regarding the innate immune system, dendritic cells and mast cells are both located close to
environmental interfaces. Direct communication between both cells occurs via formation of
synapses, promoting the exchange of mast cell internalized specific antigen to the surrounding
dendritic cells for T cell activation (52). Histamine increases IL-10 and decreases IL-12
production by mature dendritic cells, resulting in more polarization of T cells in Th2 phenotype

(53). Furthermore, cytokines such as TNF-a released by mast cells, promote dendritic cell
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maturation and migration. In addition, mast cell derived TNF-a is involved in the recruitment
of neutrophils (54) and activation of macrophages (55), which are important for phagocytosis
of particles, dying cells and debris. The recruitment of eosinophils via mast cells is enabled by
mast cell released IL-5 and tryptase (56). Moreover, the activation of mast cells is promoted
by the production of stem cell factor (SCF) through eosinophils (57). The interaction with the
ILCs can be of particular importance in the regulation of airway inflammation caused by
epithelial triggering. All 3 subsets are present in the human lung under homeostatic
conditions, with ILC2s and ILC3s being the most prevalent (58). It has already been
demonstrated that ILCs are in proximity of mast cells in healthy human lungs (59). Until now,
studies in humans have mostly focused on ILC2s. A close direct relationship between mast
cells and ILCs is suggested: activated mast cells secrete cysLTs and PGD2, which, in turn, are
activators of ILC2s (60, 61). Furthermore, mast cells activated in an Ige-dependent manner,
are a source of IL-33, that can activate ILC2s (62). Mast cells can activate ILC2s in an indirect
way by releasing proteases like chymase and tryptase to cleave IL-33 in a more bioactive
isoform (63). In turn, IL-33 on itself can also activate mast cells to produce several activating
cytokines. Besides the known role of mast cells in type 2 inflammation, mast cells could also
play a role in neutrophilic inflammation and/or ILC3 activation. Studies on airway ILC3s are
scarce, however, a functional role for ILC3s in neutrophilic asthma phenotype has been
described (13), illustrating the need to better understand the interaction between mast cells
and ILC3s.

Considering the adaptive immune system, mast cell expresses both major histocompatibility
complex (MCH) land Il molecules, enabling interaction with T cells (38). This interaction results
in antigen-specific expansion of T cells. Interacting with CD4+ T cells, producing TNF-a, mast
cells augment their own activation, proliferation and cytokine secretion. CD8+ cells are
recruited via CCL5 and LTB4 produced by mast cells. In contrast, regulatory T cells (Tregs) are
known to have a suppressive role on mast cells, namely by producing inhibitory cytokines.
Indeed, IL-10 and TGF-B secreted by Tregs have been shown to inhibit FceRI by mast cells (64).
Furthermore, it was demonstrated that IL-2 produced by IL-33 stimulated mast cells in turn
promotes expansion of Tregs, reducing airway eosinophilia (65). IL-4 and IL-13 released from
mast cells have the potential to regulate IgE production by B cells. As mast cells express the

CDA40 ligand, they are able to make cell-cell contact required for IgE production.
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Finally, the airway epithelium is described to interact with mast cells. TSLP released from
airway epithelium induces the release of mast cell cytokines and when combined with IL-33
an increase in tryptase, carboxypeptidase and cysLT was observed (66). Also activated mast
cells may influence epithelium. For example, tryptase increases the release of IL-8 from the

epithelium (67).

Mast cells in asthma

Many studies have demonstrated increased numbers of mast cells, as well as, mast cell
mediators in bronchoalveolar lavage fluid (BAL) in patients with asthma compared to healthy
controls. Using electron microscopy, mast cell degranulation within the airway epithelium and
smooth muscles was demonstrated (68, 69). Similarly, increased numbers of mast cells were
observed in both epithelium and airway smooth muscles of patients with asthma compared
to controls (70, 71). Also gene expressing profiling studies show differentially expressed genes
(e.g. TPSAB1 and CPA3) related to mast cells in patients with asthma, especially in asthma
patients without ICS, compared to healthy controls (72). Mast cell mediators such as
histamine, PGD2 and LTC4 are potent agonists for smooth muscle contraction. Moreover,
there exists an inverse correlation between the number of mast cells and airway
hyperresponsiveness in patients with asthma (71). Elevated circulating mast cell progenitors
are correlated with reduced lung function in patients with allergic asthma, indicating that
reduced lung function may reflect pathological changes due to mast cell infiltration (73). A
shift from mast cells in the mucosa to the epithelium was observed in asthma patients with
type 2 inflammation and indirect airway hyperresponsiveness, suggesting that intraepithelial
mast cells are modulators of inflammation in asthma. This interaction with epithelium is
proposed to be mediated via IL-33 signalling (70).

The role of mast cells in airway inflammation in asthma has also been supported by the
efficacy of drugs, reducing mast cell activation or targeting released mediators. The clinical
efficacy of omalizumab in severe atopic asthma indicates the importance of IgE in airway
inflammation. However, it does not cure the disease and is not effective in every patient. Mast
cell stabilizing drugs such as sodium cromoglycate are not very effective in preventing the
underlying inflammation in asthma. Efficiently mast cell targeting drugs therefore remain a
challenge. New drugs in the pipeline mainly focus on FceRI mediated activation such as Syk

inhibitor R112 and kit inhibitor masitinib (74). Less is known of the role of the mast cell in
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specific non-allergic asthma. Immunohistochemistry showed increased number of FceRI* cells
in both allergic and non-allergic asthma patient compared to healthy controls (75), indicating

that mast cells are also a potential target in IgE-independent non-allergic asthma.

Mast cell models

To gain more insights into the role of mast cells in non-allergic asthma and their interaction
with immune cells involved in non-allergic asthma, in vitro mast cell models can help. As mast
cells are tissue resident cells, tissue explant of lung tissue are used for mast cell function
assessment (76, 77). Since mast cells are present in very low numbers in tissues and the
isolation process may disrupt the normal cell phenotype, they are not easily used for in vitro
analysis. Therefore, alternative methods have been developed to study human mast cell
interaction with other immune cells.

Different human cell lines have been developed, such as HMC-1, LAD2, LUVA and ROSA cell
line. Nevertheless, they also have their limitations. HMC-1 cells, deriving from mast cell
leukaemia cells, only poorly express FceRl and lack well-formed granules (78). LAD2 cells are
derived from a patient with mastocytosis but have a slow doubling time and are considered
to be intermediately differentiated mast cells expressing low levels of tryptase and chymase
(78). LUVA cells originate from peripheral blood CD34* cells of a patient with aspirin
exacerbated respiratory disease and have a weak release of B-hexosaminidase upon IgE/FceRI
cross-linking (79). The most recent mast cell line is ROSA, cultured from normal cord blood
and express functional FceRI but lack chymase (80).

Alternatively, human progenitor cells can be differentiated into primary mast cells. Human
CD34* progenitors are obtained from bone marrow, cord blood or peripheral blood, of which
the last is the most accessible and results in mature mast cells (81). However, these
differentiation protocols can take up several weeks and can generate different phenotypes as
mast cells are sensitive to their environment (82—-84). So, it is important to fully characterize
the obtained cells. Generally, SCF and IL-3 are added to promote survival, proliferation and
differentiation of in vitro cultured mast cells (85). Adding FBS in later weeks of culture period
is described to increase viability, while in the beginning it will result in low number of mature
mast cells (86). Recently, a promising shorter protocol (3 weeks) to differentiate mast cells

was published by Cop et al. (87).
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In summary, mast cells are complex cells which can be activated in an IgE dependent and IgE-
independent way, making them important in both allergic and non-allergic asthma. Most
research focuses on mast cells in allergic disease. More research is necessary to fully

understand the role and multiple functions of mast cells in asthma.

2. The exposome

The concept of exposome was introduced by Wild et al. (88) who adressed the challenge of
measuring environmental exposure in molecular epidemiology. Our respiratory system, due
to its anatomical positioning, acts as a sentinel for the environment in which we live (89). On
one hand it is equipped to protect our inner body from harmful substances, but on the other
hand it is susceptible to damage and development of sustained diseases. There is compelling
evidence that allergic airway diseases, such as allergic asthma, are influenced by exposure to
allergens (89). In the past two decades, several other asthma phenotypes have emerged and
we now have a better understanding of the non-allergic triggers of these diseases (90, 91).
Climate change, air pollution and lifestyle factors all have the potential to contribute or modify
disease onset, progression and immunological airway response (92). In this part of the thesis,
we further focus on the effect of intense physical exercise and air pollution exposure on the

airways.

2.1. Exercise

Intense physical exercise in athletes, increases the risk to develop exercise-induced
bronchoconstriction (EIB). In particular, ventilation increases from 6 L/min to 100-150 L/min
and even beyond 200 L/min in adult elite athletes and switch from nasal to mouth breathing
occurs during intense exercise. This might act as a stressor of our respiratory system. Within
this thesis, an athlete is defined as a person who is trained in sports that requires physical
activity (= 12 hours of sport a week). Especially endurance athletes are considered to be at risk

to develop EIB. Definition, diagnosis and screening of EIB are reviewed in chapter 2.

Pathogenesis

Regarding the underlying mechanism of EIB, different theories are described: thermal
hypothesis, osmotic hypothesis, neurogenic inflammation and also the induction of epithelial
cell damage, resulting in the release of different inflammatory mediators and

bronchoconstriction (93, 94)(figure 5). Airway cooling resulting from conditioning of inspired
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air, causing vasoconstriction, and post-exercise rewarming of airways have been proposed as

|II

“thermal” mechanism. This results in vascular leakage and oedema which leads to airway
narrowing. Airway dehydration as a result of increased ventilation, resulting in augmented
osmolarity of the airway-lining fluid and a reduction in volume of the cell, is described as
“osmotic” mechanism. Cell shrinkage will result in the release of soluble phospholipase A2 to
produce arachidonic acid, which is taken up by lipid bodies in surrounding mast cells and
eosinophils (94). The activation of these inflammatory cells induces the release of mediators,
such as histamine, cysLTs and PGD2, which leads to airway smooth-muscle contraction and
airway oedema. More recently, the nervous system has been proposed as other contributor
to EIB (93). Sensory nerves may be directly activated by osmotic stress. Increased circulating
levels of substance P have been found after intense exercise (93). In addition, there is evidence
that the release of neurokinin A may occur via the cysLT-associated activation of sensory
nerves and is correlated with bronchoconstriction (95). Furthermore, acetylcholine released
from the epithelium may have stimulant effect upon airway inflammation. The role of TRPA1
in non-allergic bronchial hyperreactivity was demonstrated in a mouse model after single
instillation of hypochlorite-ovalbumin, independent of bronchial influx of inflammatory cells
(96). Finally, recent evidence suggests that the high ventilation rate causes “epithelial
damage”, with the release of mediators from epithelial cells as the underlying mechanism (97—
99). This damage, which can be more pronounced if additional triggers are present, might lead
to uncontrolled airway inflammation, can aggravate the process and raise EIB (100),
potentially resulting in persistent asthma. Multiple studies support this mechanism,
demonstrating increased serum and urinary levels of club cell protein 16 (CC16), a marker of
epithelial damage (93, 101, 102). Furthermore, increased sputum concentrations of DAMPS
such as uric acid, HMGB1 are observed (101, 103). Damage of the epithelial barrier could
facilitate the passage of inhaled substances and the interaction of those substances with

immune cells.

These mechanisms are considered to initiate inflammatory responses seen in airways of elite
athletes. Typically, increased number of inflammatory cells are found in airways of high-risk
sport disciplines. Mainly neutrophils are found to be increased (99). Moreover, sputum
neutrophil count correlated with the number of training hours a week in both swimmers and

cold-air athletes (104). Furthermore, pro-inflammatory mediators such as IL-8 and cysLTs, are
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found in sputum of high-risk athletes (e.g. marathon runners, swimmers and winter sport
athletes) (93, 94, 105). Mediators released by damaged epithelium, can stimulate cells of
innate immune system like macrophages, with the induction of pro-inflammatory cytokines
(IL-1B, IL-6 or TNF-a) and are suggested to induce Th17 inflammation (93, 106). The severity
of EIB was also found to be correlated with increased concentrations of inflammatory
mediators such as CysLTs, PGE2, TXB,, and LTBa4, supporting a potential inflammatory basis for
EIB (107). Besides, it is well recognized that mast cells have a role in EIB and release mediators

such as histamine, CysLTs, which act on smooth muscle causing airway constriction (108).

Intensive physical exercise » 1 Ventilati t
Irritant environment (e.g. chlorine or cold air) v entifation rate

v
Mucosal Airway
l cete cooling dehydratation
Airway epithelium Epithelial injury | f
T Osmolarity

. IL-8 /
IL-17A /‘ i \ -
f XRE‘Iﬁerent nerve
é

T
TNFa /0 \ /( Cell
Th17 ' D/ hrink
«— LB L\}\ 44 shrinkage

IL-6
ILC3 Neutrophils 4
T v Substapqe P
DAMPS Neurokinin A v
<4+—— Uric acid
e HMGB-1 o®
°:o °
= e
Smooth muscle cells
L. Histamine
Vasoconstriction Prostaglandins
vy

Leukotrienes

Neutrophilic inflammation _ Neurogenic inflammation

Figure 5: Mechanisms EIB. Adapted from Couto et al. 2018. (93). CC16, club cell protein 16; DAMPs, damage-associated
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2.2.  Air pollution

Air pollution and, more specifically particulate matter can deposit in several regions in the
lung, inducing oxidative stress and inflammatory response in the airways. Here as well, the
airway epithelium is considered to be a key player in the response to this external trigger. An
overview of recent literature on the effect of air pollution on the respiratory system with an
immunological focus on the effects on healthy and diseased airways can be found in our

review, Goossens J et al. Atmosphere 2021 (109).
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How to detect young athletes at risk of exercise-
induced bronchoconstriction?
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Chapter 2

1. Abstract

Exercise-induced bronchoconstriction (EIB) is a prevalent condition in elite athletes caused by
transient airway narrowing during or after exercise. Young athletes nowadays start early to
perform high level exercise, highlighting the need to screen for EIB in a younger population.
The purpose of this review was to evaluate current evidence of pre-tests with high probability
to predict a positive provocation test in young and adolescent athletes, aged 12-24 years and
thus indicate whether a young athlete is at risk of having EIB. Up to now, there is no validated
screening test available to increase the pre-test probability of a provocation test of EIB in
young and adolescent athletes. We would recommend that a clinical guideline committee
might consider the development of a flowchart to screen for EIB in adolescent athletes,
composed of a symptom-based questionnaire focusing on wheezing during exercise, atopic
state, reversibility test (to exclude EIB with asthma) and completed with markers in

blood/serum. However, more research is necessary.

21



2. Introduction

Physical exercise, even though absolutely beneficial for human well-being, is a well-known
trigger to induce bronchoconstriction. Exercise induced bronchoconstriction (EIB) is defined
as the transient reversible narrowing of the lower airways that follows physical exercise (110).
Typical symptoms include wheeze, dyspnoea, cough, chest tightness and excessive mucus
production associated with exercise (111). The terms EIB and exercise induced asthma (EIA)
are often used as synonyms. The ATS guidelines defined EIB as an airway contraction
associated with exercise (110). A Joint Task Force on Practice Parameters in Allergy and
Immunology defined EIB as a transient narrowing of the lower airways following exercise in
the presence or absence of clinically recognized asthma and stated that EIA was no longer a
preferred term, because it might incorrectly imply that exercise causes rather than triggers an
asthma attack (112). Del Giacco et al referred to EIB as the bronchoconstrictive response and
to EIA when bronchoconstriction is associated with asthma symptoms (113), while more
recent publications recommended classifying EIB into 1 of 2 subtypes: EIB with asthma (EIBa),
or EIB without asthma (EIBwa) (93, 94).

Recent data indicates that adult elite athletes have a higher risk for developing EIB (111, 114—
116). The prevalence of EIB in elite athletes ranges from 30% to 70%, depending on the type
of sport and the environment of exercise (94). Especially endurance athletes exposed to cold
air (cross-country skiers) or chlorine (by-)products (swimmers) are at risk (117-119). The
elevated risk to develop EIB in athletes is most likely due to increased breathing capacity
during intensive exercise, leading to airway dehydration, increased airway osmolarity and/or
epithelial cell damage (93, 100). When exercise is performed in potential harmful
environmental conditions, such as extreme cold or chlorine by-products the risk to develop
EIB increases (99, 120, 121). Furthermore, there is growing evidence that athletes fail to
recognize and report symptoms of EIB (122, 123). A study of elite British athletes (24.0 + 4.1
years) demonstrated a high proportion of previously undiagnosed athletes who were
diagnosed with a positive eucapnic voluntary hyperpnea (EVH) test (73%), and suggested to
routinely screen for EIB in elite athletes (124). Whether EIB is completely reversible after
stopping their elite sports career or continues in persistent asthma, is still a matter of debate

(93, 125, 126).
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The elevated risk for EIB seen in athletes is typically attributed to the years of intensive
training. There is a tendency that athletes start to exercise intensively at an early age. It has
been demonstrated that EIB can already be present early on in the sports career or during
adolescence. Jonckheere et al reported that 24.5% of tested early-career athletes (12 - 13
years old) suffer from EIB (101). This is even slightly higher than the reported prevalence of
15% of EIB in young elite athletes (5 - 18 years old) in the meta-analysis of Aguir et al (127).
This high prevalence points towards the need to identify athletes who would benefit from
screening for EIB. As in adults, a high proportion of young athletes is therefore currently
training and performing sports with undiagnosed and/or uncontrolled EIB. The development
of EIB may have a deleterious impact on ventilatory capacity and sports performance (128).
Altogether, there is an urgent need for screening tools to detect young athletes at risk for EIB
even at the start of their sports career. At present, medical screening of athletes focuses on
detection of major musculoskeletal and cardiac abnormalities. We propose that sports
physicians supervising athletes should also actively screen for respiratory diseases.

It is important to accurately diagnose EIB to reduce its potential impact on respiratory health
and sports performance. However, diagnosing EIB is clinically challenging as EIB may be
present with nonspecific symptoms. Therefore, it is recommended that diagnosis is based on
objective testing, most typically defined as a fall in FEV1 below a predefined threshold (e.g.
10%) after a provocation test (110). In addition, asthma must first be identified to distinguish
EIBa and EIBwa (e.g. by performing reversibility test with B2-agonist or a bronchial challenge
test). Due to the many factors that influence the outcome of an exercise ‘field’ test, surrogate
tests were developed that could be more easily standardized for routinely use in a hospital or
laboratory. The International Olympic Committee recommends the EVH challenge, a surrogate
for exercise, as bronchial provocation challenge test in athletes (129). The EVH test was
adapted to be performed in high school elite athletes (130). It is generally considered as the
gold standard diagnostic tool in athletes, although this has been criticised (131). Alternative
indirect provocation tests are inhaled hypertonic saline challenge and dry powder mannitol
challenge. Both tests were developed after the EVH test as a simplification, since no special
gas mixture is required (132). Direct challenges include methacholine and histamine
challenge, acting on airway smooth muscle to cause bronchoconstriction. These are thought

to be less specific for EIB and more accurate to document hyperresponsiveness in asthma.
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The purpose of this review was to evaluate current possibilities to increase pre-test probability

in young athletes to identify subjects at risk for EIB.

3. Literature search methodology

We examined available English literature since 1990 in Pubmed, Ovid Medline and Embase on
screening tools for EIB in young and adolescent athletes, aged 12-24 years, in which the

method for EIB diagnosis was based on provocation testing and not solely on a questionnaire.

4. Screening tests to identify subjects at risk

The gold standard to identify EIB in athletes remains the EVH test. However, performing an
EVH test in all elite athletes as yearly screening test is considered to be not cost-effective.
Moreover, the necessary equipment and expertise is not available in every center. Hence, we
focused in this review on screening tools that may predict a positive EVH or exercise test and
thus indicate whether a young athlete is at risk of having EIB. The usefulness of screening tools
depends on the prevalence of the condition, the ability to treat the condition, the predictive
value of the test, the cost-effectiveness of the test and the safety profile of the test. In order
to be implemented into daily clinical practice, the screening test needs validation in terms of
reliability and repeatability. In literature several screening tools have been described:
guestionnaires, a diagnosis of atopy, exhaled nitric oxide (FeNO) and markers in blood or

sputum, which are all discussed in next sections.

a. Screening by questionnaires
In 1991, Shield et al. suggested to screen high school athletes by means of a questionnaire
(133). The advantage of using questionnaires is that they can be applied in a large number of
young athletes, don’t require a lot of time and are less expensive compared to other screening
methods. Questionnaires used as screening tools for EIB particularly focus on history
(previously diagnosed asthma/allergy and family history), the presence of symptoms
(wheezing, chough, chest tightness, dyspnea or excess mucus production) and medication use.
In view of this, significantly more EIB+ athletes were found in symptomatic athletes compared
to non-symptomatic athletes (134). Table 1 summarizes the characteristics of studies
evaluating the role of questionnaires to diagnose EIB in young and adolescent athletes. Nine

studies out of 17 reported an association with EIB risk (table 1A) (135-143). The highest
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sensitivity was generally found for the question regarding family history of asthma or allergies.

For instance, Feinstein et al. reported that a personal history of asthma was a predictive factor
for EIA, while self-reporting symptoms did not appear to be sensitive enough to identify
athletes with EIA (137). High levels for specificity varying from 85% to 97% were found for

questions regarding symptoms of EIB like chest tightness, cough or wheeze associated with

exercise. In contrast, self-reported symptoms for EIB have been reported to have a low
associated sensitivity varying from 13% to 42%. Based on a linear regression analysis, a history

of exercise induced respiratory symptoms was found to be predictive for EIB (136). Especially

the experience of wheezing during exercise was significantly associated with a positive EVH

test, as reported in 2 studies. A positive correlation was also found between missing
school/work due to chest tightness or shortness of breath and EIB diagnosis (143).

On the other hand, other studies failed to demonstrate an association between
questionnaires and the objective diagnosis of EIB (119, 121-124, 144-150). This points
towards the existence of a population of asymptomatic athletes who show objective evidence
of EIB. Burnett et al. found that the majority of young athletes with EIB reported no symptoms
(151). This may be attributed to a lack of awareness of symptoms suggestive of EIB in children.
Athletes may also consider dyspnea or chest tightness as a part of their hard and intensive
training. Furthermore, the predictive value of symptoms for EIB is also affected by a high
proportion of young athletes reporting respiratory symptoms in the absence of EIB. This
highlights the need to consider alternative causes for their symptoms like exercise-induced
laryngeal dysfunction or exercise induced hyperventilation (152). On the other hand,
respiratory complaints are often also a sign of “exhaustion”.

It is widely accepted that adult athletes sensitized to respiratory allergens have higher rates
of EIB than other athletes (116, 153, 154). Whether this is the case in adolescent elite athletes
is not completely clear. The AQUA questionnaire is a validated questionnaire to quantify the
presence and severity of allergic disease in adult athletes (155). Recent studies also
demonstrated the feasibility of performing AQUA in young athletes with specificity of 78% and
sensitivity of 62.5% to predict atopy (156, 157). Even at the age of 7-14 years, the paediatric
AQUA was a valid and reliable tool for screening of atopy (158). As respiratory symptoms are
an important component of the questionnaire, it is suggested that the AQUA questionnaire
might be used as a pre-screening tool for assessment of airway health in athletes. A study in

adult athletes indicates that a negative AQUA score (<5) offers an excellent diagnostic tool to
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rule out EIB (159), while in young football players the AQUA score was not predictive for EIB

(136).

Although associations were found between certain symptoms and presence of EIB in several

studies, they do not seem to achieve a desirable sensitivity or specificity to identify adolescent

athletes at risk for EIB. Symptoms and history alone are not adequate to screen for EIB in this

population. However, it is certainly interesting to investigate the cause of symptoms

associated with exercise. We suggest that questionnaires can be used as a first step in pre-

screening tools for EIB, but using only questionnaires as screening tool will be unreliable.

Table 1: Characteristics of included studies in young and adolescent athletes investigating questionnaires in association

with EIB.
Cases of . i .
Provocation . . Association with
Source Age EIB/sample Questionnaires
. test EIB
size
Medical history Symptoms piedicden
use
A CHILDREN AND ADOLESCENTS (12 — 24 years)
Sensitivity and
specificity of self-
Bavarian et al 7-16 . reported symptoms for
(135) years 74/371 Exercise test / X / EIB  diagnosis were
13% and 89%,
respectively.
Main determinant of
EIB  according to
multiple linear
Bougault et al 204 regression analysis was
(136) years 7/44 EVH test X X / self-reported exercise-
induced symptoms
(coefficient: 0.80; P =
0.001).
Bougault et al 204 Metacholine 0
(119) years 28/89 and EVH test X X /
(Cllzigle etal 1y1earls6 13/36 Exercise test X X / 0
Logistic regression
Feinstein et al 14-18 analysis identified a
(137) years 17/48 Exercise test X X X personal history of
asthma as predictor for
EIA (P <0.05).
:/a(llls;;a;nd et 1y1earls7 24/256 Exercise test X X / 0
Sensitivity and
specificity of the
Hammerman 13-18 95/801 Exercise test X X X screening
etal (138) years questionnaire was 42%
and 95%, respectively.
A history of wheezing
(P < 0.001), residence
in a poverty area
Kukafka et al 16+1 . (P < 0.0001), race (P =
(139) year 19/214 Exercise test X X / 0.01) and history of
asthma (P < 0.001)
were significantly
associated with EIB.
Mansournia 19.3+2.7 Sensitivity and
o 50/463 Exercise test X X X specificity of self-
et al (140) years reported symptoms for
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EIB diagnosis were
27% and 85%,
respectively.

Significant association

between the
Molphy et al 21.9+3.7 experience of
(141) years 18/136 EVH test X X wheezing during
exercise and EVH
result (P <0.05).
Parsons et al 17-23 0
42/107 EVH test
(123) years / es X X
Romberg et al 14-17 14/101 Mann!tol and « « 0
(145) years exercise test
Rundell et al 22+4.4 0
42/158 EVH test
(122) years / es X X
Rundell et al 2045 . 0
(1u4n9)e eta years 23/23 Exercise test / X
Rupp et al 0
12-18 .
(150) cars 22/166 Exercise test X X
(abstract) ¥
Sensitivity and
specificity of self-
Sallaoui et al 17-23 . reported symptoms
(142) years 14/107 Exercise test X X for EIB diagnosis were
36% and 97%,
respectively.
Positive correlation of
EIB diagnosis  with
Thole et al 17-24 . question: “Have vyou
1:; eta 16/114 Exercise test X X ever missed work or
( ) years school because of
chest tightness or
shortness of breath?”
B ADOLESCENTS (18 — 24 years)
B | 18-2 .
( lusr:)e tteta ysear53 34/80 Exercise test X X 0
Dickinson et 24.0+4.1 0
al (124) years 78/228 EVH test X X
Parsons et al 18-23 0
4/144 EVH
(148) years / test X X
Vakali et al 20.7-22.5 0
10/60 EVH test
(144) years / es X X

EIB, exercise-induced bronchoconstriction; EVH, eucapnic voluntary hyperventilation.

b. Screening by diagnosing atopy

An increased prevalence rates of allergic diseases have been reported in athletes (116, 160—

163). Zwick et al. demonstrated that competitive swimming may facilitate sensitization to air-

borne allergens due to epithelial damage induced by the frequent exposure to chlorine and

chlorine by-products in swimming pools (164). Atopy is particularly frequent in elite athletes.

At the Olympics in Sydney, 41% of the Australian athletes had a positive skin tests to at least

one inhalant allergen (163). In another study investigating the atopic state in endurance

athletes, the prevalence of atopy was even 57.6% (165). Atopic state can be verified by

serological tests or by skin-prick test to detect antigen-specific IgE antibodies to
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environmental allergens; either to series of common allergens or to self-reported allergens
based on personal complaints (166).

Table 2 summarizes the characteristics of 6 included studies investigating atopy in association
to diagnosed EIB in adolescent athletes. Overall, studies demonstrated a high prevalence of
atopy in young athletes (101, 119, 136, 144, 145, 167). Atopic Tunisian athletes presented a

higher risk of developing EIB than non-atopic athletes (167). Furthermore, sensitisation to at

least 5 allergens was found to predictive for EIB in young athletes (136). Despite the high

prevalence of atopy in adolescent athletes, no association of atopy and EIB was demonstrated
in other studies (101, 119, 144, 145). To summarize, diagnosing atopy alone is not considered
to be sufficient as screening tool for EIB in adolescent athletes. However, when developing a
screening test, we need to take in consideration that EIB may also arise from the presence of
allergy which lowers the threshold to provoke EIB, especially in the subtype of EIB with

asthma.

Table 2: Characteristics of included studies in young and adolescent athletes investigating atopic state in association with
EIB. The prevalence of atopy in the study population is reported.

Cases of Provocation Sport
Source Age EIB/Sample tast dis:i line Prevalence Association to EIB
size P
A CHILDREN AND ADOLESCENTS (12 — 24 years)
Bougault et al 20 + 4 years 7/44 EVH test soccer 29% Sensitisation to at least 5
(136) - players allergens
swimmers
Bougault et al Metacholine and winter
+ 0,
(119) 20+ 4 years 28/90 and EVH test sport 74% /
athletes
Jonckheere et Mixed sport o
al (101) 12 - 13 years 29/117 EVH test disciplines 33% /
Romberg et al Mannitol and . o
(145) 13 - 24 years 14/97 exercise test swimmers 66.7% /
B ADOLESCENTS (18 — 24 years)
Sallaoui et al 20.8+2.7 . mixed sport o Higher frequency atopy in
(167) vears 32/326 Exercise test disciplines 26.9% EIB+ athletes
Vakali et al 20.7-22.5 EVH test mixed sport
111 7Y
(144) years 36/ disciplines 48.7% /

EIB, exercise-induced bronchoconstriction; EVH, eucapnic voluntary hyperpnea

c. Screening by FeNO
Measuring FeNO levels is a quantitative, non-invasive and simple way to study the degree of
eosinophilic airway inflammation. FeNO measurements are used to identify uncontrolled
asthma and as predictor of the response to corticosteroids (168). NO is produced by inducible
nitric oxide synthase in airway epithelial cells. Although several studies have tried to define
normative FeNO levels, clear cut-off points were not established (169). This can be explained

by the fact that FeNO levels are influenced by several parameters like age, height, smoking
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status, intake of arginine containing foods, prior spirometry and airway infections (170). As
FeNO is associated with eosinophilic asthma, and as swimmers show often a more neutrophilic
airway inflammation pattern (99), the role of FeNO as predictor for EIB in this population may
seem questionable. However at least in adult athletes, FeNO levels >50 ppb provided a good
specificity for a positive EVH test (171, 172).

Table 3 summarizes the characteristics of 7 included studies investigating FeNO levels in
association with EIB status in adolescent athletes. Only one abstract reported significantly
elevated FeNO levels in EIB+ athletes compared to EIB- athletes (17.0 ppb versus 13.0 ppb
respectively) (173). Having high FeNO levels (>20 ppb) was an independent predictor for EIB
(173). A similar cut-off (>22 ppb) was identified in athletes in a separate cohort aged 14 - 31
years by Voutilainen et al. (174). However, the sensitivity (55%) and the specificity (71%) were
poor. Other studies in adolescent athletes with FeNO did not report higher levels in EIB+
subjects (121, 145, 148, 175-178). In contrast, a study in asthmatic children showed that their
baseline FeNO levels were significantly increased and correlated with the magnitude of the
maximal decrease in FEV; after exercise (179).

FeNO levels do not seem to be associated with EIB in young athletes and are consequently
considered to be a poor pre-screening test in young athletes. Although, it is suggested that

FeNO may help to distinguish EIB with asthma and EIB without asthma in athletes (175).

Table 3: Characteristics of included studies in young and adolescent athletes investigating FeNO levels in association with
EIB.

Sl Provocation Cut-
Source Age EIB/Sample FeNO EIB+ FeNO EIB- P-value
. test off
size
A CHILDREN AND ADOLESCENTS (12 — 24 years)
:Illf;alr)le etal 11 - 21 years 13/36 Exercise test 16.2 ppb 25.1 ppb P>0.05 /
Ersson et al .
(177) (abstract) 13- 17 years 24/98 Exercise test / / P >0.05 /
Johansson et al . >20
(173) (abstract) 13- 16 years 39/128 Exercise test 17.0 ppb 13.0 ppb P=0.03 opb
mg’;’ard etal 17 - 23 years 16/74 EVH test 187ppb | 21.5ppb | P>0.05 /
Pedersen et al Metacholine
+
(176) 14.3 £ 1.2 years 8/33 and EVH test 18.8 ppb 17.3 ppb P>0.05 /
Romberg et al Mannitol and >20
(145) 13- 24 years 14/101 exercise test / / / ppb
B ADOLESCENTS (18 — 24 years)
Ff;;‘)’”s etal 18- 23 years 4/144 EVH test 133ppb | 24.4ppb | P>0.05 /

EIB, exercise-induced bronchoconstriction; EVH, eucapnic voluntary hyperpnea; FeNO, fractional exhaled nitric oxide
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d. Screening by markers in blood

Few studies have investigated the potential role of serum markers as screening test

for EIB in young and adolescent athletes. Serum NO and plasma endothelin-1 levels, reflecting
airway inflammation, were found to be significantly elevated in young soccer players with EIB
after exercise compared to healthy controls (180). In addition, Jonckheere et al demonstrated
a significant correlation between serum club cell protein 16 (CC16) levels and the maximal fall
in FEV; after EVH test (101). It has been demonstrated that acute exercise induces increased
levels of CC16 (93), while the use of CC16 levels to identify athletes at risk of EIB, is not
completely clear. Another biomarker, serum uric acid, was shown to be higher in EIB+ athletes
compared to EIB- athletes (101). CC16 and uric acid are both markers of epithelial damage
(93). Further validation studies are needed to determine whether serum or blood biomarkers
are suitable candidates to complete the pre-screening tool for EIB in young and adolescent
athletes.

e. Screening by sputum induction

Markers of inflammation or epithelial damage in sputum are the most reliable non-invasive
reflection of the airways (181). Induced sputum has been commonly used for the analysis of
differential cell counts, soluble markers in sputum supernatant and cytokine expression of
sputum cells of patients with asthma (182, 183). Limiting factors of the use of sputum samples
as biomarkers are the need of trained experienced personnel and the availability of adequate
equipment and facilities. In addition, it is a time-consuming technique and it is challenging to
obtain high quality samples. It has been argued that intensive endurance training leads to an
increase in sputum neutrophils (93). An alternative tool to identify the cellular sputum profile
is to use sputum or serum calprotectin levels, which is released upon neutrophil activation.
However, calprotectin correlated only with neutrophil percentage in asthmatic patients and
not in a small group of athletes, suggesting a minor role for neutrophils as screening tool in
athletes (184). Few studies reported inflammatory markers in sputum in non-asthmatic
athletes. It was demonstrated that young athletes with sputum IL-1B mRNA levels higher than
300 are more prone to have or develop EIB (P = 0.0331, PPV = 0.85) (101). In addition it was
demonstrated that athletes with sputum IL-8 mRNA levels lower than 190 are at very low risk
of developing EIB (P =0.003) (101). Concentrations of inflammatory mediators (Cys-leu, PGE2,
histamine, TXB2 and LTB4) are significantly elevated in EIB+ athletes compared to EIB-

athletes. Furthermore, the severity of EIB was significantly correlated with increased
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concentrations of select inflammatory mediators (P = 0.0025) (107). Nevertheless, an
optimized and easy to use method for sputum analysis needs to be developed to consider
markers in sputum as a screening tool to identify athletes at risk for EIB. Practically, a specific

set of biomarkers should be developed, representing a ‘fingerprint’ of EIB.

5. Discussion

Screening tools should be applied routinely to identify young athletes at risk for EIB, who can
then be referred for an EVH or exercise test. The introduction of a screening policy for EIB
would improve the management adolescent athletes. Preliminary screening tests could point
out athletes at risk for EIB at a low cost. Additionally, proper medical screening can maximize
an athlete’s participation and function in a sport. Accordingly, it will improve diagnosis of EIB
and EIB control. Furthermore, a screening tool for EIB should also allow physicians to rule out
vocal cord dysfunction (VCD), a frequently overlooked differential diagnosis of EIB. The
optimal screening tool should be an inexpensive and non-invasive test with a high level of
sensitivity and specificity to detect EIB (185).

Many studies support the need for screening EIB in elite athletes. On the other hand, routinely
screening of all athletes may be an ineffective strategy as the prevalence of EIB varies widely
between groups of athletes. It seems more appropriate to use a screening test to specific
subpopulations who perform activities with a high risk to develop EIB, like swimming, cycling,
cross country skiing and other high-altitude sports. To our knowledge, no literature has
studied at what age such screening should performed. Although physical mobilization of
adolescents is of utmost importance to prevent asthma, too much stress on the airways
results in epithelial damage, chronic inflammation and associated bronchoconstriction. This
negative impact of intensive exercise on the developing airways in adolescents must be
detected and avoided. When screening for EIB in young athletes, we would also suggest to
consider the number of hours of sport a week, preferentially testing those exceeding 10 hours
of sport a week.

More research is needed to develop an effective screening tool for EIB. Firstly, few studies are
performed on the relationship of different risk factors for EIB in young athletes. Secondly,
most studies are descriptive and not investigating predictive characteristics or ROC analyses.
Finally, the variable prevalence of EIB in different studies in combination with multiple

potential provocation methods for diagnosing EIB further complicate the development of a
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universal screening tool for EIB. In literature, various terms are used to describe EIB and EIB

may be present with or without underlying asthma.

6. Conclusion

Up to now, there is no validated screening test available to predict a positive provocation test
of EIB in adolescent athletes, indicating young and adolescent athletes at risk for EIB. Current
literature demonstrated the use of no single tool, neither questionnaires, nor diagnosis of
atopy, nor FeNO, nor biomarkers of airway inflammation, is adequate to screen for EIB in
adolescent athletes. We suggest new studies on screening tools for EIB to focus on a step wise
approach combining the discussed tools. Based on this, we strongly suggest that a clinical
guideline committee might consider the development of a screening flowchart in 12-24 years
old athletes to identify athletes at risk for EIB, for whom an EVH test is recommended. This
flow diagram should best contain the following steps: 1) Ask for respiratory symptoms
after/during exercise 2) perform AQUA and/or skin prick test, 3) perform reversibility test to
rule out EIBa, 4) exclude VCD and 5) search for biomarkers; but its sequence is still a matter of
debate (figure 1). Additional questions arise about who of the young elite athletes would
benefit from such screening test considering age, sport discipline and the number of hours of

sport a week.
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Questionnaire

Respiratory symptoms
after/during exercise

. Exclusion
Screemng EIBa

tool for
EIB

Airway
inflammation + Differential

epithelial damage diagnosis
Exclusion

EILO/VCD

Markers EIL

sputum/blood? Central airway
obstruction

Figure 1: Key elements for development flow diagram to screen for exercise-induced bronchoconstriction (EIB) in young
and adolescent athletes. This screening tool will increase the pre-test probability of a positive EVH test, by identifying athletes
with a high risk for EIB. AQUA, Allergy Questionnaire for Athletes; CAP, ImmunoCAP; EIB, Exercise-induced
bronchoconstriction; EIBa, Exercise-induced bronchoconstriction with asthma; EIL, Exercise-induced laryngomalacia EILO;
Exercise-induced laryngeal obstruction; FeNO, fractional exhaled nitric oxide; RT, reversibility test; SPT, skin prick test; VCD,
vocal cord dysfunction
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Via inhalation, humans are continuously exposed to external triggers in the air, inducing
epithelial triggering and potential damage. This epithelial damage may induce the activation
of an immunological reaction, which is essential to return to tissue homeostasis. Persistent
activation of immune cells may evolve into dysregulation of normal healing responses, causing
a possible start of chronic inflammation. We hypothesize that epithelial triggering by cytokine
release directly activates cells in close contact with airway epithelium such as ILCs and mast
cells. In this context, mast cells might be activated in an IgE-dependent way, which is best
studied in the context of allergic asthma, but also in an IgE-independent manner. Indeed, mast
cells also express a variety of receptors enabling mast cell IgE-independent activation by
diverse molecules (e.g. lipids, chemokines, adenosine, neuropeptides). Furthermore, we
hypothesize that the newly identified mast cell receptor MAS-related G protein-coupled
receptor X2 (MRGPRX2) may play an important role in IgE-independent mast cell activation in
non-allergic asthma. Activation of this immune cascade, can induce the production and
release of various inflammatory mediators inducing bronchoconstriction in a non-IgE
mediated way.

In this thesis, we aim to study airway inflammation as a result of external triggers inducing
epithelial damage. As athletes, who are in this thesis defined as persons who are trained in
sports that requires physical activity (2 12 hours of sport a week), have an increased
ventilation rate, they are hypothesised to be exposed to more external triggers. This may
result in increased epithelial damage and bronchoconstriction. It is known that elite athletes
have a higher risk to develop exercise-induced bronchoconstriction (EIB). Specifically, we
focus on EIB in young athletes, whose airways are still growing. First of all, we aim to study EIB
in young athletes, investigating specific risk factors such as atopic state. This can contribute to
the development of a screening tool to predict young athletes at risk to develop EIB. As such,
we hypothesize that screening will improve the management of adolescent athletes and can
maximize an athlete’s participation and function in a sport (see also chapter 2). Secondly, we
aim to study in depth potential epithelial cell stimulation after exposure to intense exercise
and environmental triggers such as air pollution. We hypothesize that risk of EIB may be
elevated by a continuous increase in the intensity and frequency of physical. Additional
exposure to environmental triggers such as air pollution could enhance this reaction. The
activation of the immune system may induce airway hyperreactivity and inflammation even

in healthy subjects and may aggravate these features in asthmatic individuals. Therefore, we
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also aim to study the contribution of external triggers to airway inflammation seen in a cohort
of adult patients with asthma. Thirdly, we aim to study the central role of the mast cell in
airway inflammation due to epithelial cell damage with local activation of mast cells and
subsequent cellular recruiting. We hypothesize that epithelial cells can directly and/or

indirectly (e.g. by neuro-mediators) activate mast cells, also in non-allergic asthma.
AIM 1: Investigate atopy and EIB in young athletes.

a) Investigate accuracy of AQUA® and FeNO to predict atopy in young elite athletes

Atopy has been significantly associated with bronchial hyperreactivity and EIB in elite athletes.
A screening tool for atopy may help with the early identification of atopy and allergy symptom
development, especially of interest to young elite athletes. These young elite athletes include
persons (12-18 years) who are trained in sports that requires physical activity (> 12 hours of
sport a week) and are affiliated to an ‘Elite Sports’ School’. In chapter 4, we investigated the

ability of AQUA® and FeNO to predict atopy in a young elite athlete population (n=90).

b) Study EIB and associated risk factor in adolescent athletes

Next, we studied EIB in a population of recreational adolescent athletes (12-18 years, n=327)
who also perform intense physical exercise (> 12 hours/week), but not need to be affiliated to
an ‘Elite Sports’ School’, in chapter 5. To better identify subjects at risk for EIB we investigated

associated factors for a positive EVH test.
AIM 2: In depth analysis of exposure to external triggers on the airways.

a) Investigate effect of intense exercise and exposure to air pollution in elite athletes

Participation in high-intensity exercise in early life might act as stressor to the airway barrier.
In chapter 6 we investigated the effect of intense exercise and environmental exposure to air
pollution on airways of young elite athletes (n=90) during their early-career compared to
healthy controls (n=25). Furthermore, we studied the underlying mechanisms of EIB in these
young athletes. We hypothesized that next-generation sequencing (RNA-Seq) enables high-
throughput and detailed characterization of gene expression levels at the tissue level,

unravelling these objectives.
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b) Investigate airway damage based on exposure in asthmatic patients

It is described that the exposome may alter immunological airway responses. In chapter 7, we
assessed the effect of environmental exposures such as smoking and presence of work-related
exposures to cleaning products, which were retrospectively analysed, on the transcriptome in

sputum samples of asthmatic patients (n=103).

AIM 3: Study the involvement of mast cells in non-allergic asthma

a) Explore mast cells in human sputum samples — pilot study

As we want to study the central role of the mast cell in non-allergic asthma, a first step is to
study the involvement of the mast cell in asthma inflammatory phenotypes. In a pilot study,
we identified and characterized mast cells in the airways of subjects with specific non-allergic
asthma phenotypes (n=5), patients with allergic asthma (n=5) and healthy control subjects

(n=5) (chapter 8).

b) Study human mast cell in vitro

Furthermore, mast cells might also be activated via direct and/or indirect epithelial damage.
Therefore, we need an optimized protocol for human mast cells expressing the MRGPRX2
receptor. In chapter 9, we optimized an in vitro mast cell differentiation protocol to obtain

functional MRGPRX2 expressing mast cells.
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Can AQUA® questionnaire and FeNO predict atopy in
early-career athletes?
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Chapter 4

1. Introduction

To the editor,

Allergic sensitization and allergic diseases have been reported to have a high prevalence in
athletes (186, 187). Moreover, atopy has been significantly associated with bronchial
hyperreactivity and exercise-induced bronchoconstriction in elite athletes (188, 189).
Sensitisation to allergens is generally determined by a skin prick test (SPT) and/or allergen-
specific serum IgE analysis (190). Recently, the Allergy Questionnaire for Athletes
(AQUA®)(155), a screening tool to predict atopy in elite adult athletes, was validated for
screening of atopy in young elite athletes (156). This screening tool may help with the early
identification of atopy, which may burden the physical performances, and is especially helpful
in young elite athletes (190). Increased fractional exhaled NO (FeNO) levels are, considered to
be an effective, non-invasive tool to assess the presence of eosinophilic airway inflammation
and as tool to diagnose childhood asthma (191-193). This has also been correlated with
allergic sensitization (194). Therefore, we hypothesize that measuring FeNO levels may also
be a useful non-invasive method to predict atopy in this population. The aim of this study was
to investigate the diagnostic accuracy of AQUA® and FeNO in predicting atopy in a young elite

athlete population.

2. Methods and results

Therefore, we recruited 90 elite early-career athletes (12-18 years, mean age 15 + 1.4 years,
57% male) in different sport disciplines attending “Flemish Elite Sports’ Schools”: basketball
(n=24), soccer (n=38), volleyball (n=14) and swimming (n=14). The study was approved by the
institutional review board of UZ/KU Leuven (s59778). Subject characteristics are summarized
in Table 1. To objectively assess their atopic state, SPT for 9 common aero-allergens: grass
pollen, weed pollen, birch pollen, mixed tree pollen (hazel, birch, and alder), house dust mite
(HDM, Dermatophagoides pteronyssinus), cat, dog, Alternaria alternata, and Aspergillus
fumigatus, together with a histamine control (10 mg/mL) and a negative control were
performed (HAL Allergy, The Netherlands). A subject was considered atopic if at least one SPT
for an allergen was positive by skin prick test (wheal > 3 mm and larger than the negative

control). The total AQUA® score was determined by scoring the questions related to allergy
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(Q4 to Q13 as well as Q15), as reported by Jonckheere et al. (156). In addition, FeNO levels

were measured with Niox Vero (Accuramed, Belgium) recorded in parts per billion (ppb).

Table 1: Subject characteristics

Sport disciplines
Athletes Basketball Soccer Volleyball Swimming P-value*
Number 90 24 38 14 14
(n=)
15.88 + 15.39+ 16.64 + 14.21 +
+
Age (yr) 15+14 1.30 1.22 1.08 131
Gender
51/39 20/4 18/20 4/10 9/5
(M/F)
Atopy (n=) 33 (37%) 10 (42%) 14 (37%) 7 (50%) 2 (14%) 0.2260
Mono-
249 1 (109 9 2 (299
sensitized 8 (24%) (10%) 5 (36%) (29%) 0
Poly-
sensitized 25 (76% 9 (90%) 9 (64%) 5(71%) 2 (100%)
(22)

*P- value was determined via chi- square test amongst different sport disciplines.

Thirty-three of 90 early-career athletes (37%) were atopic, of which 25 (76%) were poly-
sensitized (Table 1). The most common positive SPT was observed for grass pollen (n=24),
followed by HDM (n=22)(Online repository table E1). AQUA® scores were significantly
elevated in atopic athletes (median: 10, P25-75: 3.5-17.5) compared to non-atopic athletes
(median: 4, P25-P75: 2-11) (p=0.0084, Figure 1A). Moreover, AQUA® scores were able to
predict atopic state with AUC of 0.665 (p<0.0001, Figure 1C). As previously reported in young
athletes (156), a cut-off value of 6 had the highest sensitivity (73%) and specificity (53%)
(p=0.03, Table 2). Using the traditional cut-off value of 5 yielded a similar sensitivity of 73%,
with a slightly lower specificity (51%) (p<0.05, Table 2). Interestingly, FeNO levels were
significantly elevated in atopic athletes (median: 22ppb, P25-P75: 13-44 ppb) compared to
non-atopic athletes (median: 12ppb, P25-P75: 9 —18 ppb) (p<0.0001, Figure 1A). The AUC for
FeNO to predict atopy was 0.765 (p<0.0001, Figure 1C). Athletes with FeNO levels higher than
15 ppb had a significantly higher risk to be atopic, with a sensitivity of 70% and specificity of
65% (p=0.002, Table 2). Using a cut-off value of 20 ppb reduced sensitivity (58%), but increased
the specificity to 77% (p<0.001, Table 2). Moreover, AQUA® scores and FeNO levels both
significantly correlated positively with the number of positive SPT (Spearman, r=0.31
p=0.0028; r=0.47, p<0.0001 respectively). This gradient was clearly observed for FeNO levels,
since FeNO levels of atopic athletes with 2 or more positive reactions were significantly
increased compared to non-atopic athletes (Figure 1B). The AUC of FeNO increased from 0.765

(p<0.0001) to 0.814 (p<0.0001) if we considered multiple sensitisations (participants with >2
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positive SPTs) (Figure 1C), suggesting that FeNO levels might be a useful indicator for multiple

sensitisations within atopic athletes. Accordingly, the sensitivity of FeNO 215 ppb increased

to 80% with same specificity (65%) to detect multiple sensitisations within athletes (Table 2).

For FeNO >20 ppb, sensitivity decreases to 68%, with specificity of 79%, respectively. Finally,

combining FeNO levels (>15 ppb) and AQUA® scores (26), slightly decreased sensitivity (52%),

but increased specificity to 82% (p=0.002, Table 2) to detect atopy.

Table 2: Diagnostic accuracy of AQUA®© and FeNO for atopy

AQUA score Atopic (n=33) | Non-atopic (n=57) | P-value Sensitivity Specificity
(%) (%)
>5 24 28
<5 9 29 0.0455 73 51
>6 24 27
0.0271
<6 9 30 3 >3
FeNO (ppb) Atopic (n=33) | Non-atopic (n=57) Sensitivity Specificity
P-value
(%) (%)
>15 23 20
<15 10 37 0.0021 70 65
220 19 13
0.0013
<20 14 44 >8 7
>25 14 5
0.0003
<25 19 52 42 a1
FeNO (ppb) Atopic (22 Non-atopic and P-value Sensitivity Specificity
sensitisations, atopic (1 (%) (%)
n=25) sensitisation,
n=65)
>15 20 23
0.0002
<15 5 42 80 64
>20 17 15
. 1
<20 3 0 0.000 68 77
225 13 6
. 1
<5 %) =9 <0.000 52 91
AQUA score . . Sensitivity Specificity
and FeNO (ppb) Atopic (n=33) | Non-atopic (n=57) | P-value (%) (%)
AQUA 26 AND
FeNO 215 17 10
AQUA <6 0.0016 52 82
and/or FeNO 16 47
<15

P- value, specificity, and sensitivity were determined via a Fisher’s exact two-tailed test.
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Figure 1: AQUAO and FeNO in young elite athletes. A) AQUA© score and FeNO levels in non-atopic (n=57) and atopic
athletes (n=33). B) FeNO levels in non-atopic athletes (n=57), atopic athletes with 1 sensitisation (n=8), atopic athletes with
2 sensitisations (n=10) and 3 or more sensitisations (n=15). C) ROC Curve indicating the sensitivity and specificity of AQUA©
(left) and FeNO (right) to predict atopy and multiple sensitisations (for FeNO). Data are represented as median with
interquartile rage in A and B. Mann-Whitney test was used in A to determine the P-value and Kruskal-Wallis test with Dunn’s
correction for multiple comparisons in B.

3. Discussion

In this study we found a presence of atopy of 37%, which is slightly higher than reported for
the general Belgian population (19%)(195), but in line with other authors studying atopy in
early-career elite athletes (136, 156). A previous study in Taiwanese children already showed
that FeNO levels can discriminate children with and without allergic sensitisations with an
optimal cut-off of 15.4 ppb (196). Similarly, we now confirmed in early-career elite athletes
the cut-off value of 15 ppb. We are aware of the limitation that we had a limited cohort
consisting of 90 athletes only. However, Belgium (Flanders) only has a limited number of
young athletes performing at elite level in the respective sport disciplines, who almost all
participated in this study. In contrast, Romero et al. found that FeNO had limited accuracy to

identify atopy in children, but may be a useful indicator of atopy amongst asthmatics with
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optimal cut-off of 20 ppb (197). The usefulness of (spirometry-adjusted) FeNO levels to
diagnose asthma in children has been demonstrated (192, 193). Based on a questionnaire, six
athletes mentioned to have an asthma diagnosis in our cohort. When we excluded those
athletes from the analysis, FeNO 215 ppb obtained still 68% sensitivity and 64% specificity to
predict atopy (p= 0.01) and 81% sensitivity and 65% specificity (p= 0.0003) to predict multiple
sensitisations, respectively. Specifically, five of the asthmatic athletes were atopic and had
elevated FeNO levels (15 ppb), suggesting to have the early-onset clinical endotype of Type-
2 asthma seen in athletes (192). While one asthmatic swimmer was non-atopic and also had
a lower FeNO level (10 ppb), pointing towards non-Type 2 asthma in athletes (192). We
hypothesize that elevated FeNO levels in early-career athletes might point to Type 2 airway
inflammation, as typical for allergic diseases but also early onset asthma. We cannot exclude
that in subjects with increased FeNO underlying mild asthma might be starting or present. In
case of increased FeNO values, specialist referral to exclude potential asthma should be
considered (193). Looking at the discrepancy between AQUA® score and FeNO levels we found
in athletes with elevated FeNO levels (15 ppb) but low AQUA® (<6) scores (n=16), that all
athletes with positive SPT (n=6) were sensitized to grass pollen with at least one additional
allergen. We hypothesize that these sensitized athletes might not experience a lot of
associated symptoms, resulting in a lower AQUA® score. While in the group of athletes with
elevated AQUA® scored (>6) but low FeNO levels (<15 ppb)(n=24), all athletes with positive
SPT (n=5) were sensitized to HDM. The elevated AQUA® in athletes with negative SPT was
found to be associated in that group by a positive answer to Q4, concerning the diagnosis of
allergic disease (e.g. allergy to medication or insect venom) or Q5, concerning suspect of
allergic disease independently from any medical diagnosis, both immediately scored as 4
points. Different factors, including sex, height, weight, age, and cigarette smoking may cause
variation in FeNO levels. We did not observe a significant difference between male and female
athletes (p=0.0683). However, a significant correlation with height (r=0.222, p=0.0354),
weight (r=0.245, p=0.0197) and age (r=0.2766, p=0.0083) was noted. Log transformed FeNO
levels were found to be a significant predictor of atopy performing binary logistic regression
analysis (with ENTER method), considering height (p=0.765), weight (p=0.413), age (p=0.266)
and LogFeNO (p<0.001). As atopy is frequently unrecognized and underreported in athletes,
the quickly collectable results by AQUA® and FeNO are relevant in the field of intense training

in adolescents both for screening and follow-up. Further research may focus on the use of
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AQUA® and FeNO in screening for atopic associated conditions, such as bronchial
hyperreactivity and exercise-induced bronchoconstriction.

In conclusion, both AQUA® questionnaire and FeNO levels can predict atopy in early-career
elite athletes. Our results confirm that in younger age groups an AQUA® score 26 is only
slightly better than =5 to predict atopy in early-career elite athletes. In addition, we
demonstrate that FeNO levels are significantly elevated in atopic early-career elite athletes
and FeNO 215 ppb might be a useful indicator of atopic phenotypes amongst them with higher
sensitivity to predict multiple sensitisations. If this finding is further validated, FeNO may

provide a simple, real-time non-invasive screening test for atopy among athletes.
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4. Supplementary

Table E1: Prevalence of different sensitizations

Sport disciplines
Athletes Basketball Soccer Volleyball Swimming
Atopy (n=) 33 10 (42%) 14 (37%) 7 (50%) 2 (14%)
Mono- % of all ] ?"
. 8 1 5 2 0 . atopic
sensitized subjects bi
Poly- subjects
. 25 9 9 5 2
sensitized
fgﬁ; 25 9 10 5 1 28% 76%
Tree pollen 13 6 3 3 1 14% 39%
;\)Aéiz: 6 4 0 2 0 10% 18%
Birch pollen 12 6 3 3 0 13% 36%
HDM 20 8 6 4 2 22% 61%
Cat 13 5 4 3 1 14% 39%
Dog 2 1 1 0 0 2% 6%
Alternaria o o
Alternata ! 0 1 0 0 1% 3%
Aspe.rglllus 0 0 0 0 0 0% 0%
Funigatus

HDM, house dust mite
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Chapter 5

1. Introduction

Regular physical exercise is strongly recommended by evidence-based guidelines as one of the
most convincing means to prevent chronic diseases and maintain good health (198). Even in
patients with respiratory diseases such as asthma, beneficial effects of training and
rehabilitation programs are demonstrated (199). Nonetheless, intense physical training may
trigger airway symptoms by high demands on the respiratory system and increasing exposure
to inhalant allergen, air pollutants, irritants and adverse environmental conditions (200).
Therefore, it is not surprising that athletes have an increased prevalence of various respiratory
complaints, such as asthma and rhinitis (116, 201). The transient airway narrowing that occurs
as a result of exercise is defined as exercise-induced bronchoconstriction or EIB (110). Intense
and repeated exercise, seen in athletes, is associated with a higher risk of EIB (115).
Specifically, EIB has been reported to occur frequent in swimming, endurance and winter
sports.

An early diagnosis of EIB in an athlete may prevent the impaired performance by taking
preventive measures (128). However, the clinical diagnosis of EIB is challenging due to the
poor predictive value of self-reported respiratory symptoms and broad differential diagnosis
(202). Therefore, a diagnosis of EIB needs to be objectively assessed by a provocation test.
Typically, this is defined as a reduction in lung function (i.e. 210% fall in FEV1(L)) post challenge
(exercise or EVH) compared with pre-challenge (100). Several risk factors have been
associated with the development of EIB such as atopic state and training environment (154,
203). The 10C consensus statement suggested that there may be a need to screen
asymptomatic athletes as part of periodic health assessments of athletes, and a diagnosis is
required for athletes that may present with symptoms suggestive of EIB (204). Up to now,
there is no validated screening test available to predict a positive provocation test (205).
Different adjunct test may be considered during clinical approach to detect subjects at risk
and evaluate EIB in athletes including AQUA® questionnaire, testing for allergic sensitisation,
FeNO, respiratory symptoms during/after exercise or markers of epithelial damage (202, 205).
The aim of this study was to investigate respiratory symptoms and EIB in intense adolescent
recreational athletes, who perform at least 12 hours of sport a week. In addition, we wanted
to identify baseline factors associated with a positive EVH test in adolescent athletes such as

symptoms during exercise, atopy, markers of inflammation and epithelial damage.
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2. Material and Methods

Subjects

Recreational athletes, between 12 and 18 years, who perform at least 12 hours of sports a
week were recruited amongst different youth sport branches in Belgium. This cut-off of 12
hours was based on our previous observation that the median training hours a week was 12
hours in young elite athletes (12-13 years) at ‘Elite Sports Schools’ (101). They participated in
Leuven (UZ Leuven), Hasselt (Jessa Hospitals) or Ghent (AZ Maria Middelares) between
October 2019 and December 2022. Written informed consent was obtained from all
participants.

Study design

The study protocol was approved by the Ethical Committee of KU/UZ Leuven after consul
taken of all local Ethical Committees (S61602) and is registered on clinicaltrials.gov
(NCT04103632). This study consists out of one visit. During this visit, athletes performed FeNO
measurement, spirometry, followed by the eucapnic voluntary hyperventilation (EVH) test.
Salbutamol (400 pg) was given after the last spirometry post EVH and a skin prick tests (SPT)
were performed. In addition, a blood sample was collected and different questionnaires were
filled in (see below). Participants on inhaled corticosteroids, long-acting beta2-agonists
(LABA), leukotriene antagonists and antihistamines were asked to stop their medication 48
hours before the test. Short-acting beta2-agonists (SABA) were allowed until 8 hours for the
study visit. Furthermore, participants were asked to not perform any sport activities on the
day of the study visit.

FeNO

FeNO levels were detected with the electrochemically based NO-measuring device "Niox
Vero" (NIOX Group PLC, Circassia AB, UK) and recorded in parts per billion (ppb) according to
ATS/ERS guidelines (206).

Spirometry & EVH test

Spirometry was performed to determine baseline lung volumes according to ERS/ATS
guidelines (207) and to calculate target ventilation during EVH test. Predicted values were
calculated based on the GLI reference values (208). The EVH test was carried out in accordance
with ATS recommendations and modified for this young age group (EucapSys, SMTEC,

Switzerland) (101, 130). Athletes inhaled a dry air mixture containing 5% CO; for 6 minutes at
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room temperature. A target ventilation of 21 x FEV1, representing 70% of maximal voluntary
ventilation (MVV), was required to be maintained (130). If the FEV1 drops 10% or more at one
of the time points (1', 5', 10', or 15') following the EVH test, the test was considered to be
positive (the measurement after 1' was ignored). Classification into mild (10 — 25% fall in FEV1)
and moderate (25 —50% fall in FEV1) EIB was applied (202). In addition, the AUC for fall in FEV1
over measured timepoints post EVH test was determined). Reversibility testing was carried
out using 400 pg of salbutamol following the last spirometry post EVH test and compared with
this last spirometry (15’ post EVH test). Lung function was assessed 15’ later.

SPT

SPT for 10 common aero-allergens was performed on all subjects: grass pollen, mugwort,
plantain, birch pollen, hazel pollen, house dust mite (Dermatophagoides pteronyssinus), cat,
dog, Alternaria Alternata, Aspergillus fumigatus (HAL Allergy, Leiden, The Netherlands). An
athlete was considered to be atopic if at least one allergen was positive (= 3 mm and larger
than the negative control) (209).

Questionnaires

The AQUA® questionnaire (155, 156) as well as the asthma control test (ACT) (210) and asthma
control questionnaire (ACQ) (211) were filled in by all subjects. Additionally, a self-made
exposure questionnaire based on previous cohort studies (99, 101) was filled in to assess
presence of airway symptoms (e.g. wheezing, dyspnoea, coughing, rhinorrhoea, ...),
medication use, family history of allergies, exposures (pets, smoking, ...) and hours of sports a
week. Based on the reported sport discipline and hours of sport a week inside and outside,
athletes were subdivided into ‘indoor’ if most of the sport activities were inside, ‘outdoor’ if
most of the sport activities were outside and ‘swimming’ if the athlete was member of official
Flemish swimming club and participating at swimming competitions. An athlete was
considered to be asthmatic if the athlete confirmed that asthma was diagnosed by physician
with exclusion of pre-school wheezing (< 6 years).

Blood samples

Club cell protein (CC16) (Biovendor, Brno, Czech Republic), undiluted; surfactant protein D
(SP-D) (R&D Systems, Minneapolis, United States), 1/5 diluted; and high mobility group box 1
(HMGB-1) (Abbexa, Cambridge, United Kingdom), 1/20 diluted; were measured in serum
samples using immunoassays according to manufacturer’s guidelines.

Statistics
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A power calculation was performed based on previous study in first grade elite athletes (101),
in which atopy was present in 35% of the subjects and EVH test was positive in 27% of these
atopic subjects and 12.5% in non-atopic subjects. Therefore, a sample size of 330 athletes
(type | error: 0.05; type Il error: 0.10; power: 90%) should be sufficient to meet this objective.
Statistical analysis was performed with Graphpad Prism v.9 (San Diego, California, USA).
Normality was assessed with Shapiro-Wilk test. A Chi-square test or Fisher exact test was used
to evaluate proportions and correlations were evaluated with a Spearman or Pearson
correlation test, depending on the distribution of the data. To compare two groups, unpaired
t-test was used for parametric data and Mann-Whitney test for non-parametric data. To
compare more than 2 groups, non-parametric Kruskal-Wallis with Dunn’s multiple
comparisons test or parametric One-Way ANOVA with Bonferroni’s multiple comparisons test
was used. Multiple regression analysis was performed with SPSS v.28. If p was < 0.05 data

were considered significantly different.

3. Results

Subject characteristics

In total, 327 athletes between the age of 12 and 18 years old (median age: 15.8), performing
atleast 12 hours of sport a week, participated in the study and met the inclusion criteria (figure
1). Participant characteristics are summarized in table 1. Athletes were included amongst
different sport disciplines: winter sports (n = 3), rowing (n = 4), weight lifting (n = 6), martial
arts (n = 9), triathlon (n = 11), dance (n = 11), hockey (n = 14), multi sports (n = 20), track and
field (n = 27), soccer (n = 34), gymnastics (n = 36), (indoor) field sports (n =43), cycling (n =53)
and aquatic sports (n = 56) (figure 2).The percentage of male participants was 57%. The
median training hours a week was 14 hours and athletes had a median intense training history
(with > 10 hours of sport/week) for 4.5 years. One hundred and thirty athletes (40%) were
sensitized to at least one allergen on SPT of which 79 athletes had multiple sensitisations
(61%). The most common aeroallergen was house dust mite (n = 77), followed by grass pollen

(n =71) and birch (n =57).
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Figure 1: Included participants. Recreational athletes were recruited amongst 3 centres: Gent (AZ Maria Middelares), Hasselt
(Jessa Hospitals) and Leuven (UZ Leuven). Participants needed to be between the age of 12 and 18 years old and perform at
least 12 hours of sports a week. To ensure reliability of the results, athletes with less than 50% of target MVV were excluded.
In addition, vocal cord dysfunction (VCD) was diagnosed by physician in an athlete with positive EVH test and was therefore
excluded. Finally, although asked to not perform sport activities on the day of the study visit, some athletes did perform sport
activities within 2 hours before study visit and were excluded from the analysis due to refractory period which may influence
the outcome of EVH test.

Table 1: Subject characteristics. Data are represented median with interquartile range.

Number (n) 327

Age (years) 15.8 (14.2 -16.9)

Gender (m/f) 185/142

Height (cm) m: 174 (164 —180) = f: 164 (160 — 168)

Mass (kg) m: 60.0 (50.1 - 69.7) . f:55.7 (50.0-62.0)
BMI (kg/m?) m:19.7 (17.8 - 21.6) f:20.3 (18.7-22.0)
Atopic 130 (40%)

Of which multiple sensitisations 79 (61%)

Allergy diagnosis 106 (32%)

EIB n(%) 72 (22%)

Asthma diagnosis 45 (14%)

FEV, (L) 3.6(3-4.2)

FEV1% predicted 101 (92 -109)

FVC (L) 4.17 (3.6 -4.9)

FVC% predicted 111 (103-140)

I (%) 85 (81 — 90)

FeNO (ppb) 15 (10 - 26)

Hours of sport/week 14 (12 -17)

Training years 45(2.8-6.2)

Type of training
Indoor n(%)
Outdoor n(%)
Swimming n(%)

115 (35%)
156 (48%)
56 (17%)
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EIB, exercise-induced bronchoconstriction; Tl, Tiffeneau index (FEV1/FVC)
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Figure 2: Overview of included sport disciplines. Percentage of EIB in each sport discipline is indicated. For overview of
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included sport disciplines and percentage EIB without asthma see figure E1.

Upper and lower respiratory symptoms

The included athletes were divided into subgroups based on the type of training: indoor (n =
115), outdoor (n = 156) and swimming (n = 56). Lower airway symptoms were reported in
athletes during sport activities (figure 3A) with more than 30% reporting shortness of breath
during exercise. Wheezing and coughing during exercise were most common in swimmers
(32% and 35% respectively). Upper respiratory symptoms were often present in athletes
without specific association to sport activities (figure 3B). Particularly rhinorrhoea was most

common during exercise ranging from to 12 to 18 % of athletes amongst the different sport

disciplines.
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Figure 3: Reported airway symptoms. (A) Upper respiratory symptoms reported in athletes including wheezing, coughing
and shortness of breath: < 1/month, >1x/month or during sport activities. (B) Lower respiratory symptoms reported in
athletes including rhinorrhea, nasal obstruction, itchy nose, itchy eyes and sneezing: <1/week, >1/week, during sport

activities.

Lung function

Focusing on the lung function amongst the defined sport disciplines, FVC% and FEV1% were
significantly elevated in swimmers compared to indoor and outdoor athletes, respectively
(figure 4A, B), while the Tiffeneau index was not significantly different amongst the sport
disciplines (figure 4C). In contrast, FeNO levels were significantly elevated in outdoor athletes

compared to indoor athletes (figure 4D). The same results were obtained after excluding

athletes with asthma (figure E2).
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Figure 4: Lung function parameters. FVC% (A), FEV1% (B), Tiffeneau index (Tl) (C), and FeNO levels (D) compared between
indoor athletes (n=115), outdoor athletes (n=156) and swimmers (n=56). Kruskal-Wallis test with Dunn’s multiple
comparisons test. *p<0.05, *p<0.01.

EIB and asthma diagnosis

EIB diagnosis was found in 72 athletes (22%). Concretely, 23% of swimmers, 22% of outdoor
and 21% of indoor athletes received a positive EIB diagnosis (figure 5A). Besides, 45 adolescent
athletes (14%) mentioned a physician diagnosed asthma diagnosis (pre-school wheezing
excluded), including, 9% of swimmers, 19% of outdoor en 10% of indoor athletes (figure 5A).
Concretely, 55 EIB* athletes (76%) did not have a prior diagnosis. For EIB proportions excluding
prior asthma see figure E3. The highest proportions of EIB were found in winter athletes and
cyclists, while the lowest proportions were found in weight lifting and martial arts (figure 2).
However, no significant association with EIB diagnosis was observed for indoor versus
outdoor, aquatic versus non-aquatic athletes or endurance versus non-endurance athletes
(see supplementary figure E4). A mild EIB response (10 — 25% fall in FEV1) was found in 55
athletes, of which 11 athletes (20%) mentioned a prior asthma diagnosis. While a moderate
EIB response (25 — 50% fall in FEV1) was found in 17 athletes, of which 6 (35%) athletes
mentioned a prior asthma diagnosis. Looking at the use of inhalation medication (including
SABA/LABA and/or ICS), we found 58 athletes with a positive EVH test without any inhalation
medication (figure 5B). Within the group of athletes who received inhalation treatment, 17
athletes had a negative EIB test. Finally, inhalation medication was used in a small group of
athletes (n = 6) without asthma and/or EIB diagnosis. Specifically, this group includes
endurance sports: cyclists (n = 3), swimmers (n = 2) and rowing (n = 1). Overview of specific

inhalant or nasal corticosteroid use can be found in figure E5.

60



Chapter 5

A |:| Indoor (n=115)
------------------------------- B outdoor: (n=156)

Total: 327

. Swimming: (n=56)

] 21% of indoor (n=24)
B 22% of outdoor (n=35)

Total: 72

. 23% of swimmers (n=13)

] 10% of indoor (n=11)

0
Asthma i
EIB B 19% of outdoor (n=29) 3
o
. 9% of swimmers (n=5) =
227
Adolescent athletes
B
[ EB
EIB+ :H]m]mm Total: 72 00 Asthma
8 95 50 [M use of inhalation therapy
EIB- | ‘ Total: 255

11 17 6 221

Figure 5: EIB and asthma diagnosis in adolescent athletes. (A) Distribution of athletes with EIB diagnosis (n=72) and asthma
diagnosis (n=45) amongst recreational adolescent athletes. (B) EVH test outcome and treatment in athletes with and without
asthma.

Asthma diagnosis

We observed a significant association of having an asthma diagnosis and a household member
who smokes (p=0.0323). Specifically looking at the group of athletes with an asthma diagnosis
(n = 45), athletes with suspected typical Type 2 inflammation (defined as athletes with
previous allergy diagnosis or at least one positive SPT result)(n = 34, 75%) and suspected non-
Type 2 inflammation (n = 11, 25%) were studied (table 2) (114, 192, 212). Athletes with
suspected Type 2 inflammation had significantly higher FeNO levels and AQUA® score
compared to suspected non-Type 2 asthma (p=0.0025 and p=0.0004). We did not find a
significant association between suspected non-Type 2 asthma and the type of sport or training
intensity (training years and hours of sport a week). On the other hand, we found a significant
association of asthma diagnosis and performing outdoor sport discipline (19% of outdoor

athletes vs 9% of non-outdoor athletes, p=0.0165).
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Table 2: Characteristic of adolescent athletes with suspected Type-2 and non-Type 2 asthma (114, 192, 212).

Type 2 asthma N::;D:: 2 P-value
Number (n) 34 11
EIB+ n (%) 7 (21%) 2 (18%) 0.9999
Endurance n (%) 17 (50%) 3(27%) 0.2972
Type
Indoor 7 (21%) 4 (36%)
Outdoor 23 (67%) 6 (55%) 0.6420
Swimmers 4 (12%) 1 (9%)
Training hours/week 13 (12 -16) 14 (12 - 18) 0.5922
Training years 5.1(3.5-6.3) 6.6 (3.4-10.9) 0.3637
Wheezing during exercise 20 (59%) 6 (54%) 0.9999
Shortness of breath during exercise Y 25 (74%) 10 (91%) 0.4087
FeNO (ppb) 26 (16 — 46) 12 (8 - 15) 0.0025
AQUA score 18 (13 -21) 7 (4-14) 0.0004
ACT score 20 (18 - 25) 23 (22 - 24) 0.2253
ACQ score 0.5(0-1.3) 0.5(0-0.7) 0.5801
Household member who smokes 8 (24%) 1 (9%) 0.4157

Data is represented as mean with standard deviation for parametric data and median with interquartile range for non-
parametric data and analysed with unpaired t-test or Mann-Whitney test, respectively. Categorical variables were analysed
with Chi-square test.

AWheezing during exercise was assessed with following question: ‘Do you suffer from wheezing during exercise?’

Y Shortness of breath was assessed with following question: ‘Do you feel short of breath during exercise?’

Validation atopy — FeNO — AQUA

This independent cohort of adolescent athletes was used to validate our previous obtained
results on the ability of AQUA® and FeNO to predict atopy (table E1). Indeed, FeNO and
AQUA® were able to predict atopy with AUC of 0.764 (p<0.0001) and 0.734 (p<0.0001),
respectively. A cut-off of 15 ppb had a sensitivity of 75% and specificity of 61% (p<0.0001). For
an AQUA® score of 6, we found a sensitivity of 84% and specificity of 46% (p<0.0001). The
sensitivity of the cut-off of 15 ppb increases to 80% to detect multiple sensitisations, with a
specificity of 54% (p<0.0001). Also within in the group of asthmatic athletes we found an
excellent sensitivity of 92% and a specificity of 63% (p=0.0002) to predict atopy.

Associations with EIB

We next assessed whether atopy and other factors are associated to EIB in our cohort (table
3). The age of the EIB* athletes was significantly lower compared to EIB™ athletes. We
furthermore found significantly lower Tiffeneau index and more athletes with a previous
asthma diagnosis in the group of athletes with EIB. The reversibility post EVH test was

significantly higher in athletes with EIB compared to athletes without EIB. Furthermore, this
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reversibility significantly correlated with maximal fall in FEV1(%) within EIB* athletes (r=-
0.4416, p=0.0001) and with AUC post EVH test (r=0.5111, p<0.0001). Considering symptoms
during exercise, both shortness of breath and wheezing were associated with EIB. In addition,
being atopic, mono- or with multiple sensitisations or having a previous allergy diagnosis was
significantly associated with EIB. Also, our previously defined predictors of atopy, AQUA® and
FeNO were significantly associated with EIB. Finally, ACQ score was significantly lower in EIB*

athletes compared with EIB™ athletes.

Table 3: Characteristics of adolescent athletes with EIB and without EIB.

EIB- EIB+ P-value
Number 255 72
Gender (m/f) 138/117 47/25 0.1065
Age (years) 156+1.8 15.1+1.8 0.0455
BMI (kg/m?) 20.6 £3.0 20.0+2.7 0.0929
Lung function
FVC% predicted 102.2+£12.8 104.4 £13.3 0.3713
FEV1% predicted 100.7 £13.3 100.3+13.4 0.5156
Tl (%) 85.7+6.6 83.2+6.2 0.0048
Reversibility post EVH test (%) 43(1.2-7.2) 12.0 (5.8 -18.4) | <0.0001
Achieved target ventilation (%) 103.1£20.6 102.1+£17.0 0.6991
AUC post EVH test 43 (17 - 68) 184 (129 —244) | <0.0001
Asthma diagnosis 31 (12%) 17 (24%) 0.0226
Symptoms during exercise
Shortness of breath? 103 (40%) 40 (56%) 0.0309
Wheezing4 78 (31%) 28 (39%) 0.0308
Atopic state
Atopic 160 (63%) 56 (78%) 0.0171
Multiple sensitisations 49 (19%) 30 (42%) 0.0002
Allergy diagnosis 76 (30%) 34 (47%) 0.0073
AQUA score 8 (3-14) 12 (6-17) 0.0010
FeNO (ppb) 14 (10-23) 22 (12-45) 0.0006
Frequent upper airway infection 56 (22%) 15 (21%) 0.9999
Allergic family member 173 (68%) 50 (69%) 0.9999
Serum markers epithelial damage
CC16 (pg/mL) 7.40 (5.58-9.83) 6.53 (4.90-8.34) | 0.0768
HMGB1 (pg/mL) 2520 (1528-4560) | 2984 (1478-5686) | 0.4330
SP-D (ng/mlL) 6.52 (4.86-8.14) 7.21 (5.66-9.55) | 0.0631
ACQ 25 (24-25) 24.5 (22-25) 0.0041
ACT 0(0-1) 0(0-2) 0.0582

Data are shown as mean with standard deviation (normal distributed) or median with interquartile range (not normal
distributed) and analysed with unpaired t-test or Mann-Whitney test, respectively. Categorical variables were analysed with
Chi-square test. EIB, exercise-induced bronchoconstriction; T, Tiffeneau index

AWheezing during exercise was assessed with following question: ‘Do you suffer from wheezing during exercise?’

Y Shortness of breath was assessed with following question: ‘Do you feel short of breath during exercise?’
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Performance of identified associations

Significant associations were identified between EIB diagnosis and previous asthma diagnosis,
symptoms during exercise (shortness of breath and wheezing), atopic state, allergy diagnosis,
AQUA® score, FeNO levels and ACQ score. Next, we wanted to assess the individual
effectiveness of each factor to predict EIB (table 4). For the analysis without asthmatics (n =
48), see table E2. The highest sensitivity was found for AQUA® scores > 5 and > 6 (81%,
p=0.0207 and 78%, p=0.0171). Whereas the highest specificity was found for wheezing during
exercise (82%, p=0.0002), followed by multiple sensitisations (81%, p=0.0002) and FeNO > 25
ppb (78%, p=0.0003). Furthermore, FeNO negatively and significantly correlated with maximal
fall in FEV1 post EVH test (r=-0.2735, p=0.0056) and with AUC post EVH test r=0.3476,
p=0.0028) in atopic athletes specifically, indicating that athletes with higher FeNO levels have
a deeper fall in FEV1. Combing these factors in a multiple logistic regression analysis with EIB
diagnosis as independent variable, we found wheezing during exercise and FeNO to be
significant factors within athletes without asthma (n = 282) and the whole group of athletes
(n=327), respectively (table E3, E4). In both regression analyses, age and BMI were considered

to be significant factors in the outcome of EVH test.

Table 4: Predictive factors for a diagnosis of EIB in athletes.

Odds ratio 95% ClI Sensitivity | Specificity | P-value
Symptoms during exercise
Shortness of breath” 1.8 1.1-3.1 56% 60% 0.0309
Wheezing4 3.0 1.7-5.2 40% 82% 0.0002
Atopic state
Mono 2.1 1.2-3.6 54% 64% 0.0062
Multiple 3.0 1.7-5.3 42% 81% 0.0002
Allergy diagnosis 2.1 1.2-3.6 46% 71% 0.0069
AQUA score
25 2.1 1.1-3.9 81% 34% 0.0207
26 2.1 1.1-3.8 78% 37% 0.0171
FeNO
> 15 ppb 2.2 1.2-3.8 68% 51% 0.0051
> 20 ppb 2.4 1.4-4.2 54% 67% 0.0014
2 25 ppb 2.8 1.6-49 44% 78% 0.0003
Asthma diagnosis 0.4 0.2-0.9 12% 76% 0.0226

P-value, odds ratio, 95% Cl, sensitivity and specificity were determined via a Fisher's exact two-tailed test.
AWheezing during exercise was assessed with following question: ‘Do you suffer from wheezing during exercise?’

Y Shortness of breath was assessed with following question: ‘Do you feel short of breath during exercise?’
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Serum epithelial damage markers

Markers of epithelial damage were measured in collected serum samples of EIB* athletes (n =
67) and similar number of EIB athletes (n = 77). There was no significant difference in serum
CC16, HMGB1 and SP-D levels in EIB* athletes compared with EIB" athletes (table 3). Moreover,
significantly different serum levels of CC16 were measured amongst different sport
disciplines, with highest levels measured in swimmers (median: 8.2 pg/mL, p=0.0210)(figure
6A). Furthermore, serum HMGB1, a DAMP released after epithelial damage, significantly and
positively correlated with the number of intense training years (r=0.2654, p=0.0013)(figure
6B), driven by outside athletes (table E5). Besides, serum SP-D levels were significantly
different amongst EIB™ athletes, athletes with moderate EIB and athletes with mild EIB (7.4
pg/mL vs 4.5 pg/mL, p=0.0429)(figure 6C).
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Figure 6: Serum epithelial damage markers in adolescent athletes. (A) CC16 levels (pg/mL) in indoor, outdoor athletes and
swimmers. (B) Correlation between training years and serum HMGB1 (pg/mL) in outdoor (green), indoor (yellow) athletes
and swimmers (blue). (C) Serum surfactant D (SP-D) (ng/mL) levels in EIB- athletes, mild (10 - 25% max. fall in FEV;) EIB+
athletes and moderate (25 — 50% max. fall in FEV;) EIB+ athletes. Kruskal-Wallis test, Spearman correlation, Kruskal-Wallis
test. CC16, club cell protein; HMGB1, high mobility group box 1; SP-D, surfactant protein D.
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4. Discussion

In this study, 14% of adolescent athletes reported an asthma diagnosis, 40% of athletes were
atopic and 22% of athletes tested positive for EIB. Of these EIB* athletes, 80% of athletes were
not treated with any inhalation therapy and 76% did not receive a prior asthma diagnosis,
which is often used interchangeably in real-life practice to describe a similar clinical entity of
EIB. These data indicate that there might be a need to better identify athletes at risk for EIB.
Investigating different factors linked to EIB, the highest sensitivity was found for an AQUA®
score of 5 and 6 and highest specificity was found for reporting wheezing during exercise,
multiple sensitisations and FeNO = 25 ppb. Serum markers of epithelial damage were not able
to differentiate EIB* and EIB™ athletes, but were associated to training type, training intensity
and EIB severity.

Elite athletes frequently report respiratory symptoms (201). Also, this population of
recreational adolescent athletes reported specific symptoms of lower airways during exercise,
including shortness of breath, coughing and wheezing. The highest symptom rate was found
for swimmers. These symptoms can be related to the external environment surrounding the
athletes like exposure to chorine by-products for swimmers (213).

Asthma was found in 14% of included adolescent athletes and was significantly associated
with outdoor athletes. In line, we found significant elevated FeNO levels in outdoor athletes
compared to other sport disciplines. The prevalence of self-reported asthma among elite
athletes described in literature is about 17% (214). As suggested in literature, athletes with
asthma can divided into 2 different endotypes: Type 2 and non-Type 2 inflammatory disease
(114, 212). Similarly as Rasmussen et al. we were not able to identify any significant
associations between suggested non-Type 2 asthma and endurance sports (192). Suggested
Type 2 asthma was the most frequent asthma endotype (75%) with elevated AQUA® score
and FeNO levels compared with suggested non-Type 2 asthma. However, 25% of the athletes
had non-Type 2 asthma, which is higher than expected in this young population. This suggests
that intense training in young athletes may be in relation to asthma development.
Furthermore, we were able to find a significant association between asthma diagnosis and
having a smoking household member in our young athletes, which is in line with the fact that

household smoking is considered to be a risk factor for childhood asthma in general (215).
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EIB diagnosis was found in 22% of athletes, which is in line with the meta-analysis of Price et
al. investigating lower airway dysfunction in athletes (15 -65 years)(189). Indeed, the lowest
incidence was found in weight lifting and martial arts versus winter sports and cycling. Several
studies already showed a high prevalence of atopy in athletes and indicated that this might be
a risk factor for asthma and/or EIB (153, 216, 217). In our cohort of adolescent athletes, we
indeed found a significant association between atopy and EIB. However, when athletes with
prior asthma diagnosis were excluded from the analysis, this association was no longer
significant. This suggests that atopy might be associated specifically to Type 2 inflammation
seen in most of asthma patients. Of note, this can also be due to the relatively low number of
subjects remaining in the group of athletes without asthma. Both, FeNO and AQUA®
guestionnaire, were validated in this study to be used as screening tool for atopy in young
athletes, obtaining similar results for FeNO and even better sensitivity for AQUA®.
Surprisingly, we did not find a significant association between having EIB and the type of
training. In literature it is widely accepted that high risk sports are endurance sports with
elevated risk when athletes are exposed to additional external triggers like cold air or chlorine
by-products (115). This could be explained by the fact that the training intensity of these
recreational athletes might not yet be achieving the same effects compared to elite athletes
or due to lack of power. We cannot exclude selection bias by which athletes with more
respiratory symptoms could be more attracted to participate in current study protocol.
Another limitation includes the lack of airway samples such as induced sputum samples to
study more in depth the underlying cellular inflammation and/or mechanisms of EIB.
However, although intended, due to restrictions of Covid-19 pandemic, those samples could
not be collected. Finally, we are aware of the limitation that no baseline reversibility test was
performed to diagnose asthma, due to practical circumstances that all tests could be
performed within one study visit, enabling study accessibility for athletes to participate.
Moreover, also asthma by self-reporting can be under-diagnosed in this population of young
athletes.

The medical screening of young athletes does not yet include an exercise test or EVH test to
diagnose EIB. It would not be cost-effective if this is performed in every athlete. Therefore,
different factors were studied in association with EIB in order to refer the subject at risk for
further testing. As also demonstrated by others, we found a significant association with a

previous asthma diagnosis (137, 139). A significant association was found for, allergy
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diagnosis, symptoms during exercise (wheezing and shortness of breath), AQUA® score, FeNO
levels and multiple sensitisations. Bougault et al. also identified self-reported exercise-
induced symptoms and sensitisation to at least 5 allergens to be predictive for EIB in soccer
players (136). However, FeNO levels were not measured. We found that FeNO measurement
can be helpful to identify EIB especially in atopic athletes as FeNO levels were significantly
associated to EVH response in the latter specifically. Similarly, Rouhos et al. found only in
atopic patients an association of FeNO with bronchial hyperresponsiveness measured by
histamine and exercise test (218). To the best of our knowledge, this was not demonstrated
before in a cohort of adolescent athletes. These results suggest that in atopic and non-atopic
athletes with EIB other mechanisms are important (219). As we demonstrated in our previous
study that FeNO level of > 15 ppb have higher sensitivity for atopic athletes with multiple
sensitisation, it is not surprisingly that FeNO levels as well as being atopic with multiple
sensitisations are both significant predictors for EIB (220). Furthermore, we found in the
multiple regression analysis a significant negative coefficient for age, suggesting that there
might be a dropout of older adolescent athletes with EIB not achieving intended results or the
EIB might be transient in nature. We found that having a higher BMI also is a risk factor for EIB
in these recreational athletes.

In our previous study in elite adolescent athletes, serum CC16 levels correlated with drop in
FEV1 post EVH test (101). However, we were not able to validate this observation in this
population of recreational athletes, nor in our population of early-career elite athletes (200).
However, However we identified elevated levels of serum CC16 in swimmers compared with
other sport disciplines. Even though the training hours a week were significantly higher in
indoor athletes compared with outdoor athletes and swimmers. This suggests increased
epithelial damage in swimmers, as a result of exposure to products of chlorination. Also others
demonstrated increased levels of epithelial damage in competitive swimmers (99, 104).
Furthermore, we identified a significant and positive correlation between serum levels of the
alarmin HMGB1 and training years, indicating that longer intense training period is associated
with increased alarmin release. Indeed, it was demonstrated that high-intensity exercise
modulates systemic release of HMGB1 (221). Besides, serum SP-D was significantly elevated
in athletes with a moderate EIB response compared with a mild EIB response. As for EIB, the
underlying mechanism is thought to be mechanical stress onto the airway, this elevated

marker of epithelial damage may explain a more severe response to EVH test.
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In practice, specific questions regarding symptoms during exercise can easily be added to
medical screening. To translate these findings, we would suggest to start with the question
‘Do you suffer from wheezing during exercise?’, followed by the use of AQUA® (figure 7A). As
AQUA® measurement is easy and at low cost and demonstrated good sensitivity for EIB (78%),
with however poor specificity (37%). Accordingly, Allen et al. also suggested AQUA® to be
used as an initial form of assessment to rule out EIB (159). Those steps can easily be
implemented to identify athletes that are more prone to have EIB. This selected group of
athletes can then be referred to perform allergy testing. Atopic athletes can be referred to
undergo an EVH test or exercise challenge to confirm the presence of EIB, after excluding
asthma like in the algorithm of Boulet et al. in New England Journal of Medicine (100).
Alternatively, only athletes with multiple sensitisations (figure 7B) can be referred specifically
to improve specificity or FeNO levels (figure 7C) can be used to detect atopy. Alternative
approaches are summarized in table E6. However, these approaches demonstrated that there
is still a lack to identify non-atopic EIB* athletes without wheezing. Further research is needed

to better understand the underlying mechanisms in these athletes.

In conclusion, 76% of adolescent recreational athletes are still underdiagnosed for EIB and
consequently not monitored for EIB. Proper identification would allow optimal management
of these young athletes. To identify athletes with possible undiagnosed EIB, the question of
wheezing during exercise and AQUA® questionnaire can be added to annual medical screening

follow-up.
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Figure 6: Suggested flow diagrams to identify EIB+ adolescent athletes. (A) 62% of EIB+ athletes were identified using ‘wheeze during exercise’, AQUA® questionnaire and atopy testing. Of all
referred athletes for further testing, 31% will test positive. (B) 58% of EIB+ athletes were identified using ‘Wheeze during exercise’, AQUA® questionnaire and multiple sensitisation testing. Of
all referred athletes for further testing, 37% will test positive. (C) 65% of EIB+ athletes were identified using ‘wheeze during exercise’, FeNO and atopy testing. Of all referred athletes for further
testing, 34% will test positive.
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Figure E1: Overview of included sport disciplines without asthma. Percentage of EIB in each sport discipline is indicated.
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Figure E2: Lung function parameters without asthma. FVC% (A), FEV1% (B), Tiffeneau index (Tl), (C) and FeNO levels (D)
compared between indoor athletes (n=104), outdoor athletes (n=127) and swimmers (n=51). Kruskal-Wallis test with Dunn’s

multiple comparisons test. *p<0.05, *p<0.01.
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Figure E3: EIB diagnosis in adolescent athletes without asthma. Distribution of different sport disciplines amongst
adolescent athletes and EIB+ athletes without asthma.
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Figure E4: Associations of sport specific characteristics with EIB (A) Associations within whole group of athletes (n=327) for
indoor without swimmers (n=115) versus outdoor (n=156) sport disciplines; aquatic (n=56) versus non-aquatic sport
disciplines (n=271); and endurance sport (n=127) versus non-endurance sport disciplines (n=200). (B) Associations within
athletes without asthma diagnosis (n=279) for indoor without swimmers (n=118) versus outdoor (n=128) sport disciplines;
aquatic (n=33) versus non-aquatic sport disciplines (n=246); and endurance sport (n=107) versus non-endurance sport
disciplines (n=172). Fisher exact test.
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28 6 221

Figure E5: EVH test outcome and treatment in athletes with and without asthma. (A) Reported use of inhalation
corticosteroids (ICS), (B) Reported use of inhalation or nasal corticosteroids (CS), (C) Reported use of nasal CS, expressed
number of athletes.
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Table E1: Diagnostic accuracy of AQUA© and FeNO for atopy

AQUA score Atopic (n=130) Non-atopic P-value Sensitivity Specificity
(n=197) (%) (%)
25 112 115
<t 18 2 <0.0001 86 42
26 109 107
<6 1 30 <0.0001 84 46
FeNO (ppb) Atopic (n=130) Non-atopic P-value Sensitivity Specificity
(n=197) (%) (%)
215 98 77
<1t ) 120 <0.0001 75 61
>20 81 41
<20 29 o6 <0.0001 62 79
>25 67 21
Y. ) 76 <0.0001 51 90
FeNO (ppb) Atopic (22 Non-atopic and P-value Sensitivity Specificity
sensitisations, atopic (1 (%) (%)
n=79) sensitisation,
n=248)
>15 63 112
<1t T 36 <0.0001 80 54
220 52 70
<20 7 178 <0.0001 66 72
225 45 43
<ot 32 205 <0.0001 59 83
P-value, sensitivity and specificity were determined via a Fisher’s exact two-tailed test.
Table E2: Predictive factors for a diagnosis of EIB in athletes without asthma.
Odds ratio 95% ClI Sensitivity | Specificity | P-value
Symptoms during exercise
Shortness of breath 1.9 1.1-3.6 51 65 0.0308
Wheezing 2.9 1.5-5.8 33 86 0.0028
Atopic state
Mono 1.8 0.-9-33 47 67 0.0618
Multiple 2.6 1.4-5.0 36 82 0.0054
Allergy diagnosis 0.5 09-1.0 62 24 0.0419
AQUA score
25 1.8 09-3.3 73 40 0.1190
26 1.8 0.9-3.3 72 40 0.1190
FeNO
2 15 ppb 1.7 1.0-3.2 62 52 0.0734
220 ppb 2.1 1.2-40 49 69 0.0168
2 25 ppb 2.2 1.7-4.0 36 79 0.0218

P-value, odds ratio, 95% Cl, sensitivity and specificity were determined via a Fisher’s exact two-tailed test.
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Table E3: Multiple logistic re

gression analysis in adolescent athletes without asthma.

B S.E. Wald df Sig. Exp(B)
FeNO 0.013 | 0.008 | 3.047 1 0.081 1.013
AQUA 0.009 | 0.027 | 0.106 1 0.745 1.009
Wheezing during 0.852 0.383 | 4.944 1 0.026 2.344
exercise
Polysensitisation 0.065 | 0.128 | 0.258 1 0.611 1.067
Age -0.296 | 0.104 | 8.072 1 0.004 0.744
BMI 0.190 | 0.066 | 8.337 1 0.004 1.209
Constant -1.390 | 1.434 | 0.940 1 0.332 0.249

Independent variable: EIB diagnosis
Table E4: Multiple logistic regression analysis in adolescent athletes.

B S.E. Wald df Sig. Exp(B)
FeNO 0.017 0.007 6.110 1 0.013 1.017
AQUA 0.152 | 0504 | 0090 | 1 | 0.764 | 1.164
Wheezing during 0.601 0.332 3.271 1 0.070 1.824
exercise
Polysensitisation 0.093 | 0.151 | 0.376 1 0.540 1.097
Age -0.298 | 0.097 | 9.486 1 0.002 0.742
BMI 0.187 | 0.060 | 9.728 1 0.002 1.205
Asthma 0.618 | 0407 | 2297 | 1 | 0.130 | 1.854
Constant 41334 | 1350 | 0976 | 1 | 0.323 | 0.263

Independent variable: EIB diagnosis

Table E5: Correlation between serum HMGB1 and training years

Training years Pearsonr | P-value
Indoor athletes 0.2182 0.3278
Outdoor athletes 0.3953 0.0048
Swimmers 0.0631 0.9806

P-values were corrected by Bonferroni multiple testing.

Table E6: Alternative proposed components of flowcharts to identify EIB+ adolescent athletes.

Chapter 5

EIB+
% % of EIB+
athletes/total .
positive athletes
referred . . g
testing identified
Components flowcharts athletes
Wheezing during exercise AQUA score >6 59/223 26 82
Wheezing during exercise AQUA score >6 > 3 sensitisations 36/105 34 50
Wheezing during exercise AQUA score 26 > 4 sensitisations 32/92 35 44
Wheezing during exercise FeNO 2 15 ppb Multiple sensitisations 42/111 38 58
Wheezing during exercise Prev!ous al!ergy FeNO > 15 ppb 43/117 37 60
diagnosis
Wheezing during exercise Prev!ous aII_ergy FeNO > 20 ppb 40/104 38 56
diagnosis
Wheezing during exercise Prev!ous al!ergy FeNO 2 25 ppb 38/96 40 53
diagnosis
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Chapter 6

1. Abstract

Rationale: Participation in high-intensity exercise in early life might act as stressor to the
airway barrier.

Objectives: To investigate the effect of intense exercise and associated exposure to air
pollution on the airway barrier in adolescent elite athletes compared with healthy controls
and to study exercise-induced bronchoconstriction (EIB) in this population.

Methods: Early-career elite athletes attending “Flemish-Elite-Sports-Schools” (12-18 years) of
4 different sport disciplines (n=90) and control subjects (n=25) were recruited. Presence of EIB
was tested by the eucapnic voluntary hyperventilation (EVH) test. Markers at mRNA and
protein level; RNA-sequencing; carbon load in airway macrophages were studied on induced
sputum samples.

Results: 444 genes were differentially expressed in sputum from athletes compared with
controls, which were related to inflammation and epithelial cell damage and sputum samples
of athletes contained significantly more carbon loaded airway macrophages compared with
controls (24%, 95% Cl: 20-36, p<0.0001). Athletes had significantly higher substance P (13.3
pg/mL, 95% Cl: 2.0-19.2) and calprotectin (1237 ng/mL, 95% Cl: 531-2490) levels as well as IL-
6, IL-8 and TNF-a mRNA levels compared with controls (p<0.05). The incidence of EIB in
athletes was 9%. The maximal fall in FEV1(%) after EVH test in athletes was significantly
associated with prior PM1g and PMys exposure.

Conclusion: Early-career elite athletes showed increased markers of air pollution exposure,
epithelial damage and airway inflammation compared with controls. Acute exposure to

increased air pollution PM1o levels was linked to increased airway hyperreactivity.
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2. Introduction

Although regular physical activity is of utmost importance to prevent worsening of asthma
and other chronic diseases (24), excessive physical activity may induce a stress reaction in the
airways resulting in epithelial damage and inflammation (222). It is known that exercise itself
can induce bronchoconstriction in otherwise healthy subjects. This phenomenon is called
exercise-induced bronchoconstriction (EIB) and is defined as a transient, reversible airway
narrowing occurring during or after exercise (110). Elite athletes have a high risk to develop
EIB, ranging from 30 to 70% of the athletes (94). Endurance sports and sports in combination
to environmental factors such as chlorine or cold air are linked to the appearance of EIB (119,
223). Indeed, the I0C systematic review and meta-analysis found the highest prevalence of
lower airway dysfunction in endurance (25.1%), aquatic (39.9%) and winter (29.5%) athletes
(189). Several mechanisms contributing to EIB have been described: airway cooling-
rewarming, airway dehydration, epithelial cell damage resulting in the release of different
inflammatory mediators and neurogenic inflammation (93). Worldwide, different school
programs exist, with the aim of selecting and training future elite athletes already at a young
age. Furthermore it has been demonstrated that EIB can already be present early on in the
sports career or during adolescence (101, 127).

The relationship between air pollution, EIB and elite sports has not been extensively studied.
Nowadays, in high traffic areas, air pollution is a major issue and the negative effects of
pollutants on the airways have been shown repeatedly (109, 224). It appears to be related to
increased oxidative stress and inflammation in airways as well as systemic inflammation, even
compromising sports performance (225, 226). During exercise, ventilation increases up to
150 L/min in healthy adults and even beyond 200 L/min in elite athletes, resulting in an
elevated inhalation and exposure of potential harmful environmental triggers (94, 227, 228).
The term air pollution includes particulate matter (PM) and gaseous compounds like ozone
(03) (229). PM is categorized based on particle seize: PM1p (<10 um), PM2s (<2.5 um), and
ultrafine particles (<0.1 um). Daigle et al already demonstrated increased ultrafine carbon
deposition during exercise compared with rest (230), and McDonnell et al demonstrated a
decrease in FEV1 after exercise in exposure of O3 compared with the same exercise performed

in a filtered air environment (231).
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Sputum induction is an important non-invasive tool of airway sampling (232). Furthermore,
transcriptomic analysis on these sputum samples by next-generation sequencing (RNA-Seq)
allows high-throughput and detailed characterisation of gene expression profiles (233). In this
way we wanted to study the inflammatory response to exercise and associated environmental
exposures (in particular air pollution) in early-career athletes, since the potential of repetitive
bouts of high intensity exercise may lead to chronic inflammation, compared with healthy
controls. We hypothesize that the increased ventilation rate of adolescent elite athletes, in a
strongly polluted area as Belgium, is associated with airway hyperreactivity and is reflected in

their transcriptomic pattern.

3. Methods

Subjects

Early-career elite athletes of the 4 most prevalent sport disciplines attending “Flemish Elite
Sports’ Schools” (12-18 years) were recruited. An overview of the number of athletes per sport
discipline in each Elite Sports’ Schools is presented in Figure 1A. Athletes were included in this
study from January 2019 until December 2019. Control subjects, performing less than 6 hours
of sport/week, were recruited to and included from January 2020 until March 2021 (Figure
1b). Athletes received one visit at their Elite Sports’ Schools. The study visit of control subjects

was performed in UZ Leuven.

A B

Elite Sports’ Schools Control subjects
Antwerp N=32

24 basketball players
14 football players
14 swimmers

Excluded:
* Poor performance of baseline

Elite Sports’ Schools spirometry (n=1)

Leuven « Poor performance EVH test (n=1)
| 24 football players —*| + Exhaustion (n=1)
» Elevated FeNO + symptoms on
Elite Sports’ Schools baseline (n=3)
Vilvoorde » Mild obstruction + symptoms on

baseline (n=1)

l 14 volleyball players

Included

Included early-career

elite athletes™
N=90

Control subjects
N=25

Figure 1: Recruited subjects. (A) Included athletes (n=90) in elite Sports’ Schools in Antwerp, Leuven and Vilvoorde. * none
were excluded. (B) Included controls (n=25). Exclusion criteria are shown.
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Study design
The study design is presented in Figure 2. The study protocol was approved by the Ethical
Committee of KU/UZ Leuven (S61602) and is registered on clinicaltrials.gov (NCT03587675).

Study visit

Blood sample
FeNO
Spirometry

0 EVH test g
| Spirometry 1’, 5°, 10°, 15 after EVH test |
i Reversibility with Salbutamol

Skin prick test

Questionnaires

Sputum induction

Lag 0
Lag 6 1 week 9

air pollutants data

Figure 2: Study design. Demonstrating order of different interventions at the study visit. EVH, eucapnic voluntary
hyperventilation.

FeNO

FeNO levels were measured with portable device “Niox Vero” (Accuramed, Belgium), recorded
in parts per billion (ppb).

Spirometry & Eucapnic voluntary hyperventilation test

Spirometry was performed using a portable spirometer (Spirolab Il Spirometer, MIR). The
eucapnic voluntary hyperventilation (EVH) test (EucapSys, SMTEC, Switzerland) was
performed according to ATS guidelines and adapted for this young age group (101, 130).
Briefly, subjects inhaled a dry air mixture containing 5% CO; at room temperature for 6
minutes. The target ventilation to be maintained was 21xFEV1, equivalent to 70% of MVV. The
EVH test was considered to be positive if the fall in FEV1 > 10% at one of the time points (1’,
5’, 10’, 15’) after the EVH test (the measurement after 1’ not taken into account). After the
EVH test, reversibility testing was done using 400 pg of salbutamol.

Skin prick tests

A skin prick test for 9 common aero-allergens was performed on all subjects: grass pollen,
mixed tree pollen (hazel, birch and alder), birch pollen, weed pollen, house dust mite
(Dermatophagoides pteronyssinus), cat, dog, Alternaria Alternata, Aspergillus fumigatus (HAL
Allergy, Leiden, The Netherlands). A subject was considered to be atopic if at least one allergen

was positive (2 3mm and at least the size of the histamine control) (209).
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Questionnaires

The AQUAO questionnaire (155, 156) as well as the asthma control test (ACT) (210) were filled
in by all subjects. Additionally, a self-made exposure questionnaire, based on previous cohort
studies (99, 101) was filled in to assess presence of airway symptoms (e.g. wheezing,
dyspnoea, coughing, rhinorrhoea, ...), medication use, family history of allergies and exposure
at home (pets, smoking) and hours of sports a week.

Sputum induction

Subjects inhaled salt solutions of respectively 3%, 4% and 5% during 7 minutes each. After
inhalation, sputum was collected by spitting in a collection tube and processed by the selected
plug method, to minimize contamination with saliva, like previously described (99, 182, 234—
236). Sputum induction was not performed in swimmers, due to lack of consent in that
particular sport branch. Cytospins (Shandon cytocentrifuge) were prepared from 12500 and
25000 sputum cells for differential cell counts and were stained with Diff-Quik. The remaining
cells were lysed for mRNA analysis at -80°C. The sputum supernatants were stored at -80°C
for further analysis.

Sample analysis

Carbon load in airway macrophages

Black carbon (BC) load in airway macrophages was determined as previously described by Bai
et al (237). Briefly, digital images of 25 randomly selected airway macrophages from each
cytospin slide were obtained at 1000x magnification. Cells were manually delineated and the
Imagel software (NIH, Maryland, US) automatically counted the number of particles and
percentage area occupied by black carbon in the indicated area. The percentage of loaded
macrophages was determined manually.

RNA isolation, cDNA synthesis, gPCR

Sputum levels of chemokines (CCL3, IL-8), cytokines (IL-1a, IL-1B, IL-6, IL-17A, IL-17F, IFN-y,
TNF-a), tight junctions (CLDN1, CLDN15, OCLN, ZO-1) and enzymes (CHIT1) were measured
using real time gPCR.(99, 182, 234-236) More information can be found in Supplementary
Material and Methods.

RNA-Seq

Sequencing of mMRNA was performed on, respectively, the lllumina 4000 (lllumnia, San Diego,
USA). A detailed description on library preparation, bioinformatics processing and differential

gene expression analysis is available in online data supplement.
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Serum and sputum supernatant biomarker analysis

Serum clara cell protein 16 (CC16) and uric acid levels; and sputum supernatant uric acid,
surfactant protein D (SpD), human high mobility group protein B1 (HMGB1) and substance P
were measured by ELISA. More information can be found in Supplementary Material and
Methods.

Environmental exposure data

The average air pollution data, more specifically PM2.s, PM10, BC and Oz were obtained from
“Belgian Interregional Environment Agency” (IRCEL). Average regional levels of these marker
for each athlete’s Elite Sports’ School/boarding school address were estimated using a spatial
temporal interpolation method. For control subjects the residence address was used. This
model provides interpolated daily pollutant values in 4x4 km? grids from the Belgian
telemetric air quality networks. Individual daily mean concentrations (ug/m3) were calculated
during a 7-day period prior EVH testing. The average outdoor temperature and humidity were
obtained from “Royal Meteorological Institute of Belgium” (RMI). Environmental data were
used to evaluate the association with response to EVH test. Exposure levels of each pollutant
were divided into 3 subgroups based on data display IRCEL and WHO guidelines (2019): PM3 s
low (<10 pg/m?3), immediate (10-25 pg/m?3) and high (>25 pg/m3); PMio low (<20 pg/m?3),
immediate (20-50 pg/m?3) and high (>50 pg/m3); Os low (<50 pg/m?3), immediate (50-100
pg/m?3) and high (>100 pg/m?3).

Statistical analysis

Statistical analysis was performed with Graphpad Prism 9 (Graphpad Software Inc, San Diego,
USA). Normality was tested with Shapiro-Wilk test. To compare the means of two normally
distributed groups, parametric t-tests were used, if not normally distributed, the Mann-
Whitney test was used. Welch’s correction was applied to correct for unequal sample size.
Bonferroni was applied to correct for multiple testing. For normally distributed data one-way
ANOVA with Tukey's multiple comparisons test was used to compare a parameter between
more than 2 groups, the Kruskal-Wallis test with Dunn's multiple comparisons test for non-
normally distributed data. Contingency tables were tested with Fisher’s exact test, or Chi-
square test. Correlation was studied by the Pearson or Spearman correlation test, depending
on normality. IBM SPSS Statistics (SPSS, Chicago, USA) was used for linear regression analysis.
The absolute value of the maximal fall in FEV1 was log-transformed to obtain

homoscedasticity. To investigate the association between the maximal fall in FEV1 and air
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pollution exposures, we adjusted the models for age-squared, gender, BMI, atopic state,
humidity and temperature. Since the dependent variable (maximal fall in FEV1) was log
transformed, the resulting regression coefficients and their 95% confidence intervals were
transformed to [107(B — 1) x 100]. This transformation allows interpreting the coefficient as
the percentage of change in maximal fall in FEV1. A difference was considered significant when

p<0.05.

4. Results

Subject characteristics

Ninety adolescent elite athletes from 4 different sport disciplines were recruited: basketball
(n=24), football (n=38), volleyball (n=14) and swimming (n=14) and 25 healthy controls
between the age of 12 and 18 were included. An overview of the subject characteristics is
shown in table 1. All athletes performed sport activities on a high level, with a median training
load of 18 to 21 hours/week. Baseline FEV1% predicted of all athletes exceeded 80%, except
for 1 football player previously diagnosed with asthma by physician having a FEV1% of 69%.
Significantly higher baseline FEV1% and FVC% predicted values were observed in swimmers
(mean * SD: 121% * 11) compared with all other sport disciplines and controls. In addition,
thirty-three of 90 early-career athletes (37%) were atopic, mostly to grass pollen (n=25/33),

followed by house dust mite (n=22/33), of which 25 were poly-sensitized.

Table 1: Subject characteristics
Sport disciplines

Control Basketball | Football | Volleyball

. Athletes @ P-value Swimmers
subjects players players players
Number (n=) 25 90 24 38 14 14
15.59 + 15.53 15.88 + 15.39 + 16.64 14.21 +
Age (years) 1.64 141 | 092 1.30 1.22 1.08 131
Gender (M/F) 13/12 51/39 0.8204 20/4 18/20 4/10 9/5
19.84 + 20.79 2235+ 19.53 + 21.35+ 21.00 £
BMI 3.00 3.06 0.1677 2.53 ** 3.56 1.65 2.10
1
Atopy (n=) 9 (36%) 42 (47%) | 0.3423 10 (42%) (371;) 7 (50%) 2 (14%)
(]
3.83 % 411+ 4,78 + 3.57 % 4,29 + 4,25+
FEVa (L) 0.77 0.88 0.1391 0.86 ** 0.66 0.50 0.89
FEV1% 104.4 + 108.0 £ 0.1890 104.6 £ 105.0 £ 107.6 £ 1211+
predicted 9.5 12.4 ) 10.3 11.8 11.7 10.7 ***
435+ 481+ 5.58 + 412 + 5.00 = 517 %
FVC (L) 0.89 1.09 0.0565 1.08 ** 0.81 0.50 1.24
FVC% 103.5 ¢ 109.6 £ 0.0447 105.1 + 106.1 + 109.7 £ 126.6 £
predicted 10.0 14.1 ) 12.5 11.9 11.1 13.0
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%k k%

10.0 14.0 12.5 13.0
18.5(13. 13. 8-

FeNO (ppb) (7.5- (10.0- | 0.0114 §359(0)3*3 (9.0- (10.0- 3252(3)8

14.5) 23.0) ' 22.3) 18.0) '
Achieved
target 97.2 94.7 + 0.4924 959+ 943+ 94.0+ 92.4 +
ventilation (%) 15.6 16.3 18.8 13.8 17.8 12.6

- 10(9 - 10 (9 - 10(7 -
Training years / 11) / 10(9-11) 12) 11) 10(9-11)
18 (15 -

Hours of 20 (16 - 20 (18 - 20 (20— 21 (16—
sports a week 43-5) 22) <0.0001 22) Fxkx *2*2)* 22) **E* 22) ****

Smoking state

22 1 .031 24 1/37 14 14
(yes/no) 3/ /89 0.0318 o/ /3 o/ o/
Sputum total 0.9
4(0.3- | 1. . 1.2 (0.5 . .6—
cell count (x 0 0(8)3 _01(?3)5 0.0341 4(3)5 (0.4- 0 92(8)6 NA
10°9) ' ' ' 1.5) '
Sputum 98.0 96.4 94.0 97.7 94.1
macrophages (92.3— (89.2 - 0.4288 (59.0- (91.4— (93.6— NA
(%) 98.8) 99.1) 100.0) 99.25) 98.3)
Sputum
) 1.0(00- | 1.2(0- 1.0(0- | 1.2(0— 2.8(0-
neutrophils 5.6) 9.8) 0.9382 40.0) 6.6) 6.2) NA
(%)
Sputum
eosinophils 0(0-0) | 0(0-0) | 0.8758 0(0-0) |0(0-0)| 0(0-0) NA
(%)
Sputum
0.8(0.3- | 0.6(0- 1.3(04 | 06(0-
:\;n;phocytes 1.2) 2.0) 0.9068  0(0-17) 2.5) 1.4) NA
(]

P-value represents the P-value obtained with statistical analysis amongst controls and whole athletes’ group. Normally
distributed data are represented as mean + SD and analysed via t-test. Non-parametric data are represented as median with
interquartile range and analysed with Mann-Whitney test. *p-value < 0.05; **p-value < 0.01; ***p-value < 0.001, ****p-value
< 0.0001 compared with control subjects.

Cellular composition of the sputum

In total 73 sputum samples of athletes (81%) (swimmers were not included due to lack of
consent) and 18 sputum samples of controls (72%) were collected (n=91). Of all samples, 65%
yielded a sufficient quality to perform differential cell count (n=59) to phenotype airway
inflammation (table 1, Figure E1). The proportion of cell types (and overall total yields) did not
differ between athletes and controls. The median percentage of squamous epithelial cells on
the total cell counts was 16.7% (P25-P75: 6.6-30.6%). The differential cell count of the sputum
samples from these subjects was dominated by macrophages (median: 97%, P25-P75: 91-

99%), followed by neutrophils (median: 1%, P25-P75: 0-8%).
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Black carbon particles in airway macrophages

To assess personal exposure to combustion derived particles, carbon loading in airway
macrophages was determined. Of the in total 91 collected sputum samples, 58 samples (64%)
yielded a sufficient quality and number of airway macrophages (Figure 3A, E1). There was no
association between the carbon content of airway macrophages and age, weight, height or
BMI of the subjects. Sputum samples of athletes contained significantly more loaded airway
macrophages compared with controls (p<0.0004) (Figure 3B). Similarly, the number of
particles in macrophages and percentage area occupied by black carbon were significantly
increased in athletes compared with controls (p<0.0004) (Figure 3B). However, no significant
difference was observed between in- and outdoor athletes (Figure 3C). One week and the past
one-month average BC exposure did both not differ between controls and athletes (Figure
E2). The carbon load in macrophages was positively associated with the estimated past one-
month average BC (r=0.3996, p=0.0072) rather than with the shorter time period of one-week
average BC in athletes (r=0.1570, p=0.3087) (Figure 3D).
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Figure 3: Increased carbon load in airway macrophages in athletes compared with controls. (A) Illustration of images
captured for analysis showing airway macrophages stained by diff-Quick with increasing black carbon load. (B) The average
particle count per macrophage, percentage of loaded macrophages, and the percentage area occupied by black carbon for
each participant was calculated by a blinded researcher. For each participant 25 macrophages were counted. (normality
confirmed, unpaired t-test with Welch’s correction), controls (controls: n=14, athletes n=44) (C) Comparison of indoor (n=22)
and outdoor (n=22) average black carbon load. (normality confirmed, unpaired t-test) (D) Correlation between one-week and
one-month average BC (ug/m3) and the average particle count observed in athletes (n=44). (Spearman correlation)
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Airway inflammation in controls and athletes

To assess the transcriptomic difference between airway cells of athletes and controls in depth,
RNA-Seq was performed on isolated RNA from 48 sputum samples (selected based on quality
requirements, Figure E1). 444 genes were differentially expressed between controls (n=11)
and athletes (n=37) (p<0.05). 77 genes were upregulated and 367 genes were downregulated
in athletes compared with controls. DEGs were mapped onto a volcano plot (Figure 4A, table
E2). Specifically, DEGs related to inflammation and epithelial cell damage including TNF, CCL3,
CLDN15, TNAIP3, IL17RC and TLR3, respectively were observed. To identify related
mechanisms, DEGs were subjected to IPA analysis. Significant canonical pathway analysis
revealed that those DEGs play key roles in gene networks involved in cell death and survival
and immune cell trafficking (Figure 4B). Similarly, gene set enrichment analysis demonstrated
that gene set of airway inflammation, including TNF-a, INF-y and IL-6 were enriched for
athletes (Figure 4C).

After enrichment analysis, several key genes were identified and validated using gPCR
(controls: n=6, athletes: n=43, Figure E3). We observed significantly elevated transcription
levels of TNF-a and CCL3 in sputum of athletes compared with controls even correlating with
the number of sports/weeks. CLDN15 was not significantly decreased in athletes compared
with controls, but was significantly different among the different sport disciplines (p=0.0135),
with the highest levels observed in volleyball players. Besides TNF-a, athletes had significantly
higher levels of sputum IL-6 and IL-8 mRNA levels compared with controls (Figure 4D, p<0.05).
Furthermore, IL-6 levels were significantly higher in outdoor athletes compared with indoor
athletes (p=0.0049). Other measured cytokines (IL-1a, IL-1B, IL-17A, IL-17F, IFN-y) did not
show a significant difference between controls and athletes (Figure E4).

Damage-associated molecular pattern, including HMGB-1 and SpD, were not detectable in
sputum from controls, while present in sputum of athletes (n=24, respectively) (data not
shown). Serum CC16 levels, described as marker of epithelial damage in serum from athletes
in previous cohorts, were surprisingly not significantly elevated in athletes compared with
controls (Figure 4E) and also did not correlate with the maximal fall in FEV1 after EVH test. A
significant higher calprotectin level in sputum supernatant, a marker for neutrophilic
inflammation, was however observed in athletes when compared with controls (Figure 4F,

p=0.0002). Sputum neutrophil levels furthermore correlated positively with calprotectin levels
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in sputum supernatant (r=0.3216, p=0.0312). In addition, athletes demonstrated increased

levels of substance P in sputum supernatant compared with controls (Figure 4G, p=0.0103).
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Figure 4: Profiling of serum and induced sputum samples in controls and athletes. (A) Volcano plot with the magnitude
expressed as log2 fold change (x axis) and significance expressed as -log10 of the adjusted p value (y axis) of differential
expression analysis. Genes of interest are labelled. (B) Selected significantly enriched or downregulated pathways based on
IPA analysis listed according their p value. (C) Significant enrichment plots at FDR < 25%. (D) Following cytokine mRNA levels
(controls: n=6, athletes: n=43) were measured via qPCR: IL-6, IL-8 and TNF-a. (E) Serum CC16 levels in controls vs athletes
were measured via ELISA (controls: n= 23, athletes: n=83). Sputum supernatants (controls: n=18, athletes: n=73) calprotectin
(F) and substance P levels (G) were measured via ELISA. (Mann-Whitney test)

EVH response in young elite athletes

Eight elite athletes (9%) tested positive for EIB (210% fall in FEV1) (table E7). Because of clinical
symptoms during the test (dyspnoea), one additional athlete did not achieve three post EVH
spirometry measurements and salbutamol (Ventolin®) was given early after symptom
occurrence and hence she was excluded from analysis. Of the EIB+ athletes (n=8) three were
atopic (Figure E5). Of these atopic EIB+ athletes, two athletes were basketball players (2/24)
and one was a volleyball player (1/14). In total three of the non-atopic EIB positive athletes
were swimmers (3/14) and two were football players (2/38). Also, three control subjects (12%)
tested positive for EIB of which two were atopic. The EIB response was mild in 7 athletes and
3 controls i.e. 10 to 25% fall in FEV1 and was considered to be moderate (> 25-<50%) in one
athlete. 9 subjects had their maximal fall in FEV1 (%) under threshold of 10% within 10 minutes
after the EVH test and two controls had a decline in FEV; later on, 15 minutes after the EVH
test. Preliminary comparison between atopic EIB+ (n=2) and EIB- (n=4) athletes by RNA-Seq
can be found in Supplementary (Figure E5, Table E4).

Air pollution, epithelial barrier integrity and severity of bronchoconstriction during EVH test
The association of environmental exposures such as prior air pollution exposure, outdoor
temperature and outdoor humidity with expression of tight junctional proteins was evaluated
in all athletes. Figure 5 shows the temporal analysis of pollutant levels during the period of
inclusions. Significantly lower mRNA levels of OCLN and ZO-1 in athletes exposed to higher
levels of PM1o (>20 pg/m?3, n=22) compared with athletes exposed to lower levels (<20 pg/m?3,
n=23) are observed (p=0.0114, p=0.0147) (Figure 5D). The same trend is observed for CLDN1
mRNA levels (p=0.0579) (Figure 5D).

Table 2: Single pollutant models for PM; 5, PMyoand O3

Adj' B-coefficient Adj* 95% CI p-value
PM:s -10.45 -10.21--10.72 <0.001
PMyo -10.42 -10.21--10.67 <0.001
(07} -10.07 -9.93--10.21 0.289

Adjusted relative changes (%) with their 95% Cl in maximal fall in FEV1
t: adjusted for humidity, temperature, age-squared, gender, BMI and atopic state.
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Table 3: Two-pollutant model with PM; sand PMo

Adj* B-coefficient Adj* 95% Cl p-value
PMys -9.38 -8.05--10.38 0.163
PMjo -11.27 -10.07—--12.59 0.036

Adjusted relative changes (%) with their 95% Cl in maximal fall in FEVy
*: adjusted for humidity, temperature, age-squared, gender, BMI-squared and atopic state.

Table 2 shows the associations between daily air pollution levels and changes in maximal fall
in FEV1 after EVH test, adjusted for humidity, temperature, age-squared, gender, BMI and
atopic state in a single pollutant model. The spearman correlation between meteorological
factors and other pollutants are presented in table E5. The maximal fall in FEV1 was
significantly associated with both PM;sand PM1o. For example, the maximal fall in FEV1 was
10.45% lower for each 1 ug/m3increment in average PM,.s and 10.42% lower for each 1 ug/m3
increase in PMyo, indicating a reduction in maximal fall in FEV1 with increasing air pollution
exposure. Concretely, for an athlete with a maximal fall in FEV; of -5%, the maximal fall will
decrease to -5.5% when exposed to one unit more of PM. In the multi-pollutant model,
considering both PM2.s and PM1g, the association with PM1o appeared to be the most robust

(table 3).

91



>

100

PMj5 (pg/m®)

B
100 =
80
&
B 60
2 WHO
e 40
=
o
20=
4 r-— 7
150 =
A~ WHO-
£
f=1]
=
o 504
0 Tttt AT ——T——r—r—
1MA9 28M/10  5/4/19 304119  11/6/19 1211119 31112119
D p=0.0579 p=0.0284 p=0.0286
4o PREE 20 PTTEST 20 PTUESR
< .
2, - : .l z
€31 . & 154 & 154
£
E : E
3 : 5 ) T :
2] 0 10- . O 104 ¢
o . o -~ . i I
-
E § 1 E T
2 11 2 s S 5 ke g
= o [« 1 e .1:
& & {1+ : &L
- alie
0 ' ! 0 T 0 T T
K o X
&S &S SR
A LN o ()

Figure 5: Air pollution exposure prior EVH test. (A, B, C) Daily mean levels of each pollutant considered during the study
period averaged over the 3 included Elite Sport’s Schools. The flashing red line refers to the maximum concentration of each
pollutant established by WHO.(238) The dotted blue lines refer to the time frame the athletes participated in the study. (D)
Effect of the most robust air pollutant PMyo on tight junction mRNA expression of CLDN1, OCLN and ZO-1. (Mann-Whitney)
(PMyolow: n=22, PMyghigh: n=20, outliers were removed based on Grubbs)

5. Discussion

Our results clearly indicate that in the airways of early-career elite athletes, who are exposed
to intense physical exercise and air pollution, the epithelial barrier is affected and airway
inflammation occurs. Increased carbon load in sputum macrophages of these athletes is

observed, whether or not performing outdoor sport activities. Probably, it is the combination
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of environmental triggers (both intense exercise and air pollution) which impacts the airways.
Remarkably, the airway response to EVH testing in athletes was associated with prior PM
exposure, suggesting that acute air pollution could induce increased bronchial reactivity of the
airways, which is particularly relevant in athletes with high ventilatory demands. In athletes’
sputum samples, genes related to epithelial cell damage, airway inflammation (IL-6, IFN-y,
TNF-a) and immune trafficking are clearly upregulated compared with control subjects.
Moreover, based on preliminary RNA-Seq analysis between EIB+ and EIB- athletes, the impact
of tight/gap epithelial damage, oxidative stress and (neuro-)inflammation can be envisioned
in research on mechanisms of EIB.

It is known that acute and/or chronic exposure to intense physical exercise can induce airway
inflammatory reactions including cytokine release (239, 240). Indeed, many studies have
consistently shown that local and/or systemic levels of IL-1a, IL-1B, IL-6, IL-8 and IL-10 are
increased in adult athletes after exercise (99, 241). However, few studies focus on local
inflammatory markers in early-career athletes without asthma (205). We here confirm
increased sputum mRNA levels of IL-6, IL-8 and TNF-a in early-career elite athletes. TNF-a, can
be released from activated macrophages and is able to induce cytokine release from the
epithelium. The epithelial barrier might furthermore be directly impacted by intense physical
exercise. Epithelial damage was suggested in earlier studies (99, 101, 104, 105), and we here
also observed elevated damage-associated molecular pattern (HMGB-1) in the sputum of the
athletes compared with controls, which may feature as early inducers of local inflammation.
Furthermore, the impact of the epithelial barrier is reflected by the downregulation of
CLDN15, a component of the tight junctions, in athletes compared with controls. We observed
increased sputum neutrophilia in athletes related to the hours of physical training, although
no pathological neutrophilic inflammation (defined as sputum neutrophil count >63%) was
observed. However, also sputum calprotectin levels were significantly increased in athletes
compared with controls, pointing to the potential start of neutrophilic airway inflammation in
young elite athletes. In line with this, Decaesteker et al (184) demonstrated a significant
increase in sputum supernatant calprotectin levels after exposure to exercise, as well as to
other environmental conditions (hypoxia and cold).

Furthermore, histological analysis revealed clear uptake of BC particles by the macrophages,
confirming their activity, which was increased in athletes compared with controls, likely the

result of their high ventilatory demands during exercise. Chronic PM exposure has been linked
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to higher airway macrophage black carbon load (237, 242-244). Although the exact lifespan
of human macrophages is unknown, PM; s 6-month exposures are most strongly associated
with airway macrophage black carbon content, rather than with shorter time periods
considered (242, 245). We found a significant correlation between airway macrophages black
carbon load and athletes’ average BC exposure during 1 month in average, but not for a
shorter period of 1 week. Besides, PM2.5s and PM1o might both impact the airway epithelial
barrier. We found significant lower levels of OCLN and ZO-1 levels in athletes exposed to
higher levels of PM1g compared with athletes exposed to lower levels.

Strikingly, the maximal fall in FEV1 post EVH test in athletes was significantly associated with
prior PM exposure (at lag3). Previous studies also demonstrated a significant negative
correlation between spirometric indices (FEV1and FVC) and the exposure to air pollution 3 to
6 days prior (246, 247). For the EVH test, such correlation was not described before. However,
variability in the results of the EVH test has repeatedly been reported (131, 248, 249). The
algorithm for the evaluation of asthma and EIB in athletes by Boulet et al in New England
Journal of Medicine already suggested to repeat the bronchoprovocation in case of a negative
result in a period of more intense training or during exposure to relevant allergens or
environmental conditions (100). This environmental condition might very well be PM
exposure. In addition, the recent position paper of European Academy of Allergy and Clinical
Immunology (EAACI) highlights the importance of repeat assessment and requirement of in
season testing (202).

Emphasis thus far was on the risk of airway barrier damage and inflammation by intense
physical exercise. However, the potential beneficial advantages were less studied at the gene
expression level. To our knowledge this is the first study that focuses on a more in-depth
transcriptomic profiles from human sputum samples of early-career athletes compared with
healthy controls by RNA-Seq. This analysis confirmed the role of epithelial damage, immune
trafficking and airway inflammation. However, several other genes were found to be
differentially expressed between controls and athletes. Of these CCL3 (MIP-1a) was clearly
upregulated. CCL3 is known to be involved in neutrophilic inflammation and might be
produced by macrophages, lymphocytes, neutrophils, eosinophils, fibroblasts and mast cells
(250, 251). IL1-B can induce its expression in airway epithelial cells by activating nuclear factor
(NF)-kB. Its expression can be related to our observation of sputum supernatant calprotectin

level. Furthermore, the expression profile in our athletes’ cohort was significantly associated
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with the gene set that is upregulated in response to IFN-y. The rise in INF-y should be
considered as beneficial for immune state, since it is an anti-inflammatory cytokine (252). In
line with previous studies, we found a downregulation of TLR3 in athletes compared with
controls (253, 254). This may contribute to the higher reported susceptibility for infections in
athletes (253). However, on a long term, a decrease in TLR might also be beneficial due to
reduced inflammatory capacity of leukocytes, limiting chronic inflammation. In addition, we
found significantly lower IL17RC, which is a co-receptor to respond to IL-17A and IL-17F (255).
This downregulation might also act as a protective response of athletes against immune
inflammation. Taken together our results point towards a type 1 and 17 inflammation upon
intense exercise in early-career elite athletes.

We are aware of a major limitation of the study that inflammation in swimmers could not be
documented due to the absence of sputum samples of swimmers who, as a sport discipline,
did not consent to have a sputum induction done. As a result, sufficient qualitive RNA to use
for RNA-Seq analysis, was only available from atopic EIB+ athletes, and hence interesting
information is missing about the underlying mechanism in nonatopic EIB+ athletes. Another
limitation of our study is that the exposure to air pollution was estimated based on
environmental measurements in the area where the control subject or athlete resides (either
at home or as an intern in the elite sport school) but were not measured by personal samplers,
accordingly not taking into account other personal factors such as time spent indoors versus
outdoors. In addition, we have no control over the amount of single exposure in each subject.
However, this is best resembling the real-life situation, in which athletes are exposed to
different triggers at the same moment in time. Lastly, we are aware that our cross-sectional
and observational design do not permit causal relations to be drawn. Therefore, mice models
are needed.

In conclusion, high intensity exercise and exposure to air pollution in early-career athletes are
associated with increased levels of epithelial damage and airway inflammation compared with
controls. Acute exposure to increased air pollution PMig levels may be associated with

increased airway hyperreactivity.
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6. Supplementary

Supplementary Material and methods

RNA isolation, cDNA synthesis, gPCR

RNA isolation was performed with the Mini RNeasy kit (Qiagen, Hilden, Germany) according
to the manufacturer’s guidelines. Afterwards, RNA concentration and quality were measured
with Nanodrop (Thermo Scientific, Whaltham, USA). cDNA was synthesized with the High
Capacity cDNA Reverse Transcription Kit (Applied biosystems, Waltham, USA) with adapted
protocol for low concentration of RNA. Sputum levels (CCL3, CHIT1, CLDN1, CLDN15, IL1A,
IL1B, IL6, IL8, IL17A, IL17F, IFNG, OCLN, TJP1, TNF) were measured using real time gPCR (99,
182, 234-236). Data was normalized to the geometric mean of the reference genes PPIA and
RPL13A, determined with RefFinder (256). Newly developed primers and probes are listed in
supplementary table E1. cDNA plasmid standards were used to quantify the amount of target
gene in unknown samples (257).

RNA-Seq library preparation and sequencing

Additional RNA column purification analysis (Qiagen, Hilden, Germany) was performed on
samples to increase the number of samples available for RNA-Seq. RNA libraries were
constructed using QuantSeq 3 mRNA library prep kit (Lexogen, Vienna, Austria). A protocol
modification for low input/quality RNA was performed on samples with RNA <75-100ng (5pl
or 15-20ng/ul) and/or RIN-value <5, according to manufacturer’s guidelines (Lexogen, Vienna,
Austria). Samples were indexed to allow for multiplexing. Library quality and size range was
assessed using a Bioanalyzer (Agilent Technologies, California, USA) with the DNA 1000 kit
(Agilent Technologies, California, USA). Sequencing was performed using the HiSeq 4000
(Hlumina, San Diego, USA). Single-end reads of 50 bp length were produced with a minimum
of 1M reads per sample.

Bioinformatics processing of RNA-Seq data and differential gene expression analysis

Quality control of raw reads was performed with FastQC v0.11.7, available online at:
http://www.bioinformatics.babraham.ac.uk/projects/fastqc. Adapters were filtered with ea-
utils fastg-mcf v1.05(258). Splice-aware alignment was performed with HiSAT2 against the
human reference genome hg38, Ensembl83. Reads mapping to multiple loci in the reference
genome were discarded. Resulting BAM files were handled with Samtools v1.5 (259).

Quantification of reads per gene was performed with HT-seq Count v2.7.14. Samples
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containing <700.000 reads were removed for further analysis. Count-based differential
expression analysis was done with R-based Bioconductor package DESeq2 (260). Reported p-
values were adjusted for multiple testing with the Benjamini-Hochberg procedure, which
controls false discovery rate (FDR). Mean normalised counts <5 were removed to correct for
low base mean expression.

For canonical pathway analysis the Ingenuity Pathway Analysis (IPA) (Qiagen, Valencia, CA)
was used using the gene list of differentially expressed genes (DEGs). Gene Set Enrichment
Analysis (GSEA) was performed with GSEA software (MSigDbv6, Broad Institute) using the full
gene lists with normalized reads.

Serum and sputum supernatant biomarker analysis

Serum clara cell protein 16 (CC16) was quantified by ELISA (Biovender, Czech Republic). Serum
(1:20 dilution) and sputum supernatant (1:5 dilution) uric acid levels, were determined with
the Amplex Red uric acid/uricase assay kit from Invitrogen (Thermo Fisher scientific, Waltham,
USA). Surfactant protein D (SpD) levels in undiluted sputum supernatant samples were
measured by ELISA (R&D systems, Minneapolis, USA). Human high mobility group protein B1
(HMGB1) levels were analysed in undiluted sputum supernatant samples (Abbexa, Cambridge,
UK). Substance P was measured using a human substance P ELISA, with sputum supernatant
samples diluted 1:2 (Cayman Chemical, Michigan, USA). Calprotectin levels in sputum
supernatant samples (1:20 dilution) were analysed using a calprotectin ELISA kit (CALPRO AS,

Lysaker, Norway). All assays were performed according to manufacturers’ guidelines.
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Supplementary results

Upper and lower airway symptoms

Different symptoms related to upper and lower airway disease, both outside and during
exercise, were evaluated with the help of a previously reported questionnaire.(99, 101) The
most reported lower airway symptom during exercise was shortness of breath (Figure E5).
Approximately 43% of swimmers (n=6), 36% of volleyball players (n=4), 26% of football players
(n=10), 21% of basketball players (n=5) and even 48% of control subjects (n=12) reported
shortness of breath during exercise. Wheezing during exercise, which has been described to
be associated with a positive EVH test, was most reported in swimmers (22%, n=3).
Consistently, swimmers reported higher use of respiratory medication (n=9) (table E6).
Similarly, swimmers reported most upper respiratory symptoms during exercise (Figure E6).
Six athletes self-reported a positive history of EIB/asthma.

Explorative comparison between EIB+ and EIB- athletes

RNA-Seq analysis of two atopic EIB+ athletes compared to 4 matched atopic EIB- athletes was
performed (table E3). (The other sputum samples from EIB+ subjects did not allow further
analysis due to quality issues, hence we decided to study atopic subjects only). The PCA plot
showed 2 clear separate populations (Figure E5). After correction for multiple testing, 372
genes with an effect size of 0.05 were significantly differentially expressed between EIB+ and
EIB- athletes (271 up- and 101 downregulated, Figure 5C, table E4). IPA analysis, identified
increased pathways for oxidative signalling and neuroinflammation for EIB+ athletes
compared to EIB- athletes (Figure E5). Other pathways associated with the DEGs included
interferon signalling, tight junction and gap junction signalling. Enrichment analysis confirmed
the role of oxidative and type | IFN-a response in EIB+ athletes (Figure E5).

Effect of air pollution on transcriptome

To investigate the effect of air pollution on the airway transcriptome of athletes, we
performed differential expression analysis based on the exposure level of the athletes to each
air pollutant; PM2.5<10 pg/m3 (low) vs >25 pg/m?3 (high), PM10 <20 pg/m?3 (low) vs 20-50 pg/m?
(immediate) (no values above threshold of 50 ug/m?3) and O3 <50 pg/m?3 (low) vs 50-100 pg/m3
(immediate) (no values above threshold of 100 pg/m?3), respectively (Figure E7). The training
hours a week and training years did not differ amongst the different sport disciplines (table
1). In addition, the transcriptomic profiles did not differ amongst the different sport disciplines

(table E8). Athletes exposed to higher levels of PM2s5 (n=4), significantly expressed more
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CHIT1, a marker of activated human macrophages, compared to athletes exposed to low levels
of PM;5(n=12) (Figure E7, E8). The downregulated genes in this group included MUC1, MUC4
and ECML1 (table E9). In contrast, the differential expression analysis based on PMjq, low
(n=22) versus immediate (n=23) revealed only 2 differentially expressed genes namely FOLR3
and KRT80 (Figure E7). There were no genes differentially expressed in athletes exposed to
low (n=18) compared to immediate Os levels (n=27) (Figure E7). In addition, air pollution
exposure is known to induce epithelial barrier dysfunction. We found a trend towards
elevated CC16 serum levels in the group of athletes exposed to higher levels of PM; 5 (n=4)
compared to athletes exposed to low levels of PM; 5 (n=12) (p=0.0557) (Figure E7). Another
DAMP released from ischemic tissues and dying cells, serum uric acid levels, significantly
correlated with the concentration Oz (p=0.0002, r=0.3847) at lag O (Figure E7). Also, sputum
IL-17F mRNA levels correlated with O3 concentration at lag 0 (p= 0.0369, r= 0.3231).
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Preliminary comparison EIB+ and EIB- athletes

Our RNA-Seq analysis studying differences between EIB- atopic athletes and EIB+ atopic
athletes should be considered ‘exploratory’ due to the low sample numbers available.
Nevertheless, it reveals interesting suggestions concerning the underlying mechanisms of EIB
pointing to oxidative stress and data will be provided in open access to allow analysis over
different cohorts. Oxidative stress induces mitochondrial damage, can activate nuclear factor
(NF)-kB, which is known to play a critical role in mediating immune and inflammatory
responses and apoptosis (261). Elite sport activities already have been described as stimulus
able to induce oxidative stress (262), but our study suggests a link with EIB. Further research
should furthermore focus on oxidative stress especially in the airways of EIB+ athletes. We
here furthermore suggested activation of the neuroinflammation signalling pathway in EIB+
athletes. Neuropeptides such as substance P and neurokinin A are also described by others to
be involved in EIB (93). We found an association of the gene set comprising genes up-regulated
in response to IFN-a with EIB+ athletes. Recent studies have demonstrated that IFN-a
negatively regulates Th2 function, suggesting a protective role. However, recent viral
infections, which may also trigger EIB, may also be responsible for this observed upregulation

in EIB+ athletes.
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Supplementary figures

Figure E1.
Figure E2.
Figure E3.
Figure E4.
Figure ES5.
Figure E6.
Figure E7.
Figure ES8.

Flow diagram sputum sampling

One-week and one-month average BC exposure in controls vs athletes
Validation gPCR controls vs athletes

gPCR cytokines controls vs athletes

Transcriptome profiling of induced sputum samples in EIB- and EIB+ athletes.
Self-reported upper and lower airway symptoms

Transcriptomic differences in athletes based on air pollution exposure

Validation qPCR CHIT1
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Supplementary tables

Table E1: Primer and probe sequences for gPCR

Table E2: Top 20 genes differentially expressed controls versus athletes

Table E3: Characteristics athletes used for comparison EIB- versus EIB+ athletes
Table E4: Top 20 genes differentially expressed EIB- versus EIB+

Table E5: Correlation table

Table E6: Overview medication use

Table E7: EIB+ subjects

Table E8: Differential expression analysis between sport disciplines

Table E9: Top 20 genes differentially expressed PM2.5 low exposure (<10 pg/m3) versus
PM2.5 high exposure (>25 pg/m3)
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Included subjects

Total = 115
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Controls (n=25)

l
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Figure E1: Flow diagram sputum sampling
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Figure E2: One-week and one-month average BC exposure in controls vs athletes.
Comparison of one week (A) and one-month (B) average BC (ug/ m3) between controls and athletes. (Mann-Whitney test)
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Figure E3: Validation gPCR controls vs athletesRemaining RNA for controls (n=6) and athletes (n=43) was used to validate
obtained results via qPCR. (Mann-Whitney test) *p<0.05.
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Figure E4: qPCR cytokines controls vs athletes

Remaining RNA for controls (n=6) and athletes (n=43) was used to study the cytokine profile in controls vs athletes via qPCR.
(Mann-Whitney test)
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Figure E5: Transcriptome profiling of induced sputum samples in EIB- and EIB+ athletes. (A) EVH test was completely
performed in basketball players (n=24), football players (n=37), volleyball players (n=14), swimmers (n=14) and control
subjects (n=25). The test was considered positive if a drop in FEV 2 10% was observed on at least one time point after the
EVH test. Red dots represent atopic subjects. (Kruskal-Wallis test) (B) Principal-component analysis (PCA) plots of EIB+
athletes (blue) and EIB- athletes (red). (C) Volcano plot with the magnitude expressed as log2 fold change (x axis) and
significance expressed as -log10 of the adjusted p value (y axis) of differential expression analysis. (D) Selected significantly
enriched or downregulated pathways based on IPA analysis listed according their p value. Orange bars: positive z-score; grey
bars: no activity pattern available (E) Significant enrichment plots at FDR < 25%.
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Figure E6: Self-reported upper and lower airway symptoms

Reported symptoms in lower (A) and upper airways (B) were evaluated via a symptom questionnaire in controls (‘C’, n=25)
basketball (‘B’, n=24), football (‘F’, n=38), volleyball players (‘V’, n=14) and swimmers (‘S’, n=14). Data are expressed as the
percentage of subjects reporting a specific symptom during exercise, >1 x/ month (or /week for the upper airways), < 1x/
month (or /week for the upper airways or never).
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Figure E7: Transcriptomic differences in athletes based on air pollution exposure.

Volcano plot with the magnitude expressed as log2 fold change (x axis) and significance expressed as -log10 of the adjusted
p value (y axis) of differential expression analysis for PM, s low (<10 pug/m3) vs high (>25 pg/m3) (A), PMsolow (<20 pg/m3) vs
immediate (>20 pug/m3) (B) (no values above threshold of WHO (50 pg/m3)) and O3 low (<25 pg/m3) vs immediate (03>50
ug/m3) (C) (no values above threshold of 100 pg/m3), respectively. (D) Serum CC16 levels in athletes exposed to low PM; 5
(<10 pg/m3) compared to high PMys (>25 pg/m3) levels. (Mann-Whitney test). (E) Correlation of serum uric acid levels with
Oslevels at the day of study visit. (spearman correlation).
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Figure E8: Validation qPCR CHIT1
Remaining RNA for controls athletes exposed to low PM2.5 levels (<10 pg/m3) (n=18) and PM2.5 high levels (>25 pg/m3) (n=4)
was used to validate obtained results via gPCR. (Mann-whitney test).
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Supplementary tables

Table E1: Primer and probe sequences for qPCR

Gene Sequence
CCL3 FW | 5 cct ccc gge aga ttc cac 3’

RV 5’ gtt agg aag atg aca ccg ggc 3’

TP 5’ ctg act act ttg aga cga gca gcc agt gc 3’
CHIT1 FW | 5 fw cct acg act tcc atg gct ctt g 3’

RV 5’ cacagc agc atccac gtt g 3’

TP 5’ cct cta caa gag gca aga aga gag tggtgca 3’
CLDN15 FW | 5 att ctggccggt atctgcg3’

RV 5’ gcc cag ctc gta ctt ggt tc 3’

TP 5’ atg gtg gcc atc tcc tgg tac gec t 37
RPL13a FW | 5 gac cgt gcg aggtatgct g3’

RV 5’ gca cga cct tga ggg cag 3’
TP 5’ acc gtc tca agg tgt ttg acg gca tc 3’

Table E2: Top 20 genes differentially expressed controls versus athletes

Up Log2fold change Down L::::;Ld
HLA-DRB5 3.26 ZNF385D -5.39
MLLT11 2.81 EML1 -5.30
PRUNE2 2.53 RP11-524N5.1 -5.28
RSAD2 2.24 FLJ40288 -5.18
FOLR3 2.12 RP1-78B3.1 -5.09
UBBP4 2.07 RNA5SP378 -4.98
CCL3L3 2.01 SLC28A2 -4.69
RNVU1-19 1.94 PISRT1 -4.55
HES6 1.78 LINC01122 -4.48
RNU2-46P 1.77 STATH -4.45
BATF2 1.74 RP11-655M14.13 -4.44
PLEKHG2 1.65 HTN3 -4.38
SASS6 1.57 AC079779.4 -4.35
BZRAP1 1.45 RP11-68D16.1 -4.21
TNFAIP3 1.29 SEZ6 -4.19
CCL3 1.28 RP11-556H2.1 -4.17
IER3 1.26 PAQR9-AS1 -4.08
GPATCH3 1.26 FDCSP -4.05
ZNF768 1.20 FERMT1 -4.00
TNF 1.18 RP11-151H2.1 -3.98
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Table E3: Characteristics athletes used for comparison EIB- versus EIB+ athletes
Weight | Length | Atopic

EIB Sport discipline Gender Age (kg) (cm) state FeNO
+ Basketball player M 15.7 86 192 1 11
- Basketball player M 15.3 77 182 1 13
- Football player M 14.7 48 165 1 11
+ Volleyball player F 18.1 71 182 1 166
- Volleyball player F 18.0 73 175 1 17
- Volleyball player F 17.8 72 186 1 14

Table E4: Top 20 genes differentially expressed EIB- versus EIB+

Up Log2fold change Down L::::;Ld
RNF212B 8.12 PRPF39 -5.49
RIPPLY3 8.01 NAPSB -4.51
PHOX2B 7.95 KIF20B -4.13
NPM1P30 7.68 IGF1 -3.69
ONECUT2 7.55 FTSJ3 -3.03
KIAA2012 7.50 C8B -2.74
GRIN2B 7.49 HLA-DQB1 -2.73
NR2E3 7.46 PPTC?7 -2.64
RP11-93G5.1 7.44 PDCD1LG2 -2.64
CDH4 7.39 SCFD1 -2.62
RP4-671014.7 7.33 EIF2A -2.38
IYD 7.29 SBDS -2.36
RP11-168016.1 7.27 FILIP1L -2.31
RP11-303E16.6 7.20 GINM1 -2.29
RP11-638L3.4 7.20 CXCL5 -2.25
RP11-5A11.1 7.14 GALNT6 -2.24
RP11-46D6.1 7.09 ZNF331 -2.20
CTB-12A17.2 7.08 KIAA2026 -2.16
MTCO1P2 6.99 MAML2 -2.13
HOTTIP 6.98 ERC1 -2.06
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Table E5: Correlation table

Max fall 0 Humidity Temp PM;s PMjo HuaT;glt Temp FEV.%
in FEV, 3 atlag0 atlag0 atlag3 atlag3 y 0 & atlag3 1o
Max fall
viaxta 1.000 -.258% 026 072 | -.288%* | -201%* 050 -208 -.079
in FEV.
0; -.258* 1.000 -230% | .480%* 111 206 -109 683%* -.163
Humidit
v 026 -.230* 1.000 | -.401** 117 -.009 106 -302** | -003
atlag0
Temp -.072 480** | -401** | 1.000 -169 -.026 -133 705%* -.181
atlag0
PM_s
-.288%* 111 117 -.169 1.000 955%* 087 027 004
atlag3
PMao
-.297%* 206 -.009 -.026 955%* 1.000 -.026 223* -.035
atlag3
Humidit
v .050 -109 106 -.133 087 -.026 1.000 | -342%* 167
atlag3
Temp -.208 683*%% | -302%* | .705%* 027 223* | -342%* | 1.000 -.198
atlag3
FEV.% -.079 -.163 -.003 -.181 .004 -.035 167 -198 1.000

Pearson correlation * Correlation is significant at the 0.05 level (2-tailed), ** Correlation is significant at the 0.01 level (2-

tailed).
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Table E6: Overview medication use

Chapter 6

Basketball Football Volleyball Swimmers Controls
players (n=24) | players (n=38) players (n=14) | (n=14) (n=25)

Allergy Cetirizine Levocetrizine Bilastine (n=1) | Cetirizine
(n=1) (n=1) (n=1)

Upper airways | Mometasone Nasal spray* Nasal spray* Mometasone
(n=1), nasal (n=3) (n=3) (n=1)
spray* (n=4)

Lower airways | SABA (n=1) SABA (n=1*%*, SABA (n=2),

ICS (n=1%*%*) 2), LABA +ICS LABA +ICS

(n=1**), (n=1%*,2),

Montelukast Montelukast

(n=1%*%*) (n=2), LABA +
ICS +
Montelukast +
Mucolyticum
(n=1*%),

Others Ibuprofen Paracetamol Ivabradine Paracetamol
(n=1), (n=2), (n=1) (n=2)
Paracetamol Ibuprofen
(n=1) (n=4)

*Subject noted ‘nasal spray’ but did not know the product's name.

** Subject mentioned in questionnaire to have prior diagnosis of asthma.
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Table E7: EIB+ subjects

G
e
Sport n| Atopic | ey RVC% | TI Fall 1/ Fall5 | Fall10' | Fall 15’
discipline d | state
e
r
y | Basketball 10y 90 109 72 1335 | -11.01 -9.84 -10.30
player**
o | Basketball 10y 108 108 86 -6.36 -13.68 751 -5.97
player*
3 Football 1 0 104 1 114 81 -0.65 12.94 | -15.53 -1.29
player
4 Football 1\ 1 108 110 85 -2.54 2723 | -26.49 -1.49
player
5 Volleyball 1 118 117 88 -10.47  -14.96 @ -1538 @ -11.11
player*
6 Swimmer M 0 104 | 133 68 -9.77 11123 -10.60 | -10.19
7  Swimmer M 0 120 | 133 78 -6.36 1271 -12.92 -8.47
8 | Swimmer** | F 0 113 | 134 73 16.58 | -12.03 7.75 -8.02
9 Control | F 1 111 118 78 1574 | -23.15 | -19.14  -13.58
10 Control | M 1 105 95 30 -3.85 -9.19 9.19 -12.61
11 Control | M 0 115 108 90 -4.00 -4.75 -7.00 -10.25

Maximal fall in FEV1 after the EVH test at different time points in EIB+ young elite athletes.

*Sputum samples of indicated athletes were used for RNA-Seq analysis.
** Subject mentioned in questionnaire to have prior diagnosis of asthma
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Table E8: Differential expression analysis between sport disciplines

Chapter 6

Gene name ‘ Log2Foldchange ‘ P adjusted
Basketball versus football players
HELLPAR -2.6 0.003663
RP11-356K23.1 1.9 0.146214
CFAP45 -2.7 0.197004
TTC25 -1.9 0.197004
NR2F2 0.6 0.267105
HYDIN2 -1.2 0.2999
MIF -2.9 0.2999
C9orf24 0.7 0.314153
Basketball versus volleyball players
RPS14 -0.6 0.074010726
CIRBP -04 0.07984527
LAMTOR4 -0.6 0.07984527
Metazoa_SRP -2.5 0.07984527
SLC37A1 0.9 0.07984527
MT-TT -1.5 0.090845219
RSAD2 2.1 0.090845219
SMIM3 -1.4 0.090845219
TGM3 -2.4 0.090845219
APOE -1.2 0.095427481
Football versus volleyball players
KIAA1551 0.9 0.180642019
RP11-1143G9.4 -5.8 0.196325744
FTH1P3 2.1 0.258028139
AHNAK -0.8 0.272184731
SAA1 3.2 0.293974195
MTCYBP18 -3.6 0.606428123
FTH1P1 -3.1 0.677932845
PKN2 0.7 0.677932845
RPS18 -0.6 0.677932845

Top 10 significantly differentially_expressed genes ordered by adjusted p-value.
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Table E9: Top 20 genes differentially expressed PM2s low exposure (<10 pg/m?3) versus PMz:s high exposure
(>25 ug/m?)

Up Log2fold change Down L::::;Ld
CHIT1 3.74 VSIG2 6,73
ATP12A 5,88
RPTN -5.70
KRT15 5.47
PSCA -5.25
TRNP1 519
CEACAM5 -5.06
S100A16 501
FUT3 -4.94
ALDH1A3 -4.87
CTGF -4.80
TMPRSS2 475
AIF1L 473
FCGBP 472
AQP5 -4.58
S100A14 448
PDZK1IP1 4.46
S100A7 -4.42
PRSS8 -4.40
NDRG2 434
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Chapter 7

1. Introduction

Asthma is a very heterogeneous disease in which several pheno- and endotypes can be
distinguished based on allergic status, inflammatory pattern, severity, age of onset or the
presence or absence of a Type 2 profile (8, 263). It is suggested that the airway epithelium is
crucial in pathophysiology of asthma (264). The airway epithelium is the first barrier for
external triggers.

It has been reported that certain environmental exposures, such as exposure to cigarette
smoke and occupational triggers, may alter the type of immune response and cytokine
production (265, 266). Moreover, asthma is associated with different comorbidities, such as
allergic rhinitis, chronic rhinosinusitis (CRS) with nasal polys, obesity, obstructive sleep apnoea
(OSAS) and gastroesophageal reflux disease (GERD) that complicate disease management
(267). These comorbidities could also affect airway inflammation trough upregulation of
adhesion molecules and inflammatory cells and systemic inflammation (268).

In this thesis, we investigated the overlap of comorbidities in asthma. Furthermore, we
focused on the effect of environmental triggers on the sputum transcriptome of asthmatic
patients. We hypothesized that environmental triggers such as cigarette smoke and work-
related exposures impact the immunological response in patients with asthma, in which

epithelial damage plays an important role.

2. Methods

Study design

A cross-sectional cohort study was designed with a retrospective analysis of patients’ files and
a new analysis of sputum mRNA levels and sputum supernatant molecules from stored
sputum samples of asthma patients compared to healthy controls was performed (see
supplementary methods). All participants provided written informed consent and the Ethical
Committee Research UZ/KU Leuven approved the study (552549).

Clinical characteristics

All comorbidities were doctor-diagnosed which means that the diagnosis was made by the
attending physician and noted in the patient medical file. If no entries were made, we assumed
that the comorbidity was not present. Seven comorbidities were studied: CRS, functional

endoscopic sinus surgery (FESS), GERD with active symptoms, obesity (BMI > 30 kg/m?2),

117



asthma COPD overlap syndrome (ACOS), allergy and OSAS. Allergy was defined based on a
history or anamnesis of doctor-diagnosed allergy. Additional information can be found in the
supplementary methods.

Sputum induction and analysis

The left-over sputum samples were provided by the Clinical Laboratory (LAG) of UZ Leuven.
The samples were processed by LAG via the selected plug method as described by Pizzichini
et al. (269) into a single cell suspension and sputum differential cell count was determined.
The remaining cells and sputum supernatant were transferred to the Allergy and Clinical
Immunology Research Group (LACI) and the newly induced sputum samples of healthy
controls were processed and cells were stored in RNA lysis buffer (Qiagen, Westburg) together
with the sputum supernatant in the -80°C.

Bulk RNA sequencing

Sixty-seven sputum samples had high enough quality to perform bulk RNA-seq. RNA libraries
were constructed using QuantSeq 3’ mRNA library prep kit (Lexogen, Vienna, Austria).
Sequencing was performed using the HiSeq 4000 (lllumina, San Diego, USA). Up- and down-
regulated DEGs were identified by a log2 fold change 21 or<-1 and a false discovery rate
adjusted p value of <0.05. A detailed description on library preparation, bioinformatics
processing and differential gene expression analysis is available in data supplement.

Analysis of molecules in sputum supernatant

Details on the markers determined in the sputum supernatant according to manufacturer’s

instructions are described in table 1.

Table 1: Assays used for analysis sputum supernatants.

Asthmatic
. Controls . —
patients Kit Manufacturer Dilution
_ (n=)
(n=)
AmplexTM Red Uric .
Uric acid 96 28 Acid/Uricase Assay kit w;rt";;’n:'sgg\ 1/5
(#A22181) ’
R&D Systemes,
D EL
SP-D 96 28 Human DuoSet ELISA Minneapolis, undiluted
(#DY1920)
usz
Human HMGB1 ELISA Abbexa
Bl 2 ! i
HMG 94 8 (#abx351796) Cambrige, uk | Undiluted
Cayman
EL
Substance P 90 28 S“bs(;asg‘;g i I5A Chemical, 1/2
Michigan, USA
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Calprolab Calprtectin
Calprotectin 90 28 ELISA (ALP,
#CALP0170)

CALPRO AS,

1/20
Lysaker, Norway /

SP-D, Surfactant protein D; HMGB1, High mobility group box 1

Sputum cytokine profiles in asthma patients: cluster analysis

Real time gPCR (BioRad, Hercules, USA) was performed for mRNA of IL-17F and IL-22,
normalized to the reference gene B-actin (182, 236). Sputum cytokine mRNA 10th and 90th
percentile values of expression levels in healthy subjects were calculated to determine lower

and upper cut-off levels for the various cytokines measured by qPCR (table 1).

Table 2: mRNA cytokine levels in asthmatic patients and healthy controls and defined cut-off values.

Asthmatic patients Controls P-value
(n=73) (n=34)
Sputum IL-17F mRNA 42.2 (3.08 —241.5) 8.03 (0-59.4) <0.0001
Sputum IL-22 mRNA 0(0-0.5) 0(0-0.3) 0.883

Data are represented as median with 10 and 90% percentiles between brackets. P-value was determined with Mann-Whitney
test. NA = not applicable. Defined cut-off values based on 90th percentile are indicated in bold.

Statistical analysis

Statistical analysis was performed using GraphPad Prism v.9 for Windows (La Jolla, CA, USA).
Normal distribution was studied for each data set with a D’Agostino & Pearson normality test.
One-way ANOVA with Tukey post-hoc test or Kruskal-Wallis test with Dunn’s multiple
comparison test was used where appropriate. Mann-Whitney test or unpaired t-test was used
to compare two groups where appropriate. Bonferroni was applied to correct for multiple

testing. A difference was considered significant when p < 0.05.
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3. Results

Patient characteristics

Hundred and three asthmatic patients and 34 healthy control subjects were included in this
study (table 3). Smoking was more present in the asthmatic patients compared to healthy
controls where almost all subjects were non-smokers (table 2). In addition, allergies were
significantly more present in asthmatic patients (67%) compared to healthy controls (36%).
Most asthmatic subjects were allergic to house dust mite (49.5%), grass pollen (38.9%), tree
pollen (36.8%) and animals (37.9%) such as cat, dogs, rabbit and horses. Looking at the
different comorbidities, 29% of asthma patients had underlying CRS of which 18% received a
FESS. GERD occurred in 18% of the asthmatic patients. Twenty-three percent of asthmatic
patients were obese, while none of the healthy control subjects had a BMI > 30 kg/m?. Eleven
asthmatic patients had ACOS (10.6%) and 10 patients OSAS (10%). Figure 1 summarizes the

overlap and interactions of the different comorbidities in patients with asthma.

Table 3: Subject characteristics

Asthmatic patients Controls P-value
Subjects (n=) 103 34
Age (years) 48 (35 -57) 33(28.8 - 45.8) 0.002
Gender (M/F) 42/61 20/14 0.076
Body Mass Index (kg/m?) 26.1(23.1-29.6) 23.4(21.8-24.5) 0.009
(S::t‘:"l"/i x-fnon-] 15/32/27 1/3/29 <0.0001
Allergy (%) 69 (67%) 12 (36%) 0.0004
Inhaled steroids only (%) 69 (67%) NA NA
Inhaled and oral steroids (%) 18 (17%) NA NA
FEV1 % predicted (%) 87.5+20.3 107.5 £ 13 <0.0001
FEV1/FVC (%) 72.7 (62.3 -79.8) 78.7 (75.9 - 82.7) 0.0002
Sputum eosinophils (%) 1(0-9.7) 0(0-1) 0.0002
Sputum neutrophils (%) 59.5 (39— 78.5) 23.5 (10 - 42.6) <0.0001
Sputum macrophages (%) 25.8 (13 — 44.5) 75.5 (56.2 — 90) <0.0001
Sputum lymphocytes (%) 2(1-3.4) 0(0-0) <0.0001
Number of samples for RNA-Seq 67 0 NA

Normally distributed data are represented as mean with standard deviation and unpaired t-test was used to determine P-
value. Not normally distributed data are represented as median with 25 and 75% percentiles between brackets and Mann-
Whitney test was used to determine P-value. NA = not applicable
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Figure 1: Venn diagram of the comorbidities and their interactions in patients with asthma. Asthma-COPD overlap
syndrome (ACOS), chronic rhinosinusitis (CRS), Gastroesophageal reflux disease (GERD), obstructive sleep apnoea syndrome
(OSAS).

Airway inflammation in asthmatic patients

The percentage of eosinophils significantly and negatively correlated with the lung function
(FEV1(%) and TI(%)) of patients with asthma (table E1). Several damage-associated molecular
patterns (DAMPs), such as uric acid, SP-D and HMGB-1, calprotectin (a marker for neutrophilic
inflammation) and substance P (a marker for neurogenic inflammation) were studied in our
patient cohort compared to healthy controls. DAMPs were significantly increased in sputum
supernatant of asthmatic patients compared to healthy control subjects (figure 2A). In
addition, significantly higher levels of calprotectin were measured in sputum supernatant of
asthmatic patients compared to control subjects (figure 2A). As most of the asthmatic patients
had underlying neutrophilic inflammation, this finding was not unexpected. This was further
confirmed by a significantly positive correlation between calprotectin and sputum neutrophils
in asthmatic patients (Spearman r=0.444, p<0.0001, data not shown). Calprotectin levels were
significantly increased in neutrophilic asthma patients compared to eosinophilic and pauci-
granulocytic asthma patients (figure 2B). Furthermore, sputum calprotectin levels and also
HMGB-1 and SP-D significantly and negatively correlated with FEV1(%) (table E1). In contrast,
no significant differences were found in DAMPs and substance P levels in sputum supernatant

amongst inflammatory phenotypes (figure 2B).
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Figure 2: Protein levels measured in sputum supernatant of controls and patients with asthma. Following mediators were
determined in sputum supernatant of controls and patients with asthma (A) and compared amongst inflammatory phenotype
(B): Uric acid, Surfactant protein D, HMGB-1, Calprotectin, Substance P. Data is presented as median with IQR. Mann-Whitney
test was performed. *p <0.05, **p < 0.01, ***p < 0.001. Kruskal-Wallis test was performed with Dunn’s multiple comparisons
test. *p<0.05 Eosinophilic vs neutrophilic **p < 0.01 Neutrophilic vs pauci-granulocytic.

Airway damage based on exposure in asthmatic patients

An important exposure that influences airway inflammation is smoking. Never (n=13), former
(n=20) and active (n=8) smokers were analyzed by RNA-seq. 90 DEGs (22 up- and 68
downregulated) were observed in never versus active smokers (figure 3A). Cytochrome P450
1B1 (CYP1B1) was clearly upregulated, while CLDN4, ECM1 and TJP1 were downregulated in
active compared to never smoking asthmatic patients (table E2). Besides, 15 DEGs (6 up- and
9 downregulated) were observed when comparing former versus active smokers (figure 3A,
table E3). CYP1B1 was upregulated, which is involved in the aryl hydrocarbon receptor (AhR)
and xenobiotic metabolism signalling and nicotine degradation (figure 3B). Even the
comparison between never and former smokers resulted in 64 DEGs (table E4), which were all
downregulated in former smoking asthmatic patients (figure 3A). Those DEGs were related to

epithelium development and filament cytoskeleton organization (figure 3C).
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In addition, the presence of work-related exposures to irritants was examined. Only exposures
with an occurrence over 5 patients in the cohort were included. In total 7 patients with asthma
reported work related exposure to cleaning products. Sputum SP-D levels were significantly
elevated in patients with asthma who reported exposure to cleaning products compared with
patients who did not report any occupational exposure (figure 3D). We found 6 significant
DEGs between the group of patients with asthma who reported exposure to cleaning products
(n=6) and who did not report exposure (n=14) (1 up- and 5 downregulated, figure 3E, table
E5). IPA analysis also here revealed the role of AhR signalling, which is known to be a sensor
of xenobiotic chemicals (Figure 3F). Regarding the downregulated genes, noise was identified
as the top downregulated gene is Y-chromosome gene, as all of the exposed asthmatic
patients to cleaning products were female. The expression of IL-17 and IL-22 was investigated
in association with asthmatic patients exposed to cleaning products, as it is known that AhR
regulates IL-17 and IL-22 production. A significant association was found for asthmatics with
work related exposure to cleaning products and having an IL-22 high cytokine profile
(p=0.0371). For IL-17 no significant association was found (p= 0.0892), even though none of
the asthmatics with work related exposure to cleaning products had an IL-17 high cytokine
profile. Only the occupation “nurse” appeared also > 5 times (n=7) but did not show any DEG

compared to patients with asthma who did not report any occupational exposure.
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Exposure: asthmatic patients
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Figure 3: Gene expression in induced sputum samples of patients with asthma upon exposures. A) Volcano plot showing
Log2FoldChange and statistical significance of individuals genes of sputum of patients with asthma who never smoked
compared to active smokers, who smoked > 4 weeks ago (former smoker) compared to active smokers and never smoked
compared to who smoked > 4 weeks ago (former smoker). B) IPA analysis of differentially expressed genes (DEGs) (p value <
0.05, Log2FoldChange < -1 and >1) for never versus active smokers (green), former versus active smokers (blue) and never
versus former smoker (yellow). C) GO analysis showing enriched GO terms for upregulated DEGs in the active smokers
compared to never smokers and associated GO terms for downregulated DEGs of the active smokers versus the never
smokers and for the former smokers versus the never smokers. D) Surfactant protein D levels in sputum supernatant of
patients with asthma reporting work related exposure to cleaning products (n=6), reporting nurse (n=4) and those who did
not report any occupational exposure (n=28). Kruskal-Wallis test with Dunn’s multiple comparisons test was performed. *p
< 0.05. E) Volcano plot showing Log2FoldChange and statistical significance of individuals genes of sputum of patients with
asthma without occupational exposure compared to patients with cleaning exposure. F) Ingenuity Pathway Analysis (IPA) of
differentially expressed genes (DEGs) (p value < 0.05, Log2FoldChange < -1 and >1). The grey bars indicate the -log(p-value).
No z-scores were available.

4. Discussion

In this study, we demonstrated increased epithelial cell damage in asthmatic patients
compared to healthy controls, which was expressed as increased levels of damage-associated
molecular patterns, such as uric acid, SP-D and HMGB-1. This is proposed to play an important
role pathogenesis of asthma (264). In addition, the airway epithelium plays a key role in the
response to environmental triggers. We indeed found significant differences amongst sputum
transcriptome exposed to cigarette smoke and work-related exposure to cleaning products
compared with asthmatic patients without exposure. The AhR pathway was found to play a
role in airway inflammation in asthmatic patients exposed to irritants.

Increased work-related exposure to cleaning products was associated with airway damage
(increased SP-D levels), and the involvement of AhR signalling pathway. Furthermore, an
association with an ‘IL-22-high’ cytokine profile was found for asthmatics exposed to cleaning
products. AhR, which is linked to exposure to cleaning products in our patients, is pivotal for
IL-22 production by different cell types (19). In addition, AhR has been connected to the
regulation of asthma phenotypes in a murine model of occupation/irritant-induced asthma
(18) and in a tobacco smoke-induced asthma model (19) suggesting that AhR modulates
airway inflammation in response to specific chemical agents (18).

Available evidence suggests that cleaning materials can exacerbate as well as induce the
development of asthma trough irritant and immunological mechanisms (270, 271). Aryl
hydrocarbon receptor repressor (AHRR) is known to be a competitive repressor of AhR activity
(272). AHRR was significantly upregulated in the group of patients with exposure to cleaning
products compared to patients without exposure. AhR is recognized to be a key regulator of
homeostatic processes at barrier sites such as skin, lung and intestines and is broadly

expressed in immune cells and non-hematopoietic cells (273). Its activation induces ILC3
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maintenance and regulates IL-17 and IL-22 production (274). However, AhR may also play a
protective role on lung inflammation after cigarette smoke (275). Studies have shown that
activation of AhR can promote the development of regulatory T cells and reduce the number
of Th17 cells (276). In our cohort, asthmatics exposed to cleaning products were associated
with IL-22 high cytokine profile, while none of those asthmatics had high IL-17 cytokine levels.
The nature of the ligands determine the type of immune response induced by AhR activation
(277).

Cigarette smoke, a complex chemical mixture, is known as an environmental asthma trigger.
Smoking induced downregulation of multiple tight junctions compared to non-smokers in
asthma patients, like described by others in vitro or COPD patients (278, 279). CYP1B1 was
significantly upregulated. CYP1B1 is a part of the cytochrome P450 family and metabolizes
tobacco smoke components (280). This gene has already been correlated to active smoking
and the interaction between early-life exposure to smoking and childhood asthma (280). In a
recent sputum proteomics study, current and ex-smokers with asthma were compared and
similarly found increased xenobiotic metabolism (CYP1B and ALDH3A1) (281).

Asthma exists with numerous comorbidities that can influence its clinical expression (268).
Moreover, it has been demonstrated that certain comorbidities are more often linked to a
specific phenotype of asthma (267). The most prevalent comorbidity was CRS (29%) followed
by obesity (23%) and GERD (18%). OSAS and GERD overlapped with obesity.

Our study is quite unique in the field of asthma as data with sputum RNA-Seq and mRNA
cytokine levels are scarce due to the fact that the success rate and quality of sputum samples
are sometimes low. Patients are retrospectively studied. Hence, an underestimation of the
reported comorbidities is plausible, since only a doctor-diagnosed approach could be used to
examine the comorbidities. In addition, only reported environmental exposures reported in
the patients file were included. To evaluate the comorbidities and exposures in more detail, a
prospective study is required. Another limitation of this study that treatment with
glucocorticosteroids was not stopped before the sputum induction as this can influence the
sputum transcriptome (39). Due to the fact that the demographics and clinical features are
gathered retrospective, no data was collected about severity of asthma and asthma controls
scores leaving a gap in the analysis of the bulk RNA-Seq data. Furthermore, we are aware of
the fact that the controls seem relatively poorly matched to the patients (age and BMI) and

that this might influence the shaping of inflammation due to immune-senescence. However,
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this effect was mainly seen in non-atopic athletes above the age of 50 years (282), which
includes only 15 patients of our cohort (14%) and therefore considered to have a limited
impact.

In conclusion, we found elevated levels of epithelial damage in patients with asthma
compared with controls. Moreover, exposure to external irritants impacted sputum
transcriptome of asthmatic patients. Smoking resulted in upregulation of CYP1B1 and
downregulation of epithelial tight junctions. Equivalently, exposure to cleaning products seem

to be associated to the Aryl hydrocarbon pathway.
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5. Supplemental material

Study design and subject characteristics

Patients of the outpatient clinic of Pulmonology and Allergology UZ Leuven (Internal Medicine
division) who underwent sputum induction for clinical purposes, consented to donate the
leftovers of a sputum sample for scientific purposes to the Leuven Allergy and Clinical
Immunology Research group (LACI). The samples were stored on RNA-lysis buffer (Qiagen,
Westburg) and were collected between October 2010 and March 2019. No treatment stop
was needed to enter this study. Asthma diagnosis was based on symptoms, on previous (< 24
months) or current proof of reversibility of FEV1 > 12% after inhalation of salbutamol according
to GINA guidelines and/or a positive histamine provocation test (PCx < 8 mg/ml) and
confirmed by a physician based on patient files (24). All healthy subjects were between 18 and
65 years old at the time of the sputum induction and no other pulmonary diseases were
diagnosed by a physician. In total 103 sputum samples from asthmatic patients were included
in this study together with 34 healthy control samples. By coincidence, 6 patients were already
included in the previous study by Seys et al. (183), but the new sputum sample used for this
study dated from a later time point. The healthy control subject population consists of left-
over sputum stored at -80°C in RNA lysis buffer from two previous studies: the study by Seys
et al. (n = 20) and the study by Decaesteker et al. (manuscript in preparation, S61661) (n = 16)
and 2 newly recruited samples. However, new cDNA processing and cytokine analysis was
performed for all stored mRNA samples.

Retrospective analysis

Spirometry was used to determine lung volumes of all participants and executed according to
ERS/ATS guidelines. All lung function parameters such as forced expiratory volume after 1
second (FEV1), forced vital capacity (FVC), the Tiffeneau index (FEV1/FVC) and fractional
exhaled nitric oxide (FeNO) together with clinical characteristics (age, gender, body mass index
(BMI), smoking status, allergic status, treatment and comorbidities) were retrospectively
looked up in the patient’s files. For the smoking status, a distinction was used between active
smoking, ex-smoker or non-smoker. A non-smoker was a person who smoked less than 100
cigarettes in total throughout his life. An active smoker was defined as a person who was still
smoking in the last 4 weeks (>100 cigarettes in total) and a former-smoker as a person who

did not smoke in the last 4 weeks (>100 cigarettes in total) and had less than 10 pack years.
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Allergy to medication was not included in this analysis. The sputum differential cell count was
retrospectively looked up in the patients’ data files and in a separate database for the healthy
controls. Eosinophilic asthma was defined as sputum eosinophils > 3% and sputum neutrophils
> 61%, neutrophilic asthma as sputum eosinophils < 3% and sputum neutrophils > 61%, pauci-
granulocytic asthma as sputum eosinophils < 3% and sputum neutrophils < 61% and mixed
granulocytic asthma as sputum eosinophils > 3 % and sputum neutrophils > 61%.

Bulk RNA sequencing and analysis

Samples were indexed to allow for multiplexing. Library quality and size range was assessed
using a Bioanalyzer (Agilent Technologies, California, USA) with the DNA 1000 kit (Agilent
Technologies, California, USA).

Single-end reads of 50 bp length were produced with a minimum of 1M reads per sample.
Quality control of raw reads was performed with FastQC v0.11.7, available online at:
http://www.bioinformatics.babraham.ac.uk/projects/fastqc. Adapters were filtered with ea-
utils fastg-mcf v1.0531. Splice-aware alignment was performed with HiSAT2 against the
human reference genome hg38, Ensembl83. Reads mapping to multiple loci in the reference
genome were discarded. Resulting BAM files were handled with Samtools v1.5 (259).
Quantification of reads per gene was performed with HT-seq Count v2.7.14. Samples
containing < 700.000 reads were removed for further analysis. Count-based differential
expression analysis was done with R-based Bioconductor package DESeq2 (260). Reported p-
values were adjusted for multiple testing with the Benjamini-Hochberg procedure, which
controls false discovery rate (FDR). Mean normalized counts <5 were removed to correct for
low base mean expression.

For canonical pathway analysis the Ingenuity Pathway Analysis (IPA) (Qiagen, Valencia, CA)
was used using the gene list of differentially expressed genes (DEGs). Gene Ontology (GO)
analysis was performed with Panther Classification System (283). Gene Set Enrichment
Analysis (GSEA) was performed with GSEA software (MSigDbv6, Broad Institute) using the full

gene lists with normalized reads.
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Table E1: Correlations with lung function parameters.

Correlations with FEV1% Spearmanr P-value
% Neutrophils -0.1334 0.1881
% Eosinophils -0.2817 0.0047
Uric acid (uM) -0.0496 0.6549
SP-D (pg/mL) -0.2326 0.0292
HMGB-1 (pg/mL) -0.2609 0.0152
Calprotectin (pg/mL) -0.2298 0.0366
Substance P (pg/mL) 0.0723 0.5156
Correlations with Tl (%) Spearmanr P-value
% Neutrophils -0.1445 0.1535
% Eosinophils -0.4030 <0.0001
Uric acid (uM) -0.1508 0.1607
SP-D (pg/mL) -0.1908 0.0750
HMGB-1 (pg/mL) -0.1280 0.2403
Calprotectin (pg/mL) -0.1166 0.2940
Substance P (pg/mL) 0.0666 0.5481

P-values were corrected by Bonferroni multiple testing.
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Table E2: Top 30 differentially expressed genes (padj < 0.05, Log2FoldChange < 1 or > 1): Never vs active smoking patients

with asthma
Genes UP Log2FoldChange Genes DOWN Log2FoldChange
CYP1B1 3.7 SPRR2F -5.5
SEMAG6B 2.2 SPRR2E -5.2
FGFR1 2.1 SPRR2A -5.0
HSPA1B 2.0 SPRR1B -4.9
DNAJB1 1.8 TRIM29 -4.3
HSPA1A 1.8 CYR61 -3.9
ZFAND2A 1.8 SH3BGRL2 -3.9
HSPH1 1.8 CRCT1 -3.8
BAG3 1.7 S100A14 -3.6
LPAR6 1.7 KRT223P -3.3
RP11-1008C21.1 1.6 SPINKS5S -3.2
SMIM3 1.4 ECM1 -3.2
ABI3 1.4 BAIAP2L1 -3.2
HK2 1.4 ALDH1A3 -3.2
FAM20C 13 CLDN4 -3.2
HSPE1 13 PDZD2 -3.2
HMOX1 13 TMPRSS11B -3.2
CACYBP 13 Cé6orf132 -3.2
ATF3 1.1 PCDH1 -3.2
TIPARP 1.0 VGLL3 -3.2
SLC1A4 1.0 PAX5 -3.1
GSN 1.0 LIPH -3.0
KRT19 -2.9
EFNAS -2.8
MID1 -2.8
FOXP2 -2.7
CGNL1 -2.7
S100A16 -2.7
HBB -2.7
TIP1 -1.8
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Table E3: Top 30 differentially expressed genes (padj < 0.05, Log2FoldChange < 1 or > 1): Former vs active smoking patients

with asthma

Genes UP Log2FoldChange Genes DOWN Log2FoldChange

CYP1B1 3,4 VGLL3 -3,1

SERPINB2 3,4 TCEA3 -2,1

P2RY6 2,5 ITIH5 -2,1

SEMAG6B 1,9 LAMB1 -2,0

HMOX1 1,5 PLTP -2,0

TIPARP 1,1 ARHGAP24 -1,7

ATP6AP1L -1,7

KLHDC8B -1,3

NFIA -1,3
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Table E4: Top 30 differentially expressed genes (padj < 0.05, Log2FoldChange < 1 or > 1): Never versus former smoking

patients with asthma

Genes UP Log2FoldChange Genes DOWN Log2FoldChange
NA NA SPRR2E -4.9
SPRR2A -4.4
SPRR1B -4.4
SPRR2D -4.4
SPRR2F -4.2
KRT78 -4.2
TMPRSS11A -4.1
CRNN -4.0
C2orf54 -4.0
CNFN -3.9
PAX9 -3.9
CYSRT1 -3.8
TMPRSS11E -3.7
S100A14 -3.7
TMPRSS11B -3.5
SPRR3 -3.5
MAL -3.4
KRT4 -3.4
PRSS22 -3.3
PADI1 -3.3
CHAC1 -3.3
LYNX1 -3.3
SCEL -3.3
MUC21 -3.2
TMPRSS11D -3.2
NCCRP1 -3.2
CRCT1 -3.2
RHCG -3.2
KRT13 -3.2
PRSS27 -3.2

133



Table E5: Differentially expressed genes (padj < 0.05, Log2FoldChange < 1 or > 1): Non-exposure vs cleaning product
exposure in patients with asthma

Genes UP Log2FoldChange Genes DOWN Log2FoldChange
AHRR 1.0 DDX3Y -4.2
FCGBP -4.5
SPRR1B -4.6
SPRR2A -4.5
FDCSP -4.4
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Chapter 8

1. Introduction

Asthma is a chronic heterogenous disease characterized by reversible airway obstruction and
airway inflammation, resulting in shortness of breath, wheezing and chest tightness (284).
Mast cells are tissue resident immune cells with a variety of functions that can respond to
external triggers, particularly at interfaces interacting with the external environment such as
the airways (38). They play a role in both the innate and the adaptive immunity. As a
consequence, mast cells may drive different features of asthma according to their response
to the immediate environment, inducing particular pathways (40). Since the first description
by Paul Ehrlich in 1878, mast cells have been mainly studied in the pathogenesis of allergic
diseases such as asthma (285). However, less is known about the role of the mast cell in non-
allergic asthma. Recent research revealed IgE-independent pathways, which may be mediated
via the novel Mas related G protein coupled receptor (MRGPRX2). MRGPRX2 is predominantly
expressed in mast cells and is activated via a broad range of cationic ligands including drugs,
host defence proteins, venoms and neuropeptides such as substance P and hemokenin-1 (38).
It was already demonstrated that mast cells express MRGPRX2 in sections of lung autopsies
and that asthma severity is associated with increased expression of MRGPRX2 in mast cells
(50, 286).

A shift in mast cells from the submucosa to the airway epithelium was identified in patients
with asthma, driven by EIB positive asthmatics, associated with the presence of airway
hyperreactivity (70). The presence of increased mast cell numbers in induced sputum samples,
which is an important non-invasive airway sampling method, was first described by Pin | et al.
via metachromatic staining (287). In addition, molecular phenotyping based on expression of
mast cell markers: tryptase (TPSAB1), chymase (CMA1) and carboxypeptidase A3 (CPA3) has
been used to identify mast cells in asthma patients and healthy controls (288). With the
availability of transcriptomic data, typical mast cell activator signatures are described to be
highly expressed in sputum of severe asthma patients (289). However, the direct
measurement of mast cells in sputum is challenging due to relatively low abundance in lumen.
Consequently, the knowledge of the role of mast cells, especially in non-allergic asthma and
regarding the MRGPRX2 receptor is limited.

The aim of this study was to identify and characterize mast cells and its MRGPRX2 receptor

expression by flow-cytometry in induced sputum samples of both allergic and non-allergic

137



asthma patients compared with healthy controls. Secondly, we studied the correlations
between mast cells, lung function data, asthma control and mast cell mediators in those

patients.

2. Material and methods

Participants

Healthy controls (n=5), allergic asthma patients (n=5) and non-allergic asthma patients (n=5)
were included, after signing the informed consent. All study subjects met the following general
criteria: between 18 and 60 years old, non-smoking or ex-smoker for at least 12 months and
with less than 10 pack years, no pregnancy and no major cardiovascular diseases. Additionally,
exclusion criteria for healthy controls included the presence of other pulmonary diseases and
presence of an allergic disease. Patients with asthma were screened during their yearly control
visit at UZ Leuven. Specific inclusion criteria for asthma patients were: physician-diagnosed
asthma since > 6 months, no other concurrent pulmonary diseases and no treatment with oral
corticosteroids or biologicals. Maintenance medication was allowed to be continued before
the study visit.

Study design

To characterize mast cells in the airways of patients with asthma and healthy controls, a
clinical study was performed at the department of Pneumology, UZ Leuven. The study consists
out of 1 visit during which informed consent was signed, questionnaires were filled in,
spirometry with reversibility test and sputum induction were performed. The study was
approved by the Ethics Committee Research UZ/KU Leuven (S52549).

Spirometry

Spirometric measurements were performed according to ERS/ATS guidelines (207). Predicted
values were calculated based on the GLI reference values (208). Spirometry was performed
before and 15’ after inhalation of salbutamol (400 ug) to assess bronchial reversibility.
Sputum induction

Sputum was induced by nebulizing NaCl in increasing concentrations (3 %, 4 % and 5 %) each
for 7 minutes. Before each dose increment, spirometry was conducted, and the process was
terminated if the FEV1 decreased by more than 10%. Using the selected plug technique
described by Pizzichini et al., sputum cells were isolated (269). To reduce squamous cell

contamination, plugs that appeared to be free of salivary contamination were selected and
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were treated with dithiothreitol (DTT) to homogenize and obtain a single cell suspension. After
cell isolation, living cell counts were determined using a Blrker hemocytometer with trypan
blue staining. Sputum cells were used for RNA isolation and flow cytrometric analysis (see
below) and sputum supernatant was stored for mediator analysis (see below). Cytospins with
12500 and 25000 sputum cells, respectively, were prepared for differential cell count
(Shandon Centrifuge) and stained (Diff-Quick stain, Thermo Fisher, Massachusettes, USA). A
total of 250 inflammatory cells were counted. Three asthmatic patients and one control
subject failed to produce a good quality of sputum and were therefore excluded. The groups
were completed so that each group consists of 5 participants.

Questionnaires

A questionnaire regarding medication use, allergy, smoking state, recent infections and the
Asthma Control Questionnaire (ACQ) (table E1) were filled in (211).

Sample analysis

Sputum cells

The obtained sputum cells were divided into cells for RNA isolation (minimum 250 000 cells)
and for flow cytometric analysis. RNA isolation was performed with the Mini RNeasy kit
(Qiagen, Hilden, Germany) according to the manufacturer’s guidelines. Afterwards, RNA
concentration and quality were measured with Nanodrop (Thermo Scientific, Whaltham,
USA). cDNA was synthesized with the High Capacity cDNA Reverse Transcription Kit (Applied
biosystems, Waltham, USA) with adapted protocol for low concentration of RNA. Sputum
levels of ckit, CMA1, TPSAB1 and MRGPRX2 were measured using real time qPCR (99, 182,
234-236). Data was normalized to the geometric mean of the reference genes PPIA and
RPL13A, determined with RefFinder (256). Newly developed primers and probes are listed in
supplementary table E2. cDNA plasmid standards were used to quantify the amount of target
gene in unknown samples (257).

Sputum SN

Collected sputum supernatant (SN) was stored at -80°C up to analysis. Accidentally, the
supernatant of one asthmatic patient was not stored (MCP6). Levels of B-hexosaminidase
were measured in the supernatant. Prostaglandin D2 (PGD2) and neurokinin-A (NKA) were

measured in sputum supernatant via ELISA (Abbexa, Cambridge, United Kingdom).
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Flow cytometry

Flow cytometry was performed on remaining sputum cells. To determine viability, they were
incubated with Fixable Viability Dye eFluor™ 780 (Thermo Fisher Scientific, Walthma, MA,
USA). In addition, they were incubated with PE-Cy7 anti-human HLA-DR, PE-Cy5 anti-human
CD14, AF700 anti-human CD16, BV711 anti-human CD117, V500 anti-human CD45, PerCP-
Cy5.5 anti-human FceRla, APC anti-human MRGPRX2 and PE anti-human CD63 together with
inactivated plasma to block unspecific binding and with Brilliant stain buffer (BD eBiosciences,
New Jersey, USA) for optimal staining conditions for the brilliant violet fluorochromes. The
antibodies CD45, CD14 and HLA-DR were purchased from Thermo Fisher Scientific and the
others were purchased from Biolegend (San Diego, California). Data was acquired with LSR
Fortessa SORP flow cytometer running DIVA software (BD biosciences, Erembodegem,
Belgium) and analysed with FlowJo 10.7.1 installation.

Statistical analysis

Statistical analysis was performed using Graphpad prism v.9.1.0 (California, USA). Normal
distribution was studied with Shapiro-Wilk test. To compare two groups, Mann-Whitney test
was used for non-parametric data and unpaired t-test for parametric data. Kruskal-Wallis test
was used to compare three or more groups with non-parametric data. Spearman r correlation
was used to assess correlation for non-parametric data. A result was considered to be

significant when p < 0.05.

3. Results

Subject characteristics

In total 10 asthmatic patients, of which 5 allergic and 5 non-allergic respectively, and 5 healthy
controls were included. Subject characteristics are described in table 1. All participants were
non-smokers. Allergic asthmatic patients were all multi-sensitised to dog (n = 3), cat (n = 3),
house dust mite (n = 3), grass pollen (n = 3) and moisture (n = 1), respectively. As anticipated,
asthmatic patients had significant lower FEV1% predicted, FVC% predicted and Tiffeneau index
(TI, FEV1/FVC, %) compared to healthy controls. All asthmatic patients were described on ICS,
however 2 patients reported no use (MCP7 and MCP10). ACQ scores ranging from 1 to 15, did
not significantly differ between allergic and non-allergic asthma patients. Sputum differential
cell counts were not significantly different in asthmatic patients compared with controls (table

1).
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Table 1: Subject characteristics.
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Controls (n=5) Asttha=|;;;ients P-value
Gender (M/F) 2/3 6/4 0.6084
Age (years) 42.0+129 43.6 £ 13.5 0.8259
BMI 246143 27.7+4.6 0.2299
Atopic (n) 0 5 0.1009
ACQ 0 1.2+09 0.0010

ICS use / 8
FEV1% 119.2+14.3 88.0+14.6 0.0021
FVC% 118.4+4.7 99.7+15.0 0.0191
FEV./FVC (%) 81.1+1.0 71.0+7.6 0.0390
Total ::::?i;gf\;f“t”m 1(0.7-3.7) 1.7 (0.8-6.1) 0.3710
Sputum macrophages (%) 75.21£24.4 57.9+26.9 0.2487
Sputum lymphocytes (%) 0304 15+23 0.2557
Sputum neutrophils (%) 246 £24.5 37.5+£22.7 0.3311
Sputum eosinophils (%) 0 20t4.7 0.3609

Data is represented as mean with standard deviation for parametric data and median with interquartile range for non-
parametric data. P-value was determined wit unpaired t-test for parametric data, Mann-Whitney test for non-parametric
data and chi-square test for categorical data.

Sputum mast cells are elevated in allergic asthma

Mast cells were identified as CD14"°%, CD16'°%, HLA-DR"®Y, FceRla* and CD117* cells (figure 1).
We found a significantly higher percentage of mast cells in sputum of patients with asthma,
specifically in allergic asthma, compared with healthy controls (figure 2A, E1). In addition,
specific mast cell markers were assessed via qPCR (figure 2B). cKit mRNA expression was only
detected in one patient with asthma (MCP2), who was indeed a non-allergic asthma patient
with a high percentage of CD117* of CD45* cells (2.1%). Mast cells where further characterized
based on their MRGPRX2 expression (figure 2B). MRGPRX2 protein expression and mRNA
levels did however not correlate. In contrast, a strong significant positive correlation between
chymase (CMA1) and MRGPRX2 mRNA levels was observed (Spearman r=0.9879, p<0.0001).
CMA1 and MRGPRX2 both furthermore correlated significantly with TPSAB1 (tryptase) (CMA1
and TPSAB1: Spearman r=0.838; TPSAB1 and MRGPRX2: Spearman r=0.815).
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Mast cell: ex vivo (pilot study)
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Figure 1: Gating strategy of mast cells in sputum. Mast cells were gated as live, CD45+, CD14low, CD16low, HLA-DRlow,
CD117+ and FceRla+ cells. The FITC channel was used to detect and eliminate autofluorescence. Backgating of the mast cell
population is represented.
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Figure 2: Characterisation of mast cells in sputum. (A) Mast cells expressed as % of live CD45+ sputum cells in allergic asthma patients (n=5), non-allergic asthma patients (n=5) and controls
(n=5). (B) Heatmap of allergy, inhalation corticosteroid (ICS) use, Asthma control questionnaire (ACQ) score with ACQ score <0.75 for controlled asthma and >1.5 for poorly controlled asthma,
% of mast cells of CD45+ cells and mRNA level of CMA1, TPSAB1, MRGPRX2 and cKit in each asthmatic patient. A white box was used to indicate ‘not available’. Kruskal-Wallis test was used to

determine P-value. ** p <0.01
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Mast cell activation markers

To assess the activation state of identified mast cells, PGD2 and B-hexosaminidase were
measured in the collected sputum supernatant. Although no significantly elevated numbers
of mast cells were observed in non-allergic asthma, a trend towards higher activation levels
was observed in patients with non-allergic asthma (figure 3A). Both markers of activation, B-
hexosaminidase and PGD2 correlated significantly with each other (Spearman r=0.7500,
p=0.0255, Figure 3B). As suggested by recent evidence, neuropeptides may play an important
role in mast cell activation and the neuro-immune interaction described in asthma. We
observed a trend towards higher NKA levels in allergic asthma patients (figure 3C). Moreover,
NKA levels but no other activation levels correlated significantly with the percentage of mast

cells defined as % of CD45* population (figure 3D, table E4)
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Figure 3: Mast cell associated mediators measured in sputum supernatant. (A) Mast cell activation mediators prostaglandin
D2 (PGD2) (pg/mL) and B-hexosaminidase (OD) in sputum supernatant of allergic asthmatic patients (n=4), non-allergic
asthmatic patients (n=5) and controls (n=5). (B) Correlation between mast activation mediators PGD2 (pg/mL) and B-
hexosaminidase (OD) (n=9). (C) Neurokinin A (NKA) (pg/mL) in sputum supernatant of allergic asthmatic patients (n=4), non-
allergic asthmatic patients (n=5) and controls (n=5). (D) Correlation between % mast cell (MC) numbers of CD45+ live cells
and NKA levels. Kruskal-Wallis test was used to determine P-value, Spearman correlation.
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Clinical associations of sputum mast cells

We examined the clinical characteristics of asthmatic patients in association with the number
and activation state of mast cells. The percentage of sputum mast cells correlated negatively
and significantly with the number of sputum neutrophils, indicating that we observed more
mast cells in patients with low sputum neutrophil counts (figure 4A). Although activated, we
did not observe a positive correlation with the number of sputum eosinophils (figure 4A),
probably due to the low number of eosinophils counted in our cytospin slides. We observed
that percentage of sputum mast cells correlated negatively and significantly with FEV1%
predicted (figure 4B, table E5). Moreover, a significant negative correlation was observed

between NKA levels and Tl (%) but not with FEV1% (figure 4B, table E5).
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Figure 4: Correlation between mast cells and clinical characteristics. (A) Correlation between percentage mast cells (MCs)of
CD45+ live sputum cells and sputum counted neutrophils and eosinophils, respectively. (B) Correlation between percentage
of mast cells of CD45+ live cells and lung function parameter FEV1%. Correlation between neurokinin A (NKA) and lung
function parameter Tiffeneau index (Tl). Spearman correlations.
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4. Discussion

In this pilot study, we were able to characterize mast cells in sputum samples of asthmatic
patients and healthy controls by flow cytometry. Our observed percentages of mast cells were
in line with Fricker et al. (290), which is by our knowledge the only publication focusing on
sputum mast cells by flow cytometry. As all mast cell percentages were below 0.5%, this
highlights that mast cells are a rare cell population in sputum samples. Other findings on mast
cells in sputum in literature are based on transcriptomic profiles (66, 288, 291). A recent study
by flow cytometry demonstrated that a significant portion of airway progenitor cells in
induced sputum samples are mast cell precursors in patients with allergic asthma (292). This
is in line with our observation of significantly elevated mast cell percentage in allergic asthma
patients compared to healthy controls.

The MRGPRX2 receptor was not specifically associated to neither allergic nor non-allergic
asthma, indicating that in both phenotypes, there might be a role for IgE-independent mast
cell activation via MRGPRX2. In addition, MRGPRX2 mRNA levels strongly correlated with
CMA1 mRNA levels, which is in accordance with the finding that MRGPRX2 can be used as
signature marker of the mast cell subtype MCrc (47). Recently, it was demonstrated that the
infiltration of particular chymase-high mast cells was associated with the degree of airway
hyperresponsiveness in corticosteroid-free patients (293). Different distribution of mast cells
was observed in patients with high FeNO levels, in which MCrc were elevated in airway
epithelium, and low FeNO levels in which MCrc were elevated in airway smooth muscle (293).
There was no significant correlation between mast cells markers studied via flow cytometry
and gPCR, indicating that there is a discrepancy between gene expression and surface
expressing markers, at least in this small population. Regarding the mast cell activation
markers, we found a tendency towards an elevated level of mast cell activation in non-allergic
asthma. Although the low numbers of mast cell in non-allergic asthma, they might be in an
active state contributing to airway inflammatory response. It is important to note that all
allergic asthma patients and 3/5 of non-allergic asthma patients were using ICS, which can
influence mast cell activation. In particular, ICS are known to reduce recruitment and
activation of Th2 cells, eosinophils and mast cells (294).

NKA is a neuropeptide produced by the same gene as substance P, but alternatively spliced.

Those neuropeptides are respectively preferential agonists for receptors neurokinin-1 (NK1)
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and NK2, and are present on airway mast cells (295). We found a significant negative
correlation between NKA levels and TI. Similarly, a negative correlation was observed between
substance P and FEV1/FVC in induced sputum samples of asthmatic patients (296). These data
suggest that neurogenic inflammation may be involved in the inflammatory reaction and
subsequent airway narrowing. This hypothesis is further evidenced by the finding that the
percentage of sputum mast cells correlated with NKA levels, indicating that we observed
higher mast cell numbers in patients with higher neuropeptide levels. Also the MRGPRX2
receptor on mast cells is described to have neuropeptides as ligand such as substance P and
hemokinin-1. Recent evidence suggests that substance P activates mast cells primarily through
the MRGPRX2 receptor (297). These finding shows how mast cells and the newly identified
MRGPRX2 receptor may participate in neurogenic inflammation in asthma. Less research is
known on NKA and the MRGPRX2 receptor. As NKA and substance P are highly homogenous
and the NK receptors have affinity for both substance P and NKA (298), it cannot be excluded
that the MRGPRX2 may also be activated via NKA.

The association of mast cells with clinical characteristics of asthma suggest that they might be
useful in the clinical management of asthma. However, we could not find a correlation
between mast cell activation markers and lung function. A possible explanation for this, is the
low sample size included. Although B-hexosaminidase is considered to be mast cell specific,
PGD2 can also be produced by other immune cells such as Th2 cells and dendritic cells (299).
Of note, protein levels may be underestimated due to the effect of DTT on the ELISA as it is
known that DTT can reduce detectable protein concentrations in sputum supernatants (300).
This study has some more limitations. First of all, these are preliminary data of a small cohort.
Further validation in an independent and larger cohort is necessary. The present study was
cross-sectional, while a longitudinal study following mast cells over time is recommended.
Furthermore, not every patient used the same medications which can bias the results.
However, none of them were on OCS or used biologicals.

In conclusion, we characterized mast cells expressing MRGPRX2 using flow cytometry. Mast
cells were elevated in allergic asthma compared with controls. While for non-allergic asthma
patients also mast cell activation was observed. Sputum mast cells correlated with NKA and
associated with lower lung function. This preliminary data demonstrates the role of mast cell
should be further studied in relation to neuro-immune interaction in both allergic and non-

allergic asthma.
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5. Supplementary material

0.4

0.0155
n b
= [ )
©
O 0.34
+
o)
S
@) 0.2+ °
s
0
O 0.1 °
=
§ ®
Qe
0.0-1—2T""—e2¢a
Cd N
y\&@ 6‘\0
' ©

Figure E1: Mast cells in asthma patients and controls. Red dots represent allergic asthma patients. Mann-Whitney test was
used to determine P-value.
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Table E1: Asthma Control Questionnaire (ACQ) (Dutch validated translation)

Hoe vaak bent u per nacht gemiddeld | 0 Nooit

wakker geworden door uw astma in | 1 Bijna nooit

de afgelopen week? 2 Een paar keer

3 Verscheidene keren
4 Vaak

5 Heel vaak

6 Kon niet slapen vanwege astma
Hoe ernstig waren uw astmaklachten | 0 Geen klachten

bij het 's morgens wakker worden | 1 Heel lichte klachten
gemiddeld in de afgelopen week? 2 Lichte klachten

3 Matige klachten

4 Vrij ernstige klachten
5 Ernstige klachten

6 heel ernstige klachten
In welke mate werd u over het | 0 Helemaal niet beperkt
algemeen in de afgelopen week door | 1 Nauwelijks beperkt
uw astma beperkt bij uw activiteiten? | 2 Een beetje beperkt

3 Tamelijk beperkt

4 Erg beperkt

5 Heel erg beperkt

6 Volledig beperkt

In welke mate heeft u zich over het | 0 Helemaal niet
algemeen kortademig gevoeld in de | 1 Nauwelijks

afgelopen week ten gevolge van uw | 2 Een beetje

astma? 3 Middelmatig

4 Vrij ernstig

5 Ernstig

6 Heel ernstig

Hoe vaak had u in de afgelopen week | 0 Nooit

over het algemeen een piepende | 1Zelden

ademhaling? 2 Af en toe

3 Geregeld

4 Vaak

5 Meestal

6 Altijd

Hoe veel puffs/inhalaties van een | 0 Geen

kortwerkend luchtwegverwijdend | 1 1-2 puffs/inhalaties
middel (bijv. ventolin, salbutamol of | 2 3-4 puffs/inhalaties
airomir) heeft u op de meeste dagen | 3 5-8 puffs/inhalaties
genomen in de afgelopen week? 4 9-12 puffs/inhalaties
5 13-16 puffs/inhalaties
6 meer dan 16 puffs/inhalaties

Tel uw punten op om uw totaalscore
te berekenen. TOTAAL:
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Table E2: Primer and probe sequences for qPCR

Gene Sequence
CMA1 FW | tct gca ttt aag gga gac tct gg
RV | att cgg gtg aag aca gca gg
TP | cccagggcatcgtatcctatggacg
TPSAB1 FW | gtg gac aat gat gag cgc ct
RV | gac gtc gtc tcc cgt gta gg
TP | ccaccgccatttcctctgaagca
MRGPRX2 FW | agg gtg tta agg ggc acc ag
RV | ctc ctt gcc aca aag cag aag
TP | agt aca aca gtg aat gga aat gac caa gccc

Table E3: Correlations with mast cell mediators

Correlations with %MCs of CD45+ cells Spearman r P-value
NKA (pg/mL) 0.7167 0.0369
PGD2 (pg/mL) -0.5167 0.1618
B-hexosaminidase (OD) -0.5500 0.1328
Table E4: Correlations with lung function parameters
Correlations with FEV1% Spearman r P-value
%MCs of CD45+ cells -0.8000 0.0138
NKA (pg/mL) -0.3667 0.4068
PGD2 (pg/mL) 0.8333 0.4555
B-hexosaminidase (OD) 0.450 0.4068
Correlations with Tl (%) Spearman r P-value
%MCs of CD45+ cells -0.3212 0.3679
NKA (pg/mL) -0.7280 0.0321
PGD2 (pg/mL) 0.5021 0.1711
B-hexosaminidase (OD) 0.1172 0.7659

P-values were corrected by Bonferroni multiple testing.
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Chapter 9

1. Introduction

Mast cells are rare tissue resident cells widely described for their role in allergic disease (40).
Human mast cells are derived from CD34* progenitor cells in the bone marrow. Next, these
progenitors will enter the bloodstream in undifferentiated state and migrate to target tissues
(40). Here, differentiation of specific mast cell committed progenitors, described as CD34*
CD117* FceRlI* cells, into tissue-specific mature mast cell subpopulations will take place (301).
Typically, mast cells are subdivided based on serine proteases into MCry, containing tryptase
and MCrc containing tryptase and chymase (38).

The most studied mast cell activation pathway is the IgE-mediated pathway, in which
activation is caused by allergen cross-linking of IgE bound to FceRI receptors, leading to the
release of different mediators (302). However, mast cell related inflammatory conditions
might also include IgE-independent activation e.g. via newly described Mas-related G protein—
coupled receptor X2 (MRGPRX2) (42). Nonetheless, the MRGPRX2 mediated mast cell
activation is still incompletely understood and difficult to explore. Much of our current
knowledge is based on mice models and cell lines (47). To gain more insights int the role of
mast cells in non-IgE mediated conditions and their interaction with other immune cells,
human in vitro differentiated mast cells can help. Published differentiation protocols can take
up several weeks and can generate different phenotypes as mast cells are sensitive to their
environment (82, 84, 85). Therefore, there is a need for shorter and efficient differentiation
protocols, resembling human mast cells. Recently, a promising shorter protocol (3 weeks) was
published by Cop et al. (87) only using SCF and IL-3 as supplemented cytokines in culture
medium. Lappalainen et al. demonstrated that IL-6 is helpful too for developing mast cells to
differentiate into a more mature phenotype, which can be helpful to shorten the
differentiation protocol. In addition, adding FBS to later weeks of culture is described to
increase viability of obtained mast cells (86).

The aim of this study was to optimize mast cell differentiation of CD34* progenitors to obtain
functionally MRGPRX2 expressing mast cells. Moreover, differences in mast cell yield between
fresh peripheral blood samples and buffy coat as starting material were also studied.
Specifically, the duration of the protocol and the role of IL-6 and FBS were investigated.

Functionality was assessed via assays containing both IgE- and MRGPRX2-mediated mast cell
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activation. Cultured mast cells could be useful to develop diagnostic mast cell activation tests

or their specific activation and/or inhibition by specific compounds can be tested.

2. Methods

In vitro culture

Human mast cells were cultured according to Cop et al. (87) and Lappalainen et al. (83) with
modifications (figure 1). Briefly, human mast cells were cultured from progenitors of both
buffy coat (BC, = 50 mL, n=8, supplied by Red Cross Donor Centrum, Belgium) and fresh
peripheral blood (PB) samples (80 mL, n=18) of healthy donors. All donors gave their written
informed consent as approved by the Ethics Committee of UZ/KU Leuven (S62076). First,
peripheral blood mononuclear cells (PBMCs) were isolated from blood samples using density
gradient centrifugation with Lymphoprep (Stemcell Technologies, Vancouver, Canada). Next,
the Easysep CD34* Selection Kit (Stemcell Technologies, Vancouver, Canada) was used to
select CD34* cells in accordance with the manufacturer’s instructions. Isolated CD34*
progenitor cells were cultured in a serum-free methylcellulose-based medium (MethoCult
human SF H4236) (Stemcell Technologies, Vancouver, Canada) supplemented with low
density lipoprotein (LDL, 10 pg/mL) (Stemcell Technologies, Vancouver, Canada), PB-
mercaptoethanol (55 umol/L) (Sigma Aldrich, Missouri, USA), penicillin-streptomycin (100
U/mL) (Life Technologies, Waltham, USA) and stem cell factor (SCF, 100 ng/mL) (Miltenyi
Biotec, Bergisch Gladbach, Germany). In addition, the medium was supplemented with IL-3
(100 ng/mL) and eventually IL-6 (100 ng/mL) (Peprotech, New Jersey, USA) and incubated for
3 or 4 weeks at 37°C and 5% CO; with high seeding density (1 - 2 x 10° cells/mL) in 6 well plate
(for BC) and low seeding density (1 -2 x 10%) in inner wells of 24 well plate with each 1.1
mL/well. At day 3, 7, 10, 14 and 17 cells were nourished by adding 300 pl of Iscove’s Modified
Dulbecco’s Medium (IMDM) (Life Technologies, Waltham, USA) containing penicillin-
streptomycin (100 U/mL), 1% Insulin-Transferrin-Selenium (Life Technologies, Waltham, USA),
0.1% Bovine Serum Albumin (Sigma Aldrich, Missouri, USA), SCF (20 ng/mL) and eventually IL-
6 (20 ng/mL) on the serum-free methylcellulose-based medium. After 3 weeks, cells were
retrieved and cultured in IMDM medium containing SCF (20 ng/mL) with or without FBS (5%)
at a density of 0.5 x 10° cells/mL for a one week during resting phase. When adjusting the
duration of the protocol, the period in serum-free methylcellulose based medium with the

addition of nourishing medium was adapted. Thus, the last week remains a resting phase.
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Depending on the quality and yield of each culture, different numbers of experiments could

be accomplished.

CD34+
isolation

0 3 7 1|O 14 117 2|1 Resting phase 2|8
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Figure 1: Overview mast cell differentiation protocol for 4 weeks. CSF, Stem cell factor. FBS, fetal bovine serum.

Immunophenotyping

Flow cytometry was performed on differentiated mast cells (during or after resting phase). To
determine viability, they were incubated with Fixable Viability Dye eFluorTM 780 (Thermo
Fisher Scientific, Walthma, USA). In addition, for extracellular characterisation they were
incubated with BV711 anti-human CD117, PerCP-Cy5.5 anti-human FceRla, APC anti-human
MRGPRX2, BV421 anti-human CD203c and PE anti-human CD63 together with inactivated
plasma to block unspecific binding and with Brilliant stain buffer (BD eBiosciences) for optimal
staining conditions for the brilliant violet fluorochromes. To characterize mast cell
progenitors, FITC anti-human CD34 was added. The antibody CD45 was purchased from
Thermo Fisher Scientific (Walthma, USA) and the others were purchased from Biolegend (San
Diego, California). For intracellular characterisation, anti-human tryptase primary mouse and
anti-human chymase primary rabbit antibodies (Abcam, Cambridge, UK) were used in
combination with AF488 donkey anti-mouse and AF594 donkey anti-rabbit secondary
antibodies (Invitrogen, Waltham, USA). Data was acquired with LSR Fortessa SORP flow
cytometer running DIVA software (BD biosciences, Erembodegem, Belgium) and analysed with
FlowJo 10.8 installation. Mast cells were identified as CD117* CD203C* cells (figure E1).

Cell staining

Cytospin slides were made (Shandon cytocentrifuge) and stained with Diff-Quick (Thermo
Fisher, Waltham, USA) and Toluidine Blue (Sigma Aldrich, Missouri, USA) staining. Specifically,
50.000 cells were loaded and centrifuged for 4 minutes at 800 rpm to immediately perform
Diff-Quick staining according to manufacturers’ guidelines. For toluidine blue staining, also

50.000 cells were loaded and centrifuged for 10 minutes at 800 rpm. Next, cells were fixed
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with Clarke’s fixation (75% ethanol and 25% acetic acid) for 10 minutes. After rinsing, cells
were stained with acidic toluidine (pH < 1) for 20 minutes at room temperature. Then slides
were rinsed and air-dried.

Functional analysis

During and after the resting phase, the function of human differentiated mast cells was
evaluated via IgE and non-IgE dependent stimuli, including substance P and compound 48/80
(C48/80). For stimulation with anti-IgE, cells were sensitized overnight with human serum at
37°C and 5% CO>. Next, cells were washed and resuspended in pre-warmed hepes buffer at a
density of 0.5 x 10° cells/mL. Subsequently, sensitized cells were incubated with polyclonal
goat anti-human anti-Igt (1 pg/mL) (Sigma Aldrich, Missouri, USA) for 1 hour at 37°C in hot
water bath. For non-Ig mediated activation, unsensitized mast cells were resuspended in
hepes buffer at density of 0.5 x 10° cells/mL and incubated with substance P (0.1 mg/mL)
(Sigma Aldrich, Missouri, USA) or C48/80 (2.5 ug/mL) (Sigma Aldrich, Missouri, USA) for 20
minutes at 37°C in hot water bath. Optimal concentrations were defined based on dose-
response curve. For inhibition experiments, differentiated mast cells were incubated with
ketotifen (100 uM) (Sigma Aldrich, Missouri, USA) or cromolyn sodium (1000 uM) (Sigma
Aldrich, Missouri, USA) for 15 minutes on 37°C in hot water bath just before addition of the
stimuli. Reactions were stopped by placing cells on ice for 5 minutes and centrifugation (5’ at
400G). The supernatant was removed and cells were stained by flow cytometry like described
above.

Statistical analysis

The entire analysis was carried out with the aid of Prism v.9.1.0. (California, USA). Data were
presented as median with IQR. Comparisons between groups were performed with Mann-
Whitney test. To assess correlations, Spearman analysis was performed. A result was

considered to be statistically significant if p<0.05.
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3. Results

Progenitor characterisation

First of all, the numbers of mast cell CD34* progenitors starting from fresh PBMC compared to
buffy coats, were studied. Mast cell progenitors are the starting cells for the mast cell
differentiation protocol. Subsequently, CD34* cells were isolated via immunomagnetic
selection (IMS) of PBMCs of both buffy coat (BC, +/- 50 mL) and peripheral blood (PB, 80 mL)
(figure 2A). Buffy coats contained significantly higher number of PBMCs and CD34* progenitor
cells (p<0.005)(figure 2B). However, the proportion of isolated cells after IMS on live PBMCs
did not differ amongst the two donor types. A significant negative correlation was found for
the proportion of isolated CD34* progenitor cells and age of the donors. We did not find a

significant difference for the proportion of isolated cells between male and female donors.
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Figure 2: Progenitor yield. (A) Mast cell progenitor selection methodology. (B) Manual counts of live cells stained with
trypane blue after PBMC isolation trough Lymphoprep density gradient centrifugation and immunomagnetic selection of
CD34* progenitor cells. (C) Progenitor yield in association with age (y) and gender. Data represented as median with IQR.
Horizontal bar above graphs indicates comparison between groups through Mann-Whitney U test.

*** = p<0.005, ns = p > 0,05 (not significant). BC, buffy coat; PB, peripheral blood; PBMC, peripheral blood mononuclear
cells; y, years.
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Next, we studied the isolated fractions of IMS via flow cytometry (figure 3A). Indeed, the
negative fraction (supernatant) barely contained CD34" cells. For the positive fraction, which
was further used during the protocol, the CD34" yield ranged from 15% up to 50% (figure 3B).
The percentage committed mast cell progenitors (CD34*, FceRla*, CD117*) amongst live cells

varied from 1.5% to 10%.

A
negative fraction positive fraction CD34" yield
(supernatant) (remaining volume)
60
- PB 2k« gz | ke o Q2 ?D\
I (co1) v Joss 150 =2
oK “o; 40
=
K]
3
20
< < | word 0_'::’ »g)
(@] O w [a]
] B @ 3)
w a4 a3 0
. 34812 895
e "
E ——
CD117
D BC xd e | ¢ axd oJo @ MCP yield
(RK8) Jros 101 .
- 28
s
£ 1o
+U
i k=] S
< o | = z
(@] O w 3]
17} 17} @ L 5
% % & o os 5!
. 0® 4961 793 ~
o W 8 4 L
_
CD34 CD34 CD117 & &

Figure 3: Immunophenotyping of fractions after immunomagnetic CD34+* selection. (A) Representative dot plot graph for
negative and positive fraction after immunomagnetic selection of CD34+ cells with Stemcell Easysep selection kit of PBMCs
of peripheral blood (PB) and buffy coat (BC). In positive fraction, mast cell committed progenitors (MCP) were identified as
CD117* and FceRla* CD34+ cells. (B) Proportions (among live cells) of CD34+ and MCP in PB and BC. Data are represented as
median with IQR.

Mast cell differentiation

Next, the protocol for mast cells differentiation was optimized. The duration of the protocol
was found to be optimal for 4 weeks, showing significantly higher viability and similar CD117,
FceRla and MRGPRX2 expression (figure 4A). MRGPRX2 was expressed on 46% of mast cells
cultured in the presence of IL-3 (20 ng/mL during week 1) and IL-6 (20 ng/mL week 1-3) (figure
4C). Addition of IL-6 substantially increased MRGPRX2 expression compared to conditions
with only IL-3 (30% of mast cells) (figure 4B). Addition of FBS (5%) in week 4, increased MC
viability (45% to 62%) but dramatically decreased MRGPRX2 expression (46% to 3%) (figure
4D). We therefore decided to use the protocol with addition of IL-6 (20 ng/mL) in the

nourishing medium without FBS in resting medium in further experiments. So CD34* cells were

differentiated into viable mature mast cells containing
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Figure 4: Impact of protocol adaptations. (A) Immunophenotyping of cultured progenitors after 3 (n=5), 4 (n=10) or 5 (n=2) weeks in medium. Results are indicated as median with IQR. Mann-
Whitney test; * = p < 0,05. Representative plots of immunophenotyping of obtained mast cells after addition of IL-3 (20 ng/mL) in first week of nourishing medium (Nm) (B), after addition of IL-
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granules visualised with microscopy (figure 4E) and containing both intracellular tryptase and
chymase assessed with flow cytometry (figure 4F).

Functional validation

In order to study whether the obtained cells could be functionally activated, mast cells were
stimulated with anti-IgE, representing IgE mediated activation and with substance P and
compound 48/80 (C48/80) representing MRGPRX2 mediated activation. For all stimuli, a dose-
response curve was obtained, demonstrating functionality of the mast cells. For anti-Igk
stimulation, a serum dilution of 1:5 with 1 pg/mL of anti-IgE was found to be optimal (figure
5A). As determined by CD63 membrane expression, the MRGPRX2 specific C48/80 effectively
induced degranulation. However, decreased viability was observed with increasing dose
(figure E2), suggesting that lower doses should be used. C48/80 stimulation induced
degranulation in specifically MRGPRX2 expressing mast cells with optimal concentration of
3.12 pg/mL (figure 5B). Similarly, substance P induced mast cell activation within MRGPRX2
expressing mast cells (figure 5C) with optimal concentration of 0.1 mg/mL. A representative

plot of non-IgE mediated activation in MRGPRX2 expressing mast cells is shown in figure E3.
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Figure 6: Pre-inhibition of mast cells stimulated with substance P. CD63 expression was shown in full population of mast

cells and subset of mast cell expressing MRGPRX2. Mast cells were pre-incubated with Ketotifen (n=4) (A) or cromolyn sodium
(n=6) (B) for 10’ at 37°C before stimulation with substance P (0.1 mg/mL). Results are indicated as median with IQR.

The ability of classical mast cell inhibitors on endogenous MRGPRX2-mediated mast cell
activation by substance P was assessed. Ketotifen was able to reduce CD63 expression on mast

cells (figure 6A), while for cromolyn sodium the inhibition was limited (figure 6B).
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4. Discussion

This study demonstrates that adding FBS substantially decreased and IL-6 increased MRGPRX2
expression during human mast cell differentiation in vitro. The obtained mast cells were
considered to be mature showing granulation and containing both tryptase and chymase. This
suggests that obtained mast cells resembles MCrc mast cell subtype, which is described to
express MRGPRX2 (38). Furthermore, obtained mast cells were functionally valid allowing for
evaluation of both IgE-dependent and IgE-independent (MRGPRX2 mediated) pathways. This
enables screening of pharmacological inhibitors.

The differentiation protocol started with either progenitors isolated from buffy coats or
peripheral blood. Our culture model allows the generation of viable mast cells starting from a
small amount of progenitors. It is advantageous as primary (patient-derived) samples can be
used as source for progenitors to obtain mast cells in a relatively short timeframe of 4 weeks,
which is cost-effective. Similar relative progenitor yield was obtained in buffy coat and
peripheral blood, negatively correlating with donor age. As aging is accompanied by a decline
in immune responses, this is not unexpected (303). Other common resources of progenitors
are bone marrow or cord blood (304, 305), which are less accessible. Using the commercially
available CD34* immunomagnetic selection kit, CD34* PBMCs were isolated. However, the
mentioned purity of manufacturer (93.5 + 1.1%) obtained with cord blood was not achieved
within our peripheral blood nor buffy coat samples. The committed mast cell progenitor yield,
already expressing CD117 and FceRla, within these isolated fractions ranged from 1.5 — 10%.
However, we believe that also non-committed progenitors may differentiate into mast cells.
Keeping differentiating mast cells for a longer period in time (> 4 weeks) in the
methylcellulose-based medium resulted in increased cell death. This is contrast with
literature, as mast cell differentiation protocols can take up to 8 weeks (82—84), in which a
liguid-based medium is applied.

Activation of MRGPRX2, which is expressed on human mast cells, is considered to be
important in mast cell degranulation besides cross-linking of IgE/FceRla pathway. To obtain
highly MRGPRX2 expressing mast cells, IL-6 and FBS were added to the culture medium,
promoting mast cell differentiation. Cop et al. did not find an effect of IL-6 on non-Igk
dependent degranulation (306). However, we found elevated MRGPRX2 expression in mast

cells cultured with IL-6. Interestingly, FBS induced reduced MRGPRX2 expression on mast cells.
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To our knowledge, this effect was not described before. This finding is relevant for further
research focusing on MRGPRX2 mediated pathways in vitro. Others investigated the effect of
MRGPRX2 inhibition by the use of small interference RNA inducing MRGPRX2 silencing (307).
Furthermore, different inhibitors have been developed including direct inhibitor such as QWF
and inhibition of MRGPRX2 downstream signalling which might have therapeutic potential
(48). We showed that the differentiated human mast cells degranulate in response to
neuropeptide substance P. Recent studies indeed have demonstrated that substance P is
ligand of the MRGPRX2 receptor on mast cells (286). Substance P is a member of the
tachykinin family of neuropeptides and is a well-known ligand for neurokinin 1 and 2 receptor
(NK1R, NK2R) with preference for NK1R (308).

As alternative activating agent, C48/80, polycationic molecules, was used to induce MRGPRX2
mediated activation (309). The increased observed cell death, expressed as FVD780 uptake,
observed in mast cells stimulated with higher concentration of C48/80 might be explained by
toxic effect of those concentrations. Another suggestion might be massive degranulation,
enabling FVD780 going intracellular. We did not study whether mast cells could be
“recovered” afterwards.

Although used in clinic over a long period of time for the treatment of allergic diseases, the
effect of common mast cell stabilizers such as sodium cromoglycate and ketotifen on
MRGPRX2 mediated reaction was not investigated before (309). Ketotifen acts as a histamine
1 receptor antagonist and is also described to stabilize mast cells (310). While cromolyn
sodium is generally considered to be a mast cell stabilizer (311). We found decreased mast
cell activation in mast cells stimulated via MRGPRX2 via substance P, suggesting that ketotifen
might be considered for treatment of non-Ig mediated mast cell driven inflammation besides
typical IgE-mediated mast cell diseases.

Admittedly, our study has some limitations. Mast cell degranulation was only assessed via flow
cytometry. Additional analyses such as B-hexosaminidase assay or measurement of released
mediators such as cytokines and lipid mediator could be used to confirm our obtained results
or even discriminate between IgE mediated or MRGPRX2 mediated mast cell activation.
However, CD63 upregulation is a standardized and accepted method in literature to measure
mast cell degranulation at single-cell level. In addition, variability in mast cell numbers and
expression of surface receptors was observed. This might be explained by technical effects or

inter-donor variance. These quality and quantity issues represent real-life situations and as
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such, variation within our results was observed. Further experiments should take this into
account this quantitative and qualitative variation.

In conclusion, primary human mast cell differentiation starting from buffy coats or fresh blood
samples was optimized to obtain optimal MRGPRX2-expression. Obtained mast cells were
functional for both IgE- and MRGPRX2- mediated activation, enabling research on MRGPRX2

dependent mast cell activation.
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5. Supplementary material
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Figure E1: Representative gating strategy for cultured mast cells. (Applied on differentiated cells starting from peripheral
blood sample)
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Chapter 10

Human airways are continuously exposed to external triggers in the air, inducing epithelial
triggering and potential damage. In this PhD thesis, we investigated airway inflammation as a
result of external triggers inducing bronchoconstriction. In the first part, atopic state and
exercise-induced bronchoconstriction (EIB) were studied in adolescent athletes, who are in
this thesis defined as persons (12-18 years) who are trained in sports that requires physical
activity (212 hours of sport a week). The second part included an in-depth analysis of exposure
to external triggers on the airways of both early-career elite athletes and asthmatic patients.
In the last part, the involvement of mast cells in non-allergic asthma, as potential targets for

external stimuli induced epithelial cell cytokine production, was investigated.

1. Atopy and EIB in young athletes

1.1. Summary of the findings
A high prevalence of respiratory allergies, asthma and EIB has been reported amongst athletes
(114, 187). Therefore, we studied atopic state and EIB in a population of early-career
adolescent athletes (12 — 18 years). In chapter 4, we focused on early-career elite athletes
(n=90), performing a high level of intense exercise at ‘Flemish Elite Sports’ Schools’. We found
a sensitisation rate of 37%. Both AQUA® score (> 6) and FeNO levels (> 15 ppb) were able to
predict atopy in this population (figure 1). In addition, we demonstrated that FeNO levels had
higher sensitivity to predict atopy with multiple sensitisations. We were able to validate these
findings in a cohort of recreational adolescent athletes (n=327) also performing at least 12
hours of physical exercise a week but not needed to be affiliated to an ‘Elite Sports’ School’,
in chapter 5 (figure 1). In this cross-sectional study, 40% of athletes were atopic, 14% reported
a physician-based asthma diagnosis and 22% tested positive for EIB. An asthma diagnosis was
found to be significantly associated with outdoor sport disciplines. Of these athletes with a
positive EVH test, 80% of athletes were not treated with any inhalation therapy and 76% did
not receive a prior asthma diagnosis, which term is often interchangeably used in real-life
practice, indicating that there is a need to better identify athletes at risk for EIB. Wheezing
during exercise was found to be an independent predictor for EIB in athletes without previous
asthma diagnosis, while FeNO measurement was an independent predictor in the whole group
and was specifically associated with EVH response in atopic athletes. A high sensitivity to

predict EIB in athletes was found for AQUA® score of > 6. Finally, measurement of serum
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markers of epithelial damage showed association with intense training years, training type

and severity of EIB.

» Adolescent athletes (12 - 18 years)
Elite athletes

Recreational athletes (212 hours of sport/week) Recreational athletes (=12 hours of sport/week)
Atopy EIB
SPT EVH
+/- 40% positive to at least one 22% positive with drop in FEV,
aeroallergen of at least 10%
I Of which 80% was not treated
. -®.
Screening P
i Associated factors
AQUA score 2 6 - !
Previous asthma  Wheezing during Atopic state
) diagnosis exercise
O n S
|
FeNO level 2 15 ppb — ‘@
T sensitivity to predict multiple sensitizations AQUA score FeNO level
( Screening tool )

Figure 1: Screening possibilities for atopy and EIB in adolescent athletes. (Created with Biorender.com) AQUA, allergy
questionnaire for athletes; EIB, exercise-induced bronchoconstriction; EVH, eucapnic voluntary hyperventilation; SPT, skin
prick test. (Created with Biorender.com)

1.2. Relevance and limitation
Diagnosis of EIB is particularly relevant because of potential implications on performance in
training and competition as airway narrowing during exercise compromises ventilatory
capacity and efficiency (312). In addition, asthma diagnosis has been pointed towards risk
factor for deaths in athletes associated with a sport activity (313). We identified that most of
the EIB* athletes did not have prior diagnosis or treatment, indicating that there is a need for
a simple and robust clinical tool to aid in evaluating airway health in athletic individuals. The
association of asthma with outdoor sport disciplines in our recreational athletes underlines
the importance of the environment in which adolescent athletes exercise. Performing sport
activities is suggested to increase the exposure to external triggers such as aeroallergens and

air pollutants. However, we did not find a significant association with type of training and EIB
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within this cohort of recreational athletes. This might be explained by the fact that these are
recreational athletes, not performing sport activities on the highest level. The median training
hours a week for recreational athletes was 14 hours/ week, while for elite athletes this was 20
hours of sport/week. We hypothesize that when training hours increase, a shift will occur
toward harmful effects of exercise, which might be associated to environmental triggers or
due to lack of power. The airway epithelium may play an important role in the pathogenesis
in EIB (93). We indeed found higher markers of epithelial stress in athletes with a longer
history of training years. In addition, we found increased epithelial damage in athletes with
moderate EIB in comparison with athletes with mild EIB. In contrast, we were not able to
discriminate EIB" and EIB* athletes based on measured serum markers. In this study, we
specifically focused on serum markers, as they are easy in daily use compared with sputum

samples.

Regarding atopy, we found in both cohorts of athletes, including early-career and recreational
athletes, similar presence of atopy, 37% and 40%, respectively, which is slightly higher than
the general Belgian population (195) but in line with other authors reporting atopic state in
adolescent athletes (136, 156). As atopy is frequently unrecognized and underreported, a
screening tool may be relevant for athletes. The AQUA® questionnaire is a simple and easy-
to-use tool to identify athletes who require further allergy testing and was validated in
adolescent athletes. Based on our results we can conclude that FeNO levels are associated to
atopy in adolescent athletes. Even in adolescent athletes with asthma, we found that FeNO (2
15 ppb) is a good and significant predictor for atopy. In literature, FeNO is considered to be a
non-invasive marker of childhood asthma (191), which is typically characterized by Type 2
inflammation. For athletes, we hypothesize that FeNO is rather a marker of Type 2
inflammation present in atopic athletes, than a specific marker of asthma. Twenty-five percent
of recreational athletes had suggested non-Type 2 asthma without increased FeNO levels.
Furthermore, EIB diagnosis was significantly associated with atopy and FeNO levels negatively
correlated with EVH response in atopic athletes, suggesting that higher levels of type 2
inflammation are associated with increased airway hyperreactivity. Therefore, we propose
that FeNO can be a useful marker to detect EIB in atopic athletes. A major disadvantage of
FeNO is that the measured levels are affected by other factors such as age, gender, height,

smoking state and diet (314).
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In literature it is suggested that atopy is a risk factor for bronchial hyperreactivity and EIB (93,
189). We also found a significantly higher proportion of atopic athletes within EIB* athletes
compared with EIB- athletes and an AQUA® score > 6 had highest sensitivity to detect EIB. As
expected, wheezing during exercise was found to have high specificity for EIB (205). Most
published research on FeNO and EIB focus on EIB in children and adolescents with asthma
(315-317). However, we also demonstrated its role in association with EIB in atopic
recreational athletes specifically. The heterogenous composition of athletes with and without
asthma limits the development of a uniform screening test. We now applied obtained results
of all athletes in a suggested flowchart to screen adolescent athletes performing at least 10
hours of sport a week, containing ‘Wheezing during exercise’ and AQUA® score > 6 or FeNO >
15 ppb, followed by atopy testing. The results of allergy testing can be of added value for the
athlete as exposure to specific triggers can be avoided during training. This heterogenous
cohort of recreational athletes also highlights the complex overlap between EIB and asthma
in athletes. However, it reflects the real-life situation in which a screening tool for EIB might
be applied. Itis hypothesised that EIB may evolve into asthma. Up to now, there are no reports
on the progression of asymptomatic EIB and whether it may evolve into EIB with symptoms
or even asthma. A positive EVH test in asthmatic athlete might point towards uncontrolled
asthma. Our study is limited as we focused on diagnosis of EIB and did not perform a diagnostic
test for asthma (e.g. baseline reversibility test) or other differential diagnosis. As such,

undiagnosed asthma may be present in the athletes.

1.3. Future perspectives

Our results support the importance to better monitor allergic and respiratory conditions in
adolescent athletes. For atopy, we were able to show and validate the accuracy of AQUA® and
FeNO. These tools might be useful to emphasize the high prevalence of allergy in athletes and
might provide the first step towards implementing flowcharts for allergy diagnosis and
management in sports medicine. Also, a greater awareness of EIB among adolescent is
needed. More research is necessary to better understand the underlying mechanisms of EIB
in athletes. Markers of epithelial damage might be candidates to fill this gap. In order to
implement the suggested flowchart, we have to validate these results in an independent
cohort of athletes sufficiently powered to allow screening at the Flemish or national level. A

cost-benefit analysis is necessary to see whether the suggested flowchart is feasible or
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adaptations regarding sensitivity and specificity are needed. In addition, we need to study
whether early treatment of subjects with positive EVH test results in reduced prevalence of
EIB during follow-up. By implementing a flowchart to identify athletes at risk for EIB, we highly
advise that a clinical guideline committee develops guidelines on how these athletes should

be managed throughout their sports careers.

2. In-depth analysis of exposure to external triggers on the airways

2.1. Summary of the findings

EIB is highly prevalent in elite athletes and seems to be associated with environmental
exposures during training. Moreover, environmental exposures are important triggers for
exacerbations and respiratory symptoms in asthmatic patients. To study the effect of external
exposure on the airways of elite athletes and asthmatic patients, we performed RNA-Seq on
induced sputum samples. An overview of suggested pathways involved in respiratory
response to external triggers based on obtained results are summarised in figure 2. In chapter
6, we investigated the effect of intense exercise and associated exposure to air pollution on
the airways of adolescent elite athletes (n=90) compared with healthy controls (n=25). Our
results showed increased carbon load in sputum macrophages in athletes compared with
control subjects performing <6 hours of sport a week. In addition, genes related to epithelial
damage, airway inflammation and immune trafficking were upregulated in athletes’ sputum
samples compared with control subjects. Athletes had significantly higher substance P and
calprotectin levels as well as IL-6, IL-8, TNF-a mRNA levels compared with controls. Based on
a preliminary RNA-Seq analysis between atopic EIB* and EIB™ athletes, increased pathways for
oxidative signalling and neuroinflammation were found for EIB* compared to EIB™ athletes. The

maximal fall in FEV1(%) after EVH test in athletes was significantly associated with prior PM1,.

The effect of external triggers on airways of asthmatic patients was studied in chapter 7. A
retrospective analysis in patients’ files searching for environmental exposures was performed.
Firstly, increased levels of alarmins were found in asthmatics compared with healthy controls,
pointing towards epithelial damage. Exposure to cigarette smoke was investigated, as it may
alter the type of immune response and cytokine production in airway inflammation (265).
RNA-Seq analysis revealed upregulation of CYP1B1 and downregulation of CLDN4, ECM1 and

TJP1 in active (n=8) compared to never smoking asthma patients (n=13). Even the comparison
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of never (n=13) versus former smokers (n=20) resulted in differentially expressed genes
(DEGs), which were all downregulated in former smokers. These genes were related to
epithelium development and filament cytoskeleton organization. Next, work-related
exposures to irritants was investigated. We found that serum SP-D levels were significantly
elevated in asthmatic patients who reported exposure to cleaning products compared with
patients who did not report any exposure, pointing towards epithelial damage. Based on RNA-
Seq analysis, the aryl hydrocarbon receptor (AhR) signalling pathway was considered to be
important. In addition, asthmatics exposed to cleaning products were significantly associated

to IL-22-high cytokine profile.

2.2. Relevance and limitation

Sputum induction is an important non-invasive way to study lower airways. Transcriptomic
analysis of these samples by next generation sequencing enables high throughput and
thorough characterisation of gene expression profiles. However, not every subject is able to
produce a useful sputum sample. Furthermore, the quality necessary to perform RNA-Seq is
not reached by every subject, especially in healthy controls, resulting in a reduced usable
number of samples. Unfortunately, swimmers as a sport discipline did not consent to produce
a sputum sample for the cross-sectional study due to complaints associated with inhalation of
hypertonic saline in a previous study performed by our research group (101). The fact that
especially swimmers had these complaints when compared to other disciplines and in this
swimmers group a high proportion of EIB* subjects was found, suggests that the airways of
swimmers might already be more “sensitive”. The elevated levels of serum CC16 in swimmers

compared to other sport disciplines supports this hypothesis (chapter 5).

The relationship between air pollution, EIB and elite sports has not been extensively studied.
However, the negative effect of air pollution on human airways have been demonstrated
(109). This can be of importance in high traffic areas such as Flanders. The increase in black
carbon load of airway macrophages in athletes compared with controls is compatible with the
hypothesis that the increased inhalation rate during exercise increases the inhalation dose of
air pollutants. Unexpectedly, we did not find a difference in carbon load between athletes
performing in- or outdoor sport disciplines. This might be explained by poor air cleaning in

ventilation systems of sports halls.

174



Chapter 10

Airway epithelium

) Epithelial damage

} Voo
} Uric acid I
IL-8 -6 ROS IL-25 HMGB-1 |
¢ IL-33 SP-D '
- ™ NF-kB |
i AR L 3
e @
e TNFa Substance P
@ B IL-6 | Neurokinin A
ccL3 v
:"“J "“1 < “‘ TSes c
‘ ‘ 5
| | Neutrophils TNFa \ =
‘i \ . p CRTH2 ) AR O &
\ alprotectin / g
PGD2 » . °
IL-33 %% b @ Histamine Sy e T
s®e2 PGD2 AR i
o ® LTB4
ol @
Bronchoconstriction »
| Pro and anti-
. inflammatory

e

Smooth muscle cells

' response
/

— —
oA

Nucleus

Figure 2: Exposure to external triggers: central role for mast cell? (Created with Biorender.com) Exposure to external triggers investigated within this thesis: cigarette smoke, cleaning products,
allergens and air pollution can induce epithelial damage. This might lead to decrease in tight junctions (CLDN, OCLN, ZO-1), the release of DAMPS (Uric acid, HMGB-1, SP-D), alarmins (IL-33,
TSLP) and cytokines (IL-6, IL-8, IL25) by epithelium. These will initiate immune response. Furthermore, afferent nerves can be triggered resulting in the release of neuro-mediators (substance P
and neurokinin A). Furthermore, external triggers might also generate reactive oxygen species (ROS), which can activate NF-kB mediated immune response. Mast cells can be activated via IgE

mediated and non-IgE mediated pathways, resulting in degranulation and bronchoconstriction. The aryl hydrocarbon receptor is expressed within different immune cells. Its effect is indicated
with dotted line. (Created with Biorender.com)
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Besides, we are not aware of the number of hours of sport activities that is performed
individually inside or outside, as athletes performing an indoor sport like volleyball or
basketball may also train outside. In addition, we found significantly lower levels of OCLN and
Z0O-1 mRNA levels in athletes exposed to higher levels of PM1gand also their airway response
to EVH test was associated with prior PM1o exposure. These results highlight the association
of exposure to air pollution and airway hyperreactivity in adolescent elite athletes. Our study
provides further evidence that action should be taken to reduce PM in general and improve

air quality during training sessions and sport competitions in particular.

Several mechanisms underlying EIB have been proposed including thermal and osmotic
hypothesis, neurogenic inflammation and epithelial damage (93). Our exploratory work on
EIB* athletes suggested oxidative stress as underlying mechanism. Indeed, elite sport activities
have already been described as stimulus for oxidative stress (262), but we suggest a link with
EIB. We furthermore suggested activation of the neuroinflammatory pathway in EIB* athletes.
These results should be considered as preliminary as they are based on the comparison of 2
EIB* atopic athletes compared with 4 matched EIB™ atopic athletes. Neuropeptides such as
substance P and neurokinin-A (NKA) are also described by others to be involved with EIB (93).
As suggested in chapter 8, neuro-mediators might be involved in the activation of mast cells,

releasing mediators involved in bronchoconstriction such as cysLTs and PGD2.

More athletes could be included in the RNA-Seq analysis comparing sputum RNA data from
elite athletes (n=37) with healthy controls (n=11). We confirmed pro-inflammatory reactions
in sputum transcriptome of elite athletes and validated these results by increased sputum
mMRNA levels of IL-6, IL-8 and TNF-a. Similarly, to other reports, we found epithelial damage
measured by elevated HMGB-1 and downregulation of CLDN15, a component of the tight
junctions. In contrast to other reports, we also focus on potential beneficial effects in elite
athletes compared to controls. Specifically, we found an upregulation of INF-y response, which
is considered to be an anti-inflammatory cytokine. In addition, a downregulation of TLR3 was
observed, which might be beneficial due to reduced inflammatory capacity of leukocytes,

limiting chronic inflammation.

Although avoiding of environmental factors is recommended in the management of asthma,

the effect of environmental exposure to irritants in cleaning products on asthma control is
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limited. Based on a study with a large population size, it was demonstrated that regular use
of disinfectants and cleaning products may contribute to poor asthma control in elderly
woman (318). Regardless of the limitations of our study, this is the first study performing an
in depth-analysis of the sputum transcriptome of asthmatic patients in association to the
exposure to cleaning products. The AhR signalling pathway seem to be involved in the reaction
to exposure to cleaning products. AhR is ligand-activated transcription factor effecting mast
cells, B cells, macrophages, Th17 and Tregs, all of them influencing airway inflammation
(319)(figure 2). AhR activation will induce cytochrome P4502 (CYP1) enzymes, which
oxygenate the AhR ligand, leading to their metabolic clearance and detoxification (320). AhR
activation will stimulate IL-22 production (274). We found a significant association between
IL-22-high cytokine profile, based on 90t percentile of mMRNA levels of controls, and asthmatics
exposed to cleaning products. In contrast to mice, no IL-17 high cytokine was found in these
asthmatics (321). Investigating the sputum transcriptome of smoking asthmatic patients, also
an upregulation of the AhR pathway including CYP1 was found. This suggest a similar reaction
of the airways to xenobiotic stimuli. Cigarette smoking has adverse health effects including
reduction of lung function, amplified risk on pathogen invasion by disrupting epithelial barrier
and immunomodulatory properties (322—324). Despite the fact that cigarette smoking is
known to exacerbate asthma, only limited clinical asthma studies have been conducted
involving smokers. We indeed confirmed reduced epithelial tight junctions in smoking
asthmatic patients (279, 324). Furthermore, a significant association between asthma in
adolescent athletes and a household member who smokes was found in chapter 5, which
reconfirms the negative impact of smoking. An important limitation of the study in asthmatics
is the retrospective study design, as only reported environmental exposures in the patient file
were included. The results for work-related exposure to cleaning products was based on a
small group of six patients, which were all female. This might bias the results of RNA-Seq

analysis.

2.3. Future perspectives and recommendations
The cross-sectional and retrospective design of both studies do not permit causal relations to
be drawn. Both studies are considered to be observational. Therefore, exposition studies in
mice models might be relevant to study the impact a specific trigger and as such unravel the

similarities and differences between bronchoconstriction induced by irritants and induced by
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a repeated high ventilatory burden as in endurance trained athletes. As we found in both cases
signs of epithelial damage. Regarding the underlying mechanisms of EIB, further research may
focus on the neuro-immune response. Transient receptor potential ankyrin 1 (TRPA1) might
be involved as irritants may activate TRPA1 (96), inducing the release of substance P and NKA
by C-fibers, which promote inflammatory response. In addition, more research into the
oxidative stress pathways could increase our knowledge on the underlying mechanisms of EIB.
Due to the temporary nature of reactive oxygen species, this can be assessed indirectly via
measuring levels of DNA/RNA damage, lipid peroxidation and protein oxidation/nitration.
Serum oxidative stress markers were recently shown to be higher in power sports (such as
cycling and long distance athletics), which may alter tissue healing capacity (325). This might
explain the disruption of tissue homeostasis and transition to hyperreactivity of the airways
seen in EIB.

Variability in the results of EVH test has been repeatedly reported. Also the recent position
paper of European Academy of Allergy and Clinical Immunology (EAACI) highlights the
importance of repeat assessments taking into account environmental conditions (202).
Indeed, external factors could perhaps influence those assessments. We indeed found a
significant negative association between the maximal fall in FEV1 and prior PM exposure. This
observation shows that also air pollution should be considered as an important external
trigger inducing airway reactivity. A prospective study design is warranted to further examine
the link with exposures in EIB and/or asthma. In such further research, personal samplers can
be used to better track exact exposure to air pollutants or even aero-allergens of individual

athletes.

PM is emitted from incomplete combustion processes, predominantly from traffic exhaust or
industrial emissions including power production. As Flanders is a densely-populated region
with high traffic density (figure 3), we suggest to focus on transport sector to reduce PM levels
by limiting use of diesel cars (lacking soot filters), making electric cars financially accessible to
a larger population, expanding low emission-zones in city centres, improving public transport
but also by education and increasing awareness of effects of air pollution. For elite athletes it
is suggested to avoid prolonged high intensity endurance exercise in highly polluted periods
to decrease personal exposure (326). For example, in case of elevated pollution levels,

trainings can be scheduled in the morning or evening as pollution levels are generally lower
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during these periods. As applied by the I0OC (327), an expert committee can monitor air quality,
give updates and make recommendations. Furthermore, there is an important role for medical

experts to ensure that an athlete is aware of risks associated with air pollution exposure.

PM2.5 in 2020
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Figure 3: Relative concentration of PM2.5 and PM10 in Belgium, 2020. (Source: for a healthy Belgium (328)). AQG, air quality
guidelines; PMyy, particulate matter < 10 um; PM s, particulate matter < 2.5 pm; WHO, world health organization.

In further studies, one can specifically focus on work-related exposure to cleaning products in
comparison to a matched control population. The use of mice models might also help to
investigate the role of AhR in regulation asthmatic phenotype. For example, an AhR deficient
mice model demonstrated reduced airway hyperresponsiveness in an irritant-induced asthma
model (with chlorine)(329). Limiting the use of disinfectants and exposure to cleaning
products may help improve asthma control. Specifically, one might avoid strong chemicals
that can induce respiratory irritation and ensure adequate ventilation when using cleaning

products. This helps to reduce the concentration of cleaning product fumes in the air.

3. Mast cell in non-allergic asthma

3.1. Summary of the findings

Limited knowledge is available on the role of mast cell in non-allergic asthma. In this part, we
investigated the role of mast cell in non-allergic asthma using an ex vivo and in vitro approach.
In chapter 8, we developed a flow cytometric panel to characterize mast cells in induced
sputum samples of asthmatic patients and healthy controls. In this pilot study, we found
significantly higher mast cell percentages in allergic asthma compared to healthy controls.
However, for non-allergic asthma patients also mast cell activation was observed. Sputum
mast cells correlated with NKA levels and were associated to lower lung function. We were
able to detect MRGPRX2 expression on mast cells, but this was however not associated with
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an allergic or non-allergic asthma phenotype. To better investigate the role of MRGPRX2
receptor on human mast cells, an in vitro differentiation model of human mast cells expressing
MRGPRX2 was optimized in chapter 9. CD34" progenitor cells of peripheral blood or buffy coat
were cultured in a serum-free methylcellulose based medium for 4 weeks. FBS addition
significantly reduced and IL-6 increased MRGPRX2 expression, resulting in functional mast
cells. In order to study mast cell functionality, both IgE- mediated (anti-IgE) and non-IgE
mediated stimuli (substance P and C48/80) were added, all of them resulting in mast cell
activation observed by increased CD63 expression. Also inhibition assays were performed
showing the ability of ketotifen to inhibit MRGPRX2-mediated activation in contrast to

cromolyn sodium.
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Figure 4: Ex vivo and in vitro approach to investigate MRGPRX2 expressing mast cells. MC, mast cell; MRGPRX2, Mas related
G protein coupled receptor family member X2; NKA, neurokinin-A (Created with Biorender.com)
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3.2. Relevance and limitation

By our knowledge only one recent study investigated mast cells via flow cytometry in induced
sputum samples (290). Similarly, mast cells were elevated in asthma and were associated to
poorer lung function. Furthermore, we found mast cell activation in non-allergic asthma,
suggesting that mast cells can play a role in airway inflammation of both allergic and non-
allergic asthma phenotypes. The low sample size in this pilot study is an important limitation.
However, these results can be used as basis for new research. Our pilot study suggested
namely the involvement of mast cells in neuro-immune reaction. It is known that mast cells
can be activated via neuro-mediators. The most studied mediator of neural communication
with mast cells is substance P, which can activate mast cells via classical NK-1 receptor, but
also via MRGPRX2 receptor (330). However, the role of MRGPRX2 in response to other
neuropeptides such as NKA is not known yet. As human MRGPRX2 receptors are generally
more sensitive to substance P compared with the mouse orthologue, MrgprB2, a human in
vitro human mast cell model can be more useful to study optimal mast cell influencing

triggers/compounds (49).

The development of a human mast cell in vitro culture creates multiple opportunities to
investigate both IgE-dependent and independent activation of mast cells. Our optimized
protocol showed different advantages compared to previous published protocols. Many
published protocols require at least 6 to 12 weeks to produce mature mast cells, which make
them laborious and time consuming (83, 331-333). Within our results, a time-frame of 4
weeks was ideal to obtain viable mature tryptase and chymase containing mast cells. Next, we
were able to obtain differentiated mast cells from both buffy coat and peripheral blood, which
enables further research to obtain mast cells from characterized patient/control populations.
Moreover, our obtained mast cells were characterized by flow cytometry and their
functionality was assessed via activation and inhibition assays, with specific focus on non-IgE
mediated activation via MRGPRX2. Nonetheless, different yields of mast cells were obtained
while using the same differentiation conditions, for which we have no explanation. Inter-
donor and technical variations are possible suggestions. In addition, mast cell activation was
only assessed via CD63 upregulation and were not measured via mediator release tests such
as histamine or B-hexosaminidase. However, flowy cytometry enables to study mast cell

activation on a single cell level.

181



3.3.  Future perspectives

The optimized flow cytometry panel can be used to identify and characterize mast cells in
sputum samples of more extensive cohorts. Furthermore, future research may focus on IgE-
independent mast cell activation in both allergic and non-allergic asthma. Specially, one can
focus on the neuro-immune cross talk as neuro-mediators can also activate mast cells. The
optimized differentiation protocol for mast cells can be used to set up co-cultures with
epithelial cells and innate lymphoid cells to unravel the interaction between these cell types.
A first step to develop these co-cultures would be to transfer the medium of activated mast
cells to epithelial cells and ILCs. In a second co-culture system, mast cell can be cultured in the
lower chamber of a transwell plate. Cultured epithelial cells or ILCs can be added to the upper
chamber. Finally, mast cells can be placed directly with another cell type. However, we
demonstrated that mast cells are very sensitive to changing local environment, as
documented by the fact that addition of IL-6 increases the expression of MRGPRX2 while it
decreases upon addition of FBS. This can be of importance as Calu-3 cells (immortalized
bronchial epithelial cell line) are routinely grown in medium supplemented with 10% FBS
(334). In the same way, isolated ILCs are normally cultured in culture medium supplemented
with 10% FBS and cytokines IL-2 and IL-7 (335, 336). In a next step of experiments, the effect
of alarmins and DAMPs can be added to simulation experiments in order to see if these
environmental factors might influence mast cell response or receptor expression ine one
sense or another. In addition, these differentiated mast cells can be used to screen potential
drugs targeting mast cells. With the advantage of these differentiated mast cells that they are
functional via IgE mediated as well as non-IgE mediated pathway. Therefore, we hope that
both our ex vivo and in vitro techniques might help to further clarify the role of mast cells in

non-Igé mediated asthma pathogenesis.

4. Covid-19 Pandemic

The COVID-19 pandemic had a clear impact on this thesis. First of all, study visits were limited
in the hospital during the different COVID-19 peaks (March-June 2020, November-December
2020, ...) and patients were not always eager to come to the hospital only for study purpose
(without medical need). In addition, access to organized sports activities in the age group of
12-18 years was limited in Belgium between March 2020 till June 2021. The inclusion of young

athletes performing at least 12 hours was an important inclusion criterion in the screening
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study for EIB (chapter 5), so inclusion was highly influenced. Also inclusion of patients with
asthma for mast cell characterisation (chapter 8) was hampered due to the limited study visits
possible in these periods and the restriction on use of sputum induction because of
aerosolization (March-June 2020). No other techniques were available to collect samples of
the lower airways in a non-invasive manner. Finally, the protocol for the performance of
sputum induction after its re-allowance was extended (e.g. use of specific enclosed room with
continuous extraction hood, gloves, isolation gown, shield and FFP2 mask) to protect both
patients and technician, and was as such more time consuming. Therefore, chapter 8 was
restricted to a pilot study. Despite these limitations, also potential opportunities for future
research related to this thesis appeared, as following questions arose: Can EIB disappear if an
adolescent athlete stop with intense exercise? How long will it take until epithelial damage
caused by external triggers is gone? But also, will we detect less airway hyperreactivity when
there is less air pollution? As during Covid-19 pandemic there was less traffic and accordingly
less air pollution present but comparison with baseline levels from before the pandemic was

difficult, as most subjects were followed longitudinally.

5. General conclusion

In our study within adolescent intense athletes (12 — 18 years), we have observed a high
sensitisation rate up to 40%. An AQUA® score > 6 and FeNO level > 15 ppb were validated to
predict atopy. As atopy is frequently underreported and unrecognized in athletes, the easy
collectable and low-cost results of AQUA® and/or FeNO are relevant for screening in
adolescent athletes. Indeed, as atopy is a risk factor for EIB, EIB might also be underreported.
EIB was found in 22% of recreational intense athletes, of which 76% did not have a prior
diagnosis. Our results indeed point to the underdetection of EIB in adolescent athletes, once
more confirming the need for a screening test for EIB. We suggested a screening tool
containing ‘wheezing during exercise’ and ‘AQUA® score > 6’ ready to be implemented.
Further studies in an independent cohort of athletes including cost-benefit analysis are
needed to implement this screening tool for its use within the current organised medical
screenings for athletes. Furthermore, the association of asthma especially with outdoor sport
disciplines underlines the potential impact of the environment in which intense exercise is

performed.
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Moreover, our research has focused more in depth on the effect of specific external triggers
on airways of elite athletes and asthmatics. Black carbon load in airway macrophages was
significantly increased in elite athletes compared with controls. This is consistent with our
hypothesis that the increased ventilation rate during intense exercise is associated with
increased exposure to external triggers. As increased hyperreactivity was found in athletes
exposed to higher PM levels, there is a clear need to improve air quality in Flanders. Also
asthmatics are considered to be more vulnerable to external triggers, which was
demonstrated by increased levels of epithelial damage. For both, asthmatics and elite
athletes, an important role for the epithelial barrier in homeostasis as well as in activation
after triggering/damage was found, being the first line of defence. Indeed, the sputum
transcriptomics was significantly different in asthmatics exposed to external irritants such as
cigarette smoke and work-related exposure to cleaning products compared with asthmatics
without such exposures. The aryl hydrocarbon receptor (AhR), which is expressed in multiple
immune cells seemed to be an important player in this response to external triggers. This
highlights the complex role that AhR may have in the development and progression of asthma,

modulating the immune response in reaction to environmental stimuli.

Finally, our research focussed on mast cells, responding to epithelial cytokines, resulting in
bronchoconstriction. In this thesis, we developed an ex vivo model, investigating the mast cell
expressing MRGPRX2 in induced sputum samples and in an in vitro model, especially
developed to investigate non-IgE mediated activation presumably via MRGPRX2. We believe
that our results are an important step towards a revised role of the ‘old mast cell’ with typical
IgE-mediated activation towards a non-IgE mediated role in both allergic and non-allergic
airway inflammation. We hypothesize that MRGPRX2 expressing mast cells are important in
the neuro-immune interaction. Our optimized differentiation protocol might be a useful tool

to explore this role of mast cell in vitro.

Taken together, external triggers have potential harmful effects on airway barrier. In intense
adolescent athletes an elevated impact is suggested due to increased ventilation rate.
Therefore, proper follow-up (including screening strategies for atopy and EIB) and
improvement of environmental conditions are recommended. The revised role of the mast

cells might result in new targets of asthma therapy.
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Summary

Human airways are continuously exposed to external triggers trough breathing, which can
initiate epithelial damage. This may induce an inflammatory response, resulting in
bronchoconstriction. It is known that in asthma, which is an heterogenous disease
characterized by reversible airway obstruction, there is a complex interaction between airway
epithelium and immune cells in the initiation and continuation of airway inflammation. As
mast cells are located close the airway epithelium, we hypothesize they are critical in
mediating this response. Released mast cell mediators via both IgE- and IgE-independent mast
cell activation are able to induce bronchoconstriction. The role of the newly described
MRGPRX2 receptor in this cascade is not fully understood. Besides, bronchoconstriction can
also occur in otherwise healthy subjects. This phenomenon is called exercise-induced
bronchoconstriction (EIB). Athletes have an increased risk to develop EIB, which is described
to be associated with sport intensity and additional external triggers such as cold air in cross
country skiing or chlorine by-products in swimmers. Even adolescent athletes, at the start of
their professional career, have increased risk to develop EIB, highlighting the need to better
identify these athletes at risk for EIB.

The main objective of this thesis was to study airway inflammation as a result of external
triggers inducing epithelial damage. We hypothesize that adolescent athletes are more
vulnerable to external triggers due to increased ventilation rate, which might act as stressor
to the airway barrier. Therefore, the first aim was to study atopy and EIB in intense adolescent
athletes. Secondly, we analysed more in depth the effect of external stimuli on the airways of
elite adolescent athletes and asthmatics. Finally, we studied the central role of mast cells in
airway inflammation.

Atopy has been significantly associated with bronchial hyperreactivity and EIB in adult elite
athletes. Therefore, a screening tool may help with the early identification of atopy and allergy
symptom development, which may impact physical performances in adolescent athletes. In
chapter 4, AQUA® score of > 6 and FeNO levels of > 15 ppb were identified as prediction tool
for EIB in adolescent elite athletes. These results were confirmed in recreational athletes
performing at least 12 hours of sport a week (chapter 5). Our study showed the presence of
atopy in approximately 40% of adolescent athletes in both cohorts, which is higher than in the

general population. Furthermore, 14% of recreational athletes reported previous asthma
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diagnosis and 22% of recreational tested positive for EIB. Of these EIB* athletes, 76% of
athletes did not receive a prior asthma diagnosis, which is often used interchangeably in real
life practise. These results indicate the need to better identify EIB in adolescent athletes.
Investigating different factors linked to EIB, the highest sensitivity was found for AQUA® > 6
and highest specificity was found for reporting wheeze during exercise. Furthermore, previous
asthma diagnosis was associated with outdoor athletes, highlighting the impact of the
environment during intense exercise. Serum levels of epithelial damage were not able to
differentiate EIB* and EIB™ athletes, but were associated to training type, training intensity and
EIB severity.

In chapter 6, we investigated the effect of intense exercise and environmental exposure to air
pollution on the airways of adolescent elite athletes. Indeed, RNA-Seq analysis of sputum
transcriptome showed significantly differentially expressed genes in athletes compared with
controls, which were related to inflammation and epithelial cell damage. In addition, sputum
samples of athletes contained significantly more carbon loaded airway macrophages
compared with controls, likely the result of their high ventilatory demands during exercise. In
addition, significantly lower mRNA levels of OCLN and ZO-1 in athletes exposed to higher PM1o
levels compared with athletes exposed to lower levels were observed. Remarkably, the airway
response to EVH testing in athletes was associated to prior PM exposure, indicating that
exposure to increased air pollution may induce short term increased airway hyperreactivity.
Our preliminary RNA-Seq analysis between EIB* and EIB™ athletes suggested a role of epithelial
damage, oxidative stress and (neuro)inflammation in EIB.

In chapter 7, a retrospective analysis was performed of environmental exposures of patients
with asthma, including smoking and work-related exposures. We demonstrated increased
epithelial damage in asthmatic patients compared with healthy controls, suggesting that they
might be more vulnerable for external triggers. We indeed found significant differences
amongst sputum transcriptome of asthmatics exposed to cigarette smoke or work-related
exposure to cleaning products compared with asthmatic patients without exposure. A role for
the aryl hydrocarbon pathway (AhR) for airway inflammation in asthmatic patients exposed
to irritants was suggested.

Lastly, the involvement of mast cells in non-Ige mediated airway inflammation was
investigated. In chapter 8, a pilot study was performed in asthmatic patients compared with

healthy controls to characterize MRGPRX2 expressing mast cells in sputum samples. Sputum
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mast cells were increased in allergic asthmatic patients compared with controls. However,
also increased mast cell activation was observed in non-allergic asthma. MRGPRX2 expression
was not associated with allergic or non-allergic asthma phenotype. Furthermore,
neuromediator NKA correlated positively with the percentage of mast cells and negatively
with tiffeneau index. These results suggested a role for mast cell in neuro-immune reaction
for both allergic and non-allergic asthma patients. To better investigate this role of mast cell,
a human mast cell differentiation protocol was optimized to obtain functional MRGPRX2
expressing mast cells in chapter 9. Stimulation of mast cells with substance P resulted in
increased CD63 expression and the classical inhibitor ketotifen was able to inhibit this
activation. The optimized in vitro model can be used to explore the role of mast cell in
especially MRGPRX2 mediated activation and as screening tool for potential therapeutics.

To conclude, we showed that intense adolescent athletes had increased markers of
environmental exposure (such as air pollution) and epithelial damage. This confirms the need
to proper follow-up these athletes, which can be provided by proposed screening tools.
Furthermore, also asthmatic subjects showed impact of external triggers on their sputum
transcriptome. Regarding the underlying response to external triggers inducing epithelial
damage, a role for non-IgE mediated mast cell activation is proposed. Within this thesis,

research tools investigating MRGPRX2 mediated activation were developed.
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Samenvatting

De menselijke luchtwegen worden door ademhaling voortdurend blootgesteld aan externe
triggers die epitheelschade kunnen veroorzaken. Dit kan leiden tot verstoring van
weefselhomeostase en een ontstekingsreactie veroorzaken, met bronchoconstrictie als
gevolg. Astma is een heterogene ziekte gekenmerkt door omkeerbare luchtwegobstructie.
Het is bekend dat bij de initiatie en voortzetting van deze luchtwegontsteking er een complexe
interactie bestaat tussen luchtwegepitheel en immuuncellen. Aangezien mestcellen zich dicht
bij het luchtwegepitheel bevinden, veronderstellen wij dat zij van cruciaal belang zijn voor het
mediéren van deze respons. Vrijgekomen mestcelmediatoren via zowel IgE-afhankelijke als
IgE-onafhankelijke mestcelactivatie kunnen bronchoconstrictie induceren. De rol van de
onlangs beschreven MRGPRX2-receptor in deze cascade is niet volledig begrepen. Bovendien
kan bronchoconstrictie ook optreden bij overigens gezonde personen. Dit verschijnsel wordt
inspanningsgeinduceerde bronchoconstrictie (EIB) genoemd. Atleten hebben een verhoogd
risico op EIB, dat in verband wordt gebracht met de intensiteit van de sport en bijkomende
externe triggers zoals koude lucht bij langlaufen of chloor-bijproducten bij zwemmers. Zelfs
adolescenten aan het begin van hun professionele carriere hebben een verhoogd risico om
EIB te ontwikkelen, wat de noodzaak benadrukt om deze atleten met een risico op EIB beter
te identificeren.

Het hoofddoel van dit proefschrift was het bestuderen van luchtwegontsteking als gevolg van
externe triggers die epitheliale schade veroorzaken. Onze hypothese is dat adolescente
sporters kwetsbaarder zijn voor externe triggers vanwege de verhoogde ventilatie die als
stressor voor de luchtwegbarriére zou kunnen werken. Daarom was het eerste doel atopie en
EIB te bestuderen bij intensieve adolescente sporters. Ten tweede analyseerden we grondiger
het effect van externe prikkels op de luchtwegen van adolescente topsporters en
astmapatiénten. Ten slotte bestudeerden we de centrale rol van mestcellen in
luchtwegontsteking.

Atopie is significant geassocieerd met bronchiale hyperreactiviteit en EIB bij volwassen
topsporters. Daarom kan een screeningsinstrument helpen bij de vroege identificatie van
atopie en de ontwikkeling van allergiesymptomen die de fysieke prestaties van adolescente
atleten reeds kunnen beinvloeden. In hoofdstuk 4 werden AQUA® score van > 6 en FeNO

waarde van > 15 ppb geidentificeerd als screening instrument voor EIB bij adolescente
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topsporters. Deze resultaten werden bevestigd bij recreatieve sporters die minstens 12 uur
per week sporten (hoofdstuk 5). Onze studie toonde de aanwezigheid van atopie aan bij
ongeveer 40% van de adolescente sporters in beide cohorten, wat hoger is dan in de algemene
bevolking. Verder meldde 14% van de recreationele sporters een eerdere diagnose van astma
en 22% van de recreationele sporters testte positief op EIB. Van deze EIB* atleten werd 80%
niet behandeld met een inhalatietherapie. Deze resultaten wijzen op de noodzaak van een
betere identificatie van EIB bij adolescente sporters. Bij onderzoek van verschillende factoren
die verband houden met EIB werd de hoogste sensitiviteit gevonden voor AQUA® > 6 en de
hoogste specificiteit werd gedetecteerd voor het melden van piepen tijdens inspanning.
Bovendien werd een eerdere diagnose van astma geassocieerd met buitensporters, wat de
invloed van de omgeving tijdens intensieve inspanning benadrukt. Serum waardes van
epitheelschade konden geen onderscheid maken tussen EIB* en EIB™ atleten, maar waren wel
geassocieerd met het type training, de trainingsintensiteit en de ernst van EIB.

In hoofdstuk 6 onderzochten we het effect van intensieve inspanning en blootstelling aan
luchtvervuiling op de luchtwegen van adolescente topsporters. RNA-Seq analyse van het
sputum transcriptoom toonde inderdaad significant differentieel geéxpresseerde genen bij
atleten in vergelijking met controles die gerelateerd waren aan ontsteking en epitheliale cel
schade. Bovendien bevatten sputum stalen van atleten significant meer koolstof beladen
luchtwegmacrofagen dan controles. Dit is waarschijnlijk het gevolg van hun hoge ventilatie
tijdens het sporten. Bovendien werden significant lagere mRNA-niveaus van OCLN en ZO-1
waargenomen bij atleten blootgesteld aan hogere PMip-waardes in vergelijking met atleten
blootgesteld aan lagere niveaus. Opmerkelijk is dat de luchtwegrespons op EVH-tests bij
atleten samenhing met eerdere blootstelling aan PM1o, wat erop wijst dat blootstelling aan
verhoogde luchtvervuiling op korte termijn een verhoogde hyperreactiviteit van de
luchtwegen kan veroorzaken. Onze preliminaiere RNA-Seq analyse tussen EIB* en EIB™ atleten
suggereerde een rol van epitheliale schade, oxidatieve stress en (neuro)inflammatie bij EIB.
In hoofdstuk 7 werd een retrospectieve analyse uitgevoerd van milieublootstellingen van
patiénten met astma, waaronder roken en werk-gerelateerde blootstellingen. Wij toonden
verhoogde epitheelschade aan bij astmapatiénten in vergelijking met gezonde controles, wat
suggereert dat zij kwetsbaarder zouden kunnen zijn voor externe triggers. Wij vonden
inderdaad significante verschillen in het transcriptoom van sputumstalen van astmapatiénten

blootgesteld aan sigarettenrook of werkgerelateerde blootstelling aan schoonmaakmiddelen
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in vergelijking met astmapatiénten zonder blootstelling. Een rol voor de aryl
koolwaterstofroute (AhR) bij luchtwegontsteking bij astmapatiénten die zijn blootgesteld aan
irriterende stoffen werd gesuggereerd.

Tenslotte werd de betrokkenheid van mestcellen bij niet-IgE gemedieerde luchtwegontsteking
onderzocht. In hoofdstuk 8 werd een proefonderzoek uitgevoerd bij astmapatiénten in
vergelijking met gezonde controles om mestcellen met MRGPRX2 in sputumstalen te
karakteriseren. Sputum mestcellen waren verhoogd bij allergische astmapatiénten in
vergelijking met gezonde controles. Maar ook bij niet-allergische astmapatiénten werd een
verhoogde mestcelactivatie waargenomen. MRGPRX2 expressie was niet geassocieerd met
allergisch of niet-allergisch astma fenotype. Bovendien correleerde neuromediator NKA
positief met het percentage mestcellen en negatief met de tiffeneau-index. Deze resultaten
suggereerden een rol voor mestcellen in de neuro-immuunreactie bij zowel allergische als
niet-allergische astmapatiénten. Om deze rol van mestcellen beter te onderzoeken, werd in
hoofdstuk 9 een menselijk mestceldifferentiatieprotocol geoptimaliseerd om functionele
MRGPRX2 expresserende cellen te verkrijgen. Stimulatie van mestcellen met substance P
resulteerde in verhoogde CD63 expressie en de klassieke inhibitor ketotifen kon deze activatie
remmen. Het geoptimaliseerde in vitro model kan worden gebruikt om de rol van mestcellen,
met name MRGPRX2 gemedieerde activering te onderzoeken en als screeningsinstrument
voor potentiéle therapeutica.

In conclusie toonden wij aan dat intensieve adolescente sporters verhoogde markers van
externe triggers (zoals luchtvervuiling) en epitheelschade hadden. Dit bevestigt de noodzaak
van een goede follow-up van deze atleten, in welke de opgestelde screeningsmogelijkheden
toegepast kunnen worden. Bovendien was ook in astmapatiénten de impact van externe
triggers op hun sputum transcriptoom waarneembaar. Met betrekking tot de onderliggende
reactie op externe triggers die epitheliale schade veroorzaken, wordt ook een rol voor niet-
IgE-gemedieerde mestcelactivatie voorgesteld. Binnen dit proefschrift werden onderzoeks-

tools ontwikkeld die MRGPRX2 gemedieerde activatie onderzoeken.
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