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1. INTRODUCTION AND BACKGROUND

1.1. Asthma

Asthma is a complex area of respiratory medicine that has seen considerable advances in
research over the past few decades. In particular, the last twenty years have witnessed the
development of significant initiatives in precision medicine for asthma therapy [1].
Furthermore, important strides have been made towards better understanding the genetic and
molecular mechanisms that contribute to its heterogeneity. Translating this new-found
knowledge into routine clinical care in order to improve the quality of life of asthma patients
has been quite challenging, especially in those with the most severe forms of asthma [2]. The
goal of providing personalized or individualized medicine in asthma, as a means to ensure
better outcomes for patients, has unfortunately lagged somewhat behind other areas of
respiratory medicine, such as lung cancer, mainly due to limitations in fully understanding the
intricacies of asthma pathophysiology and heterogeneity [3]. In recent years, the
characterization of different clinical phenotypes has paved the way for the currently emerging
opinion that endotyping asthma using novel specific biomarkers is key to tailoring the best
therapy for the right patient [4]. Treatment schemes, therefore, should not only reflect disease
severity, but also the different mechanisms (i.e., biological pathways) driving the
pathogenesis of asthma [3]. A focus on further research to delve more deeply into various
aspects of asthma, such as those presented in this work, should address the many unmet needs
and highlight the importance of applying a precision medicine approach to the diagnosis and

treatment of asthma patients.

1.1.1. Definition of asthma

Defining asthma simplistically is rather difficult given its complex pathophysiology [5]. More
than a hundred years ago, asthma was described only as a single disease [6]. Over the years,
however, there have been several different definitions of asthma [7]. For example, in 1892,
Sir Willam Osler published in his textbook of medicine (Principles and Practice of Medicine)
that asthma had “a strong neurotic element”, as quoted in Peebles & Aronica (2019) [7].
Currently, it is widely acknowledged that asthma is a chronic inflammatory disorder of the
airways that results physiologically in hyperreactivity and clinically in recurrent episodes of
wheezing, chest tightness, or coughing, in addition to its varied presentations, disease

severities, treatment outcomes, and underlying mechanisms [5, 8].



The essential features of this common respiratory disorder are emphasized in the latest
guidelines by the Global Initiative for Asthma (GINA) in 2022, with asthma being described

as:
1) “a heterogeneous disease, usually characterized by chronic airway inflammation”, and

2) “defined by the history of respiratory symptoms such as wheeze, shortness of breath, chest
tightness and cough that vary over time and in intensity, together with variable expiratory

airflow limitation” [9].

GINA produces a clinically oriented, evidence-based strategy document on an annual basis to
support the development of practice guidelines on asthma management and prevention in
different countries and regions [10]. Since 1993, GINA has been championed and driven by
the National Heart, Lung, and Blood Institute, National Institutes of Health, United States of
America (USA), and the World Health Organization (WHO), with the goal of creating a
global strategy on the optimal management of asthma in both adults and children [10].
Suprisingly, the heterogeneous nature of asthma has only recently been recognized by GINA,
starting in 2016 [5]. The current GINA definition of asthma was reached by consensus
through the consideration of typical characteristics that distinguish asthma from different
respiratory conditions [9]. Asthma is now widely accepted as an umbrella term, such as
anemia, arthritis and cancer, to describe a clinical spectrum consisting of multiple distinct

subgroups (i.e., phenotypes and endotypes) [11].

1.1.2. Epidemiology of asthma

1.1.2.1. Epidemiology of asthma worldwide — general trends

Chronic respiratory diseases occur in more than a billion people globally, and asthma is a
major contributor to this group of non-communicable diseases [12]. Although it affects people
of all ages, asthma is the most common chronic disease in children [13]. The exact number of
individuals with asthma worldwide, however, is unknown, and estimates of asthma
prevalence vary greatly [14]. For example, the WHO published a report in 2017 in which
asthma was estimated to affect around 235 million people [13]. On the other hand, the latest
available epidemiological data from the Global Burden of Disease (GBD) Study 2016
approximated the prevalence of asthma globally at more than 339 million people [12, 15].
Furthermore, temporal trends in the epidemiological data for asthma vary across different

parts of the world, with some country-specific data reporting an increasing prevalence, such



as in the USA, whereas in other countries, such as in Europe and Asia, asthma epidemiology
IS noted to be stable or decreasing [16]. The rates of asthma prevalence also vary greatly
among different ethnic groups, with the United Kingdom (UK) and Canada providing most of

the international data on ethnic-related differences [17].

A recently published study based on worldwide epidemiological information on asthma from
electronic searches in the Global Health Data Exchange database (containing data from 1990
to 2016 and 195 different countries and territories) has reported an update for the year 2017
[18]. Asthma prevalence and mortality are recorded as 272.68 million cases (3.57%) and 0.49
million deaths (0.006%), respectively, and the incidence as 43.12 million new cases per year
(0.56%) [18]. Although some studies have shown that the number of asthma cases seems to
have significantly increased during the last 25 years [14, 18], the first data compilation of the
Global Asthma Network Phase | Surveillance (2017-2020) is expected to provide results for
future analyses and publications that will fill in the knowledge gaps with fresh, reliable
worldwide epidemiological data on asthma trends and prevalence in both children and adults
[14, 19]. It is presently accepted that the prevalence of both childhood and adult asthma has
peaked or even subsided in some geographical areas, predominantly in high-income countries,
whereas low and mid-income countries seem to be experiencing a continual increase [20-21].
Any reduction in asthma prevalence is likely due to improved asthma control through
increased medication use owing to more widespread prescribing habits and personalized case
management, in addition to better compliance (i.e., adherence to treatment) as a result of
improved patient education and health literacy [20].

Besides the geographical variation in asthma incidence, prevalence and severity, a gender
disparity has been reported to exist across the lifespan [20]. Although childhood asthma
(incidence, prevalence and hospitalization rate) has a predilection for prepubertal boys, this
trend reverses during adolescence, and females continue to have a higher burden of asthma
(increased asthma prevalence and severity) well into the fifth decade of life [22]. At around
the time of menopause, a shift occurs and a decrease in asthma prevalence in women is noted
[23]. The severity of asthma symptoms is known to be impacted by the phase of the menstrual
cycle, with 30-40% of women reporting pre- or peri-menstrual worsening; however, the exact
role of ovarian hormones (e.g., estrogen and progesterone) and the molecular mechanisms

involved in airway inflammation remain unclear [24].



1.1.2.2. Epidemiology of asthma in Europe

Most recent online data from the European Union (EU)’s statistics agency, Eurostat, support a
slight increase in self-reported asthma prevalence in the EU population in 2019 (5.7%) when
compared to 2014 (5.4%) [25]. The Eurostat data for asthma in people aged 15 years and over
among EU countries for 2014 and 2019 are summarized graphically on the Eurostat website
[25]. According to Eurostat, in 2019, Finland reported the highest proportion of people with
asthma (9.4%), whereas Romania (1.5%) and Bulgaria (2.2%) reported the lowest [25-26].
The largest increase in the number of people reporting to have asthma in 2019, compared to
2014, was registered by Germany (+1.9 percentage points (pp)), Croatia (+1.8 pp) and
Belgium (+1.5 pp) [26]. The reverse trend was noted for Ireland, Greece and France, with the

greatest decline in asthma cases at -1.7 pp, -1.1 pp and -1.0 pp, respectively [26].

1.1.2.3. Epidemiology of asthma in Croatia

With respect to Croatia, the Eurostat data confirm a rise in asthma reporting (i.e., asthma
prevalence) from 3.0% in 2014 to 4.8% in 2019 [25]. The most recent Eurostat morbidity
statistics for Croatia, published by the Croatian Institute for Public Health in 2022, is based on
data collected between 01/03/2019 and 01/09/2020 (with some EU countries extending the
project deadline due to the coronavirus disease 2019 [COVID-19] pandemic) for those aged
0-95+ years [27]. The incidence and prevalence of asthma in Croatia was found to be
3.0/1000 (or 3.0%) and 5.048/1000 (or 5.0%) population (derived from data on the estimated
total population in Croatia in 2017), respectively [27].

The prevalence of asthma in Croatia, especially the assessment of regional diversity and
temporal trends, has previously been estimated using local epidemiological data based on the
International Study of Asthma and Allergy in Childhood (ISAAC) validated questionnaire
and conducted on pediatric populations of elementary school children and adolescents from
different regions [28-33]. However, accurately assessing the prevalence of asthma in Croatian
adults, particularly those with severe symptoms, remains an ongoing challenge given the lack
of a national registry [34]. Using an estimated asthma prevalence of 3.0% (in 2014) and the
Dutch report on severe asthma [35], the number of severe asthmatics in Croatia was
approximated to range from 1000 to 4000 [34].



1.1.3. Burden of asthma

1.1.3.1. Burden of asthma worldwide

The WHO recognizes the major public health and economic burden of asthma [12]. Its impact
on quality of life is substantial, especially in those with severe disease [20]. The GBD —
Causes of Death collaboration estimated that a total of 420,000 deaths occurred worldwide
from asthma in 2016, or more than 1000 per day, as noted in the Global Asthma Report 2018
[12]. Asthma is also listed as one of the top 20 causes of years of life lived with disability
(YLD), and in 2016, ranked 16" globally (or 13.2 million YLD) [12]. In addition, 23.7
million disability-adjusted life years (DALYS), an index of burden of disease, were lost across
all ages in 2016 because of asthma [12]. With respect to the trends of asthma burden, reports
suggest that DALYs and deaths have remained stable or are in constant decline over the past
25 years [18].

It is important to remember that asthma is a rather uncommon cause of mortality worldwide,
contributing less than 1% of all deaths in most countries and occurring predominantly in those
with severe cases and in adults after middle age [12, 20]. Global trends in asthma mortality
rates over time (1993-2012) in the 5 to 34-year age group, from the online WHO Mortality
Database of 46 countries, show no appreciable change from 2006 to 2012 [36]. This is in
contrast to the marked reduction in estimated global asthma mortality from 0.44 deaths per
100,000 people in 1993 to 0.19 deaths per 100,000 people in 2006 [36]. International
mortality statistics, however, are limited only to those countries that report detailed causes of
death, and therefore, are not all-inclusive [12]. In addition, international time trends in asthma
mortality strongly reflect management practices and the use of particular drug regimens [36].
Thus, it is widely acknowledged that the huge health and economic burden of asthma is due to
the large proportion of patients lacking proper or sustained asthma control despite
advancements in research and the availability of effective treatments [37].

Asthma-related costs continue to rise at an alarming rate and the reported values vary within
and between country-specific studies. For example, in the USA alone, where there are
approximately 25 million patients (in 2019) with asthma [38], related annual costs are in the
billions, ranging from $18 billion, as quoted in an earlier study [39], to $81.9 billion in 2013
[40]. The future 20-year (2019 to 2038) direct costs associated with uncontrolled asthma in
American adolescents and adults are expected to climb to $300.6 billion, or a total economic
burden of $963.5 billion with the addition of indirect costs [37]. Moreover, an estimated 15.46



million quality-adjusted life years (QALYSs) are projected to be lost because of uncontrolled
asthma in this group of asthmatic patients [37].

1.1.3.2. Burden of asthma in Europe

The impact of lung diseases in Europe is considerable, with one-eighth of all deaths attributed
to respiratory diseases and lung conditions [41]. Within the EU, 5.2 million DALYs were
reported to be lost annually at an estimated cost of €300 billion [41]. The prevalence of
asthma in the EU was previously estimated to be 8.2% in adults, affecting almost 10 million
people under the age of 45 years [42]. Taking these numbers into consideration, the annual
direct costs (i.e., healthcare) within the EU were calculated to be €19.5 billion, with indirect
costs (i.e., loss of productivity) at €14.4 billion and a monetised value of DALY's lost at €38.3
billion, totalling €72.2 billion [41].

1.1.3.3. Burden of asthma in Croatia

According to the latest WHO data (last updated in November 2021), asthma deaths in Croatia
in 2017 reached 1.2 per 100 000 population (age-standardized death rate), compared to 1.34
deaths per 100 000 population for the EU region in the same year (range 0.12-3.25 deaths per
100 000 population) [43].

1.1.4. Heterogeneity of asthma
1.1.4.1. Etiology of asthma

The exact cause of asthma has not yet been fully elucidated [44]. Asthma is how used widely
as an umbrella term for a very heterogeneous disease with many different pathophysiological
processes [45]. However, whether asthma involves a collection of various clinical conditions
or is a single condition with multiple mechanisms and phenotypes is still not well understood
[46]. Current evidence suggests that asthma is a complex multifactorial disorder involving
interactions between genetic susceptibility, host factors and environmental exposures [20].
The numerous possible combinations of environmental (e.g., air pollution; pollen, mould,
house dust mite, and other aeroallergens; weather), host (e.g., obesity, nutritional factors,
infections, allergic sensitization) and genetic (e.g., asthma susceptibility loci on genes) risk
factors contribute to the heterogeneity present across the asthma spectrum [20]. In fact, daily
clinical practice has proven time and again that no two asthmatics are completely alike [47].

The importance of gene-environment interactions in asthma is well recognized [44]. Over the

past 40 years, initially linkage analysis and candidate-gene association studies, and later,



genome-wide association studies (GWAS), have been used extensively to study the genetic
basis of asthma [48]. Several studies support the role of genetics in the heritability of asthma,
with figures ranging from 35% to 95% [49-50]. It has long been known that children of
asthmatic patients have an increased risk of developing asthma, particularly those with
asthmatic mothers [51]. However, twin studies have demonstrated that genetics alone are
unable to entirely explain asthma or its susceptibility given the discordance between identical
twins [52].

Since the first report of genetic linkage of chromosome 11913 with atopy in 1989 [53], over a
thousand studies on the genetics of asthma and other allergic diseases have been published
[54]. In the last few years, genetic investigations in asthma have concentrated on GWAS due
to the advantage of being able to scan the entire human genome without any prior
conditioning hypothesis [55], thereby enabling the simultaneous exploration of hundreds of
thousands of single nucleotide polymorphisms (SNPs) [48]. Major gene alterations that
influence the genetic heterogeneity in asthma have been identified through these studies
[summarized in 44]. It is important to mention, however, that it has been incredibly
challenging to determine which polymorphisms are actually “causal” in nature given the
marked variability of clinical phenotypes in asthma, the involvement of multiple molecular
mechanisms, insufficiently powered samples (i.e., small sizes and reduced number of genetic

variants tested), and underrepresented populations [56].

The first GWAS in asthma was published in 2007 and highlighted the chromosome 17qg21
locus as an asthma susceptibility locus, later confirmed to be the most widely replicated and
significant asthma locus, involving four genes: orosomucoid 1-like protein 3 (ORMDL3),
gasdermin B (GSDMB), zona pellucida binding protein 2 (ZPBP2), and Ikaros family zinc
finger protein 3 (IKZF3) [57-58]. In their review, Bunyavanich and Schadt (2015)
summarized the various GWAS on the genetic susceptibility loci of asthma [58]. Vicente et
al. (2017) outlined the GWAS from 2007 to 2016, revealing a total of 39 common SNPs
independently associated with asthma risk [59]. Hernandez-Pacheco and colleagues (2019)
expanded on these earlier GWAS as well as later studies from 2016 to 2018, including those
focused on the characterization of multiple genetic variants associated with therapeutic

responsiveness to asthma medications [48].

In their recent comprehensive review, Ntontsi et al. (2021) presented the latest scientific

advances of genetic and epigenetic studies regarding asthma susceptibility [60]. The most



common epigenetic mechanisms identified, including deoxyribonucleic acid (DNA)
methylation, post-translational histone modifications and micro-ribonucleic acid (micro-
RNA) expression, have been shown to play a regulatory role in immune responses and gene
expression in asthma [60]. In addition to the aforementioned genetic studies, transcriptome
profiling using oligonucleotide microarrays to compare RNA transcription differences
between individuals with and without asthma, or between asthma patients before and after
taking steroids, have implicated hundreds of genes [44]. These studies provide further
evidence that environmental exposures and physiological heterogeneity can alter clinical

expression of asthma [44].

Another precision medicine approach that has increased our understanding of the complexity
of asthma is microbiome analysis [6]. The respiratory and gastrointestinal (Gl) tracts house
large numbers of microbial communities that are essential for human health, and may play a
unique role in disease [6]. Barcik et al. (2020) provided a remarkably detailed overview about
the explosion in research over the past couple of decades regarding lung-gut microbiota, and
described the interplay between microbial dysbiosis and altered immune development leading

to inappropriate inflammatory responses in asthma [6].

1.1.4.2. Pathogenesis and pathophysiology of asthma

The precise pathophysiological basis of asthma is not entirely clear, but seems to involve a
multifaceted network of interacting factors, including various bioactive mediators [61-62].
There is growing evidence that multiple biological pathways drive the immune and
inflammatory responses associated with disease heterogeneity in asthma [4, 61, 63]. The
pathogenesis of asthma can be divided into three chief disease domains with overlapping
features: airway inflammation (Type 2 [T2]-high and T2-low), airway hyperresponsiveness
(AHR) and airway remodelling [61].

1.1.4.2.1. Airway inflammation

Airway inflammation is a hallmark of asthma, and the inflammatory response in asthmatic
airways involves a complex interplay between the respiratory epithelium and the immune
system [62]. The overall T2 inflammatory response is now considered to result from activation
of molecular pathways of both innate and adaptive immune responses that are likely
differentially expressed between the distinct phenotypes of asthma [63]. The innate response
is orchestrated by natural killer cells and type 2 innate lymphoid cells (ILC2s), while cluster

of differentiation 4 “thymus” cells (CD4+ T cells) contribute to the adaptive response [7].



The T2-biased airway inflammation is observed in 50% of mild-to-moderate asthma patients
[64], but only 37% of patients with severe asthma [65-66], even though previously it was
thought likely to be higher than 50% in those with the most severe forms of asthma [67-68].
T2 inflammation is not only found in asthma, but also frequently occurs in allergic diseases,
eosinophilic disorders and parasite infections [44]. Airway inflammation is now generally
dichotomized as eosinophilic (“T2-high™) or non-eosinophilic (“T2-low” or non-T2) [69].
Eosinophilic asthma inflammation can be further broken down into non-atopic and atopic
subgroups given that 50% of patients have T2 inflammation (eosinophils) in the absence of
allergy, and nonallergic noneosinophilic phenotypes of asthma have also been identified [63,
68]. Russell and Brightling (2017) provide a comprehensive illustration that helps explain the
heterogeneity of asthma immunopathology by showing the divisions of airway inflammation
into three main groups: eosinophilic asthma (T2-high), non-eosinophilic asthma (T2-low) and
mixed granulocytic asthma, including their corresponding subgroups, mechanisms and
pathological features [61].

Previously, asthma had been considered a T helper 2 (Th2)-cell-mediated disease based
largely on studies using mouse models in the 1990s showing that animals genetically lacking
Th2 cell cytokines (interleukin [IL]-4, IL-5 and/or 1L-13) were devoid of or ameliorated many
of the key features of asthma, such as airway eosinophilia, immunoglobulin E (IgE) synthesis,
bronchial hyperresponsiveness, mucus overproduction, and airway remodelling [70-74]. In
fact, this concept of Th2-cell-mediated immunity to allergens driving asthma pathogenesis in
mice and humans had remained the dominant thinking for the past 30 years, pushing forward
treatments with biological agents that target the Th2 cell cytokines [75]. With the
advancement of science and the development of “-omics” technologies to study asthma, other
innate immune cells such as basophils, mast cells and ILC2, in addition to the Th2 cells, have
been found to produce Th2-cell-associated cytokines involved in asthma [7, 74]. Furthermore,
studies have revealed that a form of neutrophilic asthma, with concomitant T helper type 17
(Th17) cell involvement, also exists [76-77]. As a result of these new insights, a gradual shift
in terminology has occurred from “Th2-cell-high” asthma to the currently employed “T2-
high” asthma [68, 74].

The most commonly used biomarkers in routine clinical practice to recognize T2-
inflammatory responses in asthma include blood and sputum eosinophils, fractional exhaled
nitric oxide (FeNO) and IgE [4]. The gold standard to distinguish T2-high from T2-low
disease is the level of eosinophils detectable in the airways (i.e., sputum cell count) [4, 69]. In



addition, T2-high asthma is highly sensitive to anti-inflammatory corticosteroids or specific
eosinophilic treatment, whereas T2-low asthma is not [64, 69]. This highlights the importance
of phenotyping asthma to personalize treatments given that asthmatics without a strong T2-
inflammatory response often do not respond to corticosteroids, and thus, can be difficult to

manage [44].

Asthma severity and AHR are directly related to the degree of airway inflammation [62].
Apart from the T2-high versus T2-low classification, asthmatic airway inflammation can be
categorized into three subtypes based on the acuity of presentation: acute, subacute and
chronic [62]. Acute asthmatic inflammation involves the early recruitment of cells into the
airways and subacute inflammation is the activation of these recruited cells [62]. Chronic
asthmatic inflammation is characterized by cellular damage [62]. The acute inflammatory
reactions and accompanying clinical symptoms typically occur intermittently owing to the
underlying chronic inflammation, despite the lack of a continous allergen exposure [62]. The
drive for a chronic inflammatory response initiates with the production of bioactive mediators
from airway epithelium that attract, activate and recruit inflammatory cells into lung airways
[62]. Infiltrated cells augment the inflammatory response through the release of other

biochemical mediators [62].

1.1.4.2.2. Airway hyperresponsiveness (AHR)

AHR is a consequence of increased or dysfunctional narrowing of the airway lumen due to
indirect or direct stimuli causing airway smooth muscle (ASM) contraction [61]. Both T2-
high and T2-low inflammation intensify AHR [61]. Mast cells infiltrate into the ASM to a
greater extent in asthma patients, and the degree of mast cell infiltration correlates with
bronchial reactivity as measured using the provocative dose (PD20) during the methacholine
challenge test [61, 78]. Firstly, mast cells in ASM directly cause AHR by releasing mediators
(e.g., histamine, prostaglandin D2 and cysteinyl leukotrienes) that induce contraction of the
ASM [61, 78-79]. Moreover, mast cells located in the ASM bundle also release cytokines IL-
4 and 1L-13 that are not found in healthy individuals or in those with eosinophilic bronchitis
[80].

External stimuli such as oxidative stress and inhaled environmental pollutants also augment
AHR in ASM [61]. Increased oxidative stress acts on ASM through increased nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase 4 (NOX4) expression [81]. There is also

evidence for the roles of epithelial-derived 1L-33 in maintaining AHR during allergen

10



challenge [82] and high mobility group box-1 protein (HMGBL), released during damage of
the airways, in amplifying ASM hypercontractility via activation of Toll-like receptor-4 [83].
Recruitment of mast cells to the ASM appears to be primarily mediated by the chemokine
CXCL10 (expressed on ASM cells) interacting with the chemokine receptor CXCR3
(expressed on the surface of mast cells) [79]. CXCL10 and CXCR3 show markedly increased
expression in smooth muscle cells and mast cells located in the region of the ASM of
asthmatics [79].

1.1.4.2.3. Airway remodelling

Acute and chronic allergic inflammatory responses in asthmatic lungs result in various
alterations in the structural cells and tissues of airway walls, collectively referred to as airway
remodelling, including: epithelial changes (hyperplasia, metaplasia, and shedding), goblet cell
hyperplasia, submucosal gland hypertrophy, subepithelial fibrosis in peribronchial interstitial
tissue, subepithelial collagen layer thickening, increased submucosal matrix deposition,
angiogenesis, dysfunctioning of bronchial blood vessels, hypertrophy and hyperplasia of
ASM, and mast cell localization and degranulation in the ASM bundle [61-62, 74, 81, 84-85].
Although other inflammatory conditions such as chronic obstructive pulmonary disease
(COPD) are associated with structural remodelling in the lungs, albeit with notable
differences, a unique pathology to asthma is thickening of the reticular basement membrane
of the bronchial epithelium [86]. An illustration of the aforementioned changes involved in
the remodelling process in the lung of an asthma patient compared to a healthy individual can
be found in the review by Lambrecht and colleagues (2019) [74].

Airway wall thickness has been shown to be correlated with disease severity in asthma [87].
Macro-level changes of bronchial wall thickening have been observed on computed
tomography (CT) scans of severe asthmatics and micro-level remodelling changes have been
described on bronchial biopsy samples [61, 88]. Furthermore, the degree of epithelial
hyperplasia and metaplasia increases according to asthma severity as shown on bronchial

biopsy samples from mild, moderate and severe asthmatics, versus healthy subjects [61, 89].

The airway epithelium is obviously central to both the normal functioning of the lungs and the
pathogenesis of asthma [90]. Inflammation markedly impairs its structure and function [90].
Epithelial damage leads to 1) ciliary dysfunction and 2) reduced barrier function [61]. Ciliary
dysfunction contributes to defective sputum clearance from the airways and mucous plugging,

features of severe asthma and often found in fatal asthma exacerbations [61]. Reduced barrier
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function results in an increase in susceptibility to inhaled pathogens, allergens and pollutants,
thereby triggering the inflammatory cascades [61]. In Th2-driven models of asthma,
thickening of the basement membrane and increased volume of ASM are associated with
increases in growth factors, including transforming growth factor (TGF)-B1 and platelet-
derived growth factor [62]. In addition, changes in asthmatic airways are associated with
increased expression or overexpression of Th2 interleukins, especially IL-4, IL-5 and IL-13
[62]. For instance, IL-4 and IL-5 cause airway eosinophilia, mucus metaplasia and
subepithelial fibrosis, whereas IL-13 leads to subepithelial fibrosis, mucus metaplasia and

infiltration of eosinophils and macrophages [62].

1.1.4.3. Classification of asthma

A simple classification of asthma does not exist due to its complex heterogeneity. In the first
instance, asthma can be classified as either intermittent or persistent according to some
published literature [5]. However, it is noteworthy that GINA 2022 guidelines state that
GINA does not distinguish between intermittent and mild persistent asthma because this
historical distinction was arbitrary and erroneously based on the assumption that the so-called
intermittent group would not benefit from therapy with inhaled corticosteroids (ICS) [9].
Instead, GINA 2022 has defined mild asthma as asthma that remains well controlled with
low-dose ICS or as-needed ICS-formoterol (i.e., still commonly referred to as Step 1 or 2
treatment), and now recommends that if the term mild asthma is used in clinical practice, it
should be qualified with a reminder that patients with infrequent or mild asthma symptoms
can still be at risk of severe or fatal exacerbations [9]. Due to differing opinions about the
specific criteria to define mild asthma, GINA continues to review the concept of asthma
severity and the definition of mild asthma, and an update is awaited in 2023 [9]. In the
interim, the subgroups of persistent asthma remain divided by degree of disease severity into
mild, moderate or severe disease [5, 9]. According to earlier, as well as the latest
recommendations from GINA, asthma severity (i.e., GINA Steps 1 to 5 — most recently;
GINA Steps 1 to 4 — previously) is based on the levels or “steps” of therapy needed to achieve
good control of the disease (i.e., reduce the risk of exacerbations and control the symptoms),
as assessed retrospectively after at least several months of treatment [9]. Asthma can be also
be divided into uncontrolled, partially controlled and controlled groups depending on how

well symptoms are managed [91].

In accordance with the above criteria for asthma severity, treatment regimens are administered

to decrease symptoms [92]. Asthma symptom control can be easily and quickly assessed

12



using tools such as the Asthma Control Questionnaire (ACQ) and Asthma Control Test
(ACT) [91]. It is also important to remember that clinical presentations in asthma patients,
including asthma control and consequently severity, may be complicated and worsened by the
presence of comorbidities that also need careful consideration and optimal treatment strategies
[93-94].

Asthma and its symptoms can initially appear at any age, even in older adults [91]. Thus,
asthma can also be broadly categorized into early-onset asthma (generally under 12 years of
age) or adult-onset asthma [95]. At the point of disease onset, asthma can be mild, moderate
or severe, and a progression of severity over the lifespan does not necessarily occur [96]. Both
children and adults with asthma may have relapsing and remitting periods of their symptoms
[61]. However, even during periods of relative disease stability, AHR and/or airway
remodelling may persist in patients, thus monitoring and ongoing treatment should be
emphasized [96]. In addition, asthma is commonly divided into groups based on the presence

or absence of atopy into allergic versus non-allergic asthma [5].

1.1.5. Diagnosis of asthma

The diagnosis of asthma is often difficult because no one symptom, sign or test is
pathognomonic [69]. The GINA 2022 guidelines provide comprehensive step-by-step
recommendations as well as diagnostic criteria for asthma in adults, adolescents, and children
6-11 years old [9]. In general practice, the diagnosis of asthma is largely clinical, relying on a
detailed history and physical examination, combined with diagnostic tests that provide
objective evidence of underlying pathophysiology via assessments of bronchial
hyperreactivity and lung mechanics [5, 91]. In terms of history, patients usually present with
similar symptoms of cough, wheezing, chest tightness, or shortness of breath [97-98].
However, some patients may complain of atypical symptoms that could lead to a misdiagnosis
[91]. Physical examination often, but not always, reveals wheezing, hyperinflation, prolonged
expiratory time, and increased labour of breathing [99]. Normal physical examinations are
also quite common as patients are often in between exacerbations that are triggered by a
variety of factors (e.g., exercise, cold air, viral infections, stress, inhaled allergens, irritants,
etc...) [99]. Chest radiography in asthma is usually normal, but bronchial thickening is often
observed [91]. The presence of atopy is determined using skin prick tests of a variety of
common environmental allergens in addition to serum levels of total and specific IgE [100].
Allergy testing, however, is not specific to the diagnosis of asthma, but may identify allergic

asthma in individuals with asthmatic symptoms when exposed to a confirmed allergen [98].
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Conventional diagnostic tests to support the diagnosis of asthma consist of pulmonary
function tests (PFTs) such as spirometry and methacholine challenge (also known as
bronchoprovocation test) [9]. The cornerstone of asthma diagnostic testing in both children
and adults is spirometry with pre- and postbronchodilator responses [98]. Spirometry can be
easily performed in the office setting to document expiratory airway obstruction and variable
expiratory airflow limitation, two important criteria for the diagnosis of asthma [9, 91, 98,
100]. Lung function measurements in spirometry include: 1) forced vital capacity (FVC) or
the total volume of air (in litres) an individual can forcefully exhale from their lungs in one
breath; 2) forced expiratory volume in one second (FEV1) or the volume of air (in litres)
forcibly expelled from the lungs in the first second of expiration; and 3) the ratio of FEV1 to
FVC (FEV1/FVC) [91, 98].

In order to diagnose asthma, evidence of airway obstruction using the FEV1/FVC ratio is
required [9, 98]. The cutoff point for an obstructive defect varies between professional
societies and caution is advised with the use of a fixed ratio as it may result in false-positive
diagnoses in older adults and false-negative diagnoses in younger adults [98]. According to
the GINA guidelines, when FEV1 is decreased, a reduced FEV1/FVC ratio compared with the
lower limit of normal (usually > 0.75-0.80 in adults) demonstrates airflow obstruction in
adults [9]. It is important to note that obstruction may not be present at all times in the patient

and spirometry should be repeated if a clinical suspicion for asthma remains [98].

There are two important concepts in spirometry that must be considered when evaluating for
asthma: variability and reversibility. Following confirmation of an obstructive defect,
variability in airway obstruction should be sought at subsequent clinical visits [9]. Variability
is defined as the improvement and/or deterioration in symptoms and lung function [9].
Reversibility (or responsiveness) is a general term for rapid improvements in FEV1 measured
10 to 15 min after inhalation of a rapid-acting bronchodilator, or more sustained improvement
at subsequent clinic visits after the introduction of an effective controller treatment such as
ICS [9, 101]. A significant (or positive) bronchodilator reversibility test in asthma is defined
as an increase in FEV1 of > 12% and > 200 mL from baseline FEV1 measured 10-15 min
following administration of 200-400 pg (i.e., two to four puffs) of a short-acting beta-agonist

such as salbutamol (albuterol) [9, 91].

In case respiratory symptoms, spirometry, or response to therapy are atypical, a methacholine

challenge test can be used to evaluate the change in lung function with airway hyperreactivity

14



(or hyperresponsiveness), and thereby, help assess the likelihood of an asthma diagnosis
[102]. Methacholine is a synthetic derivative of the neurotransmitter acetylcholine [103].
Inhaled methacholine causes bronchoconstriction (or airway narrowing) by directly binding to
and stimulating ASM muscarinic receptors, specifically the muscarinic acetylcholine receptor
subtype 3 (M3), and triggering a cascade of intracellular signals followed by calcium release
and ASM contraction [102-103]. The resulting airway narrowing is measured as a decrease in
FEV1 on spirometry assessment [103]. Individuals inhale progressively increasing standard
doses of methacholine as FEV1 is serially measured [91, 103]. A positive bronchial challenge
test is declared when a reduction in FEV1 from baseline of > 20% occurs at the effective
delivered dose of methacholine known as the PD2o [9, 102]. Values of PD2 between 1 and 16
mg/mL are indicative of bronchial hyperresponsiveness, but not necessarily asthma, whereas
PD2o greater than 16 mg/mL (i.e., a normal or negative methacholine challenge) essentially

rules out asthma [102].

Airway inflammation, categorized generally as eosinophilic (T2-high) or non-eosinophilic
(T2-low), is a central component of asthma that can be measured using FeNO [69]. Nitric
oxide is produced in the lungs as a result of eosinophilic inflammation through the action of
pro-inflammatory cytokines such as interleukin IL-4, 1L-5 and IL-13 that upregulate inducible
nitric oxide synthase [69, 104]. Therefore, FeNO serves as an indirect surrogate biomarker of
T2-high eosinophilic airway inflammation in asthma [69]. Nevertheless, the FeNO test is not
universally recommended in the guidelines for confirmation of an asthma diagnosis, but
rather is considered a complementary tool to help guide asthma management [9, 69, 98]. A
positive FeNO test may lend support to a diagnosis of asthma, however, a negative one does

not necessarily rule it out [98].

1.1.6. Treatment of asthma

Asthma treatment is largely based on the most up-to-date international guidelines (i.e., GINA
asthma strategy) that focus on disease severity and prescribing the most appropriate medical
therapy to control symptoms and reduce the risk of exacerbations [9, 105]. Despite optimal
medical therapy, a select group of patients continues to experience poor disease control,
irrespective of asthma severity, due to a number of different triggering factors [105]. The
mainstay of asthma treatment is predominantly anti-inflammatory in nature, with the newest
biological therapies (monoclonal antibodies) directed against the T2 inflammatory cytokines
IgE, IL-5, IL-13, and IL-4 for severe, treatment-refractory asthma [as reviewed in 106-109].

The success of these newest treatments, however, is dependent on different asthma
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phenotypes, with some patients experiencing ongoing symptoms that negatively impact
quality of life, asthma morbidity and healthcare costs [110].

An appreciation of these unmet needs in asthma management has led to a broader search for
the mechanisms underpinning its pathophysiology, resulting in a better understanding of
neuronal regulation in asthma. Several current therapies are thus appropriately focused against
the pathways involved in neuronal dysregulation in asthma [111]. For instance, muscarinic
receptor antagonists (anticholinergics) inhibit effects of the primary parasympatheic
neurotransmitter acetylcholine in the airways, thus, underpinning the relevance of increased
cholinergic tone and muscarinic M3-mediated bronchoconstriction in the pathophysiology of
asthma [112]. As add-on therapies in moderate and severe asthma, long-acting
anticholinergics are effective in improving lung function and reducing exacerbations through
bronchodilation and diminished mucus secretion [113-114]. The latest research has
demonstrated the involvement of cholinergic pathways in airway remodelling and
inflammation, highlighting the wider effects of anticholinergics in exerting positive outcomes
in patients with asthma or COPD [112].

The treatment of asthma includes pharmacologic and non-pharmacologic therapeutic
strategies that should be individualized to each patient, with the goals of long-term symptom
control (i.e., absence of daytime symptoms, nighttime waking, reliever use, and functional
limitation), improving quality of life, and prevention of future exacerbations and deterioration
in lung function [9, 115-116]. In addition, treatments are aimed to prevent fatalities,
hospitalizations, emergency visits, and adverse effects from medications [117]. It should be
carefully noted that patient education, adherence and proper inhaler technique are of
paramount importance to ensure the full benefit of asthma treatment [91]. Although the cause
of uncontrolled asthma is multifactorial, it is widely accepted that poor adherence to treatment
is one of the major factors leading to treatment failure [116, 118].

Pharmacologic therapies in asthma have traditionally been classified as controllers (i.e.,
maintenance medications) and relievers [9, 116]. Controller medications are meant to be taken
regularly to control the underlying airway inflammation in persistent asthma [116]. Reliever
or rescue medications are rapid-acting and should be used only when needed to provide
symptom relief [9, 116]. The most commonly used asthma medications include short-acting
beta-agonists (SABA), long-acting beta-agonists (LABA), short-acting anticholinergics or

muscarinic antagonists (SAMA), long-acting muscarinic antagonists (LAMA), leukotriene
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receptor antagonists (LTRA), ICS — the cornerstone of maintenace asthma therapy, systemic
glucocorticoids, methylxanthines, allergen immunotherapy, and biologic therapy (in severe
asthma) [9, 91]. Step therapies as described in GINA are meant to be used as guides, with
treatments tailored to each patient, stepping-up or -down as appropriate according to the
clinical situation [91]. The newest 2022 GINA strategy document provides easy-to-follow
steps and diagrams that summarize asthma management, including a detailed chart that is split
into two tracks based on the reliever therapy (i.e., preferred versus alternative) being used

along with the controller [9].

A brief rationale about the different therapies in asthma, including their mechanisms of
action, is discussed here. For over 40 years, the use of ICS has been the cornerstone of asthma
therapy [116, 119]. Since the 1970s and early 1980s, ICS has been used as maintenance
therapy in moderate to severe asthma, and later, in mild asthma as well [120]. Systemic
glucocorticoids are needed in uncontrolled asthma and during asthma exacerbations, but are
associated with numerous unwanted side-effects when used long-term [91]. Corticosteroids
decrease inflammation and remodelling of the lungs by increasing the production of the anti-
inflammatory cytokine interleukin IL-10 from alveolar macrophages and inhibiting the release
of pro-inflammatory cytokines, T-cell activation and different white blood cells such as mast
cells and eosinophils [121-122].

Beta2-agonists are also a mainstay of asthma management, acting as both a controller (LABA
in combination with ICS) for long-term therapy and a reliever (SABA) to quickly reverse
bronchoconstriction in an acute asthma attack [123]. Beta2-agonists cause dilatation of the
bronchi by activating the beta2-adrenoreceptors in the respiratory tract (i.e., ASM, lung
epithelial and endothelial cells, Type Il cells, and mast cells) [123-124]. Activation of beta2-
adrenoreceptors is mediated by increases in intracellular cyclic adenosine monophosphate
(CAMP) [123]. The exact mechanism by which cAMP induces ASM cell relaxation is not
fully understood, but it has been shown that it catalyses the activation of protein kinase A
(PKA) which phosphorylates proteins involved in the control of muscle tone [123-124]. In
addition, relaxation of the ASM results from cAMP inhibiting calcium ion (Ca?") release from
intracellular stores, reducing Ca?* entry into cells, and inducing the sequestration of
intracellular Ca?* [124].

Muscarinic antagonists or anticholinergics, particularly LAMA, serve as add-on therapy in

uncontrolled asthma patients on existing therapies with ICS and LABA [125].
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Anticholinergics reduce the acetylcholine-induced inflammatory response by diminishing
cytokine release and recruitment of inflammatory cells [126]. Muscarinic antagonists (SAMA
and LAMA\) are usually combined with a beta-agonist or glucocorticoid, or as a fixed triple
therapy (LABA-LAMA-ICS) in asthma patients for a synergistic effect and greater benefit
than single bronchodilation, given the different mechanisms of action [9, 92, 126].

The cysteinyl leukotrienes, potent inflammatory lipid metabolites derived from arachidonic
acid, enhance inflammatory cytokine cascades and serve as crucial regulators of airway
inflammation and remodelling in asthma [127]. The LTRAs are listed by current guidelines as
an alternative controller to ICS in the management of chronic asthma, and are widely
prescribed in clinical practice [9, 127]. However, the clinician is cautioned that daily oral
treatment with LTRA is less effective than monotherapy with ICS in adults and children,

particularly for exacerbations, and therefore, ICS therapy is the preferred option [9, 127-128].

Methylxanthines had been used for decades for asthma treatment due to their bronchodilator
effects as well as potential anti-inflammatory and immunomodulatory actions [129].
However, methylxanthines are no longer recommended by international guidelines to be used
in the management of acute asthma due to their poor efficacy and risk of adverse events,
including nausea, vomiting, seizures, and arrhythmias [9, 129]. Moreover, add-on treatment
with methylxanthines, such as intravenous aminophylline, during severe asthma exacerbations

does not improve outcomes compared to SABA alone [9, 130].

In allergic asthma patients sensitized to inhaled allergens, including asthma with allergic
rhinoconjunctivitis, allergen-specific immunotherapy as add-on therapy has been shown to
reduce asthma symptoms and rescue medication use [9, 131]. Both subcutaneous and
sublingual allergen immunotherapy seem to be effective in allergic asthma, but additional
studies are needed [9, 131]. GINA is currently reviewing the evidence on allergen

immunotherapy and will be updating the international guidelines for 2023 [9].

Although ICS is recommended as first-line therapy for asthma in the current clinical
guidelines, either as monotherapy or in combination with LABAs, or alternatively, LTRA,
often the severe forms of asthma require add-on therapy (i.e., oral corticosteroids or LAMA)
to achieve disease control [9, 67, 107]. Despite these measures, some severe asthma patients
continue to have suboptimally controlled disease, and more effective strategies, such as
biologic therapies, must be adopted [67, 107]. Biologic therapies are antibodies (i.e., anti-IgE,
anti-1L-5, anti-1L-5-receptor (R), and anti-IL-4R) directed against specific key players in
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inflammatory pathways (i.e., IgE, IL-5, IL-4, and IL-13) [107]. The first biological agent,
omalizumab (anti-IgE), was approved for severe allergic asthma almost twenty years ago, in
2003, by the Food and Drug Administration (FDA), followed by the European Medicines
Agency (EMA) in 2005 [67, 107]. Four more biologic agents (i.e., mepolizumab, reslizumab,
benralizumab, dupilumab) have been approved since then, and new ones are currently in
development [9, 107]. A comprehensive review of these biologic therapies and their

mechanisms of action with detailed summary tables is found in McGregor et al. (2019) [107].

Briefly, anti-IgE biologic agents are recombinant humanized monoclonal antibodies that bind
to free IgE, thus preventing IgE from binding to its high-affinity receptors (FCeR1) found on
mast cells and basophils, resulting in the dampening of cellular responses to allergens [67,
107]. Inflammation is further reduced by the downregulation of the IgE receptors on mast
cells and basophils [67, 107]. Anti-IL-5 biologics are monoclonal antibodies that bind either
directly to IL-5 (i.e., mepolizumab ane reslizumab) or to the alpha subunit of the IL-5 receptor
(benralizumab) on eosinophils and basophils [107]. IL-5 is the primary cytokine involved in
the recruitment, activation, and survival of eosinophils [107]. Therefore, anti-IL-5 biologics
reduce eosinophilic airway inflammation in severe eosinophilic asthma patients who have an
increase in sputum and/or blood eosinophils despite treatment with corticosteroids [107]. By
targeting the IL-4 alpha receptor, the most recently approved biologic agent for severe
uncontrolled asthma, dupilumab, is able to block signalling from both IL-4 and IL-13, and
thereby, reduce production of IgE and recruitment of inflammatory cells, as well as modulate
AHR and airway remodelling [107]. Although the currently approved biologics target
downstream pathways of T2 inflammation, new investigational biologic agents are focused on
various upstream targets, including IL-25, IL-33 and thymic stromal lymphopoietin (TSLP) as
well as small molecule antagonists targeting kinases (e.g., Janus kinase pathways) that are
further downstream to the T2 cytokines [107].

When choosing the type of medication, device and dose for both controller and reliever
inhalers, the clinician must consider several factors, including symptom control, risk factors
and triggers, patient preference, and practical issues (e.g., cost, ability to use the device and
adherence) [9]. GINA treatment recommendations have been updated for 2022 based on a
thorough review of the evidence regarding clinical practice for Steps 1 to 5, and are
summarized in a treatment figure showing preferred treatment options for each step [9]. The
most fundamental change in asthma treatment strategy occurred in April 2019 when the

annual GINA report advised that SABA should not be used alone in adolescents and adults
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with asthma, but rather ICS use was deemed necessary and should be taken on either a
symptom-driven (mild asthma only) or regular daily basis to reduce the risk of serious
exacerbations [132-133].

Non-pharmacologic therapeutic interventions in asthma include smoking cessation, physical
activity, weight reduction for obese patients, breathing exercises, avoidance of triggers, and
bronchial thermoplasty [9]. Bronchial thermoplasty may be considered as an alternative
treatment for some adult patients with severe uncontrolled asthma despite optimal
pharmacologic therapies, but evidence is limited and long-term effects are unknown [9].
Some studies have highlighted the promising role of pulmonary rehabilitation as an additional
nonpharmacologic therapy in asthma, but more research is required to further characterize
rehabilitation programmes in order to improve clinical care [115]. A multifaceted and
multidisciplinary approach to asthma management, simultaneously combining several
different action plans, including non-drug interventions, seems most likely to be effective in
optimizing clinical outcomes, though further research is needed for these recommendations to

be successfully implemented in daily practice [134].

Another important consideration when reviewing the patient's current treatment and disease
control is to address the comorbidities (coexisting or interacting conditions) associated with
asthma that may impact outcomes and make asthma difficult to control, especially if treatment
effects remain inadequate [135]. The most common comorbidities of asthma include
gastroesophageal reflux disease (GERD), laryngopharyngeal reflux, upper airway diseases
(i.e., rhinitis, sinusitis, rhinosinusitis), sleep apnea, and recurrent respiratory infections [117,
135]. Rhinosinusitis and GERD are common triggers of cough due to postnasal drip and
heartburn, respectively, and may exacerbate asthma [117]. Lifestyle modification and the use
of proton pump inhibitors may benefit patients with these comorbidities and difficult-to-

control asthma [117].

1.1.7. Phenotypes and endotypes of asthma

1.1.7.1. Asthma Phenotypes

Since Wenzel’s seminal paper in 2006, in which potential phenotypic categories were
proposed, many studies have attempted to classify the diverse group of asthma patients into
specific phenotypes [47, 136]. A disease phenotype (i.e., clinical presentation) is defined as
any observable characteristic or trait of a disease (i.e., clinical, demographic or physiological

features, trigger-related or inflammatory processes) without necessarily implying an
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underlying mechanistic pathway [4, 68]. For many years, asthma was believed to consist of
only two major phenotypes: 1) non-atopic or “intrinsic”, and 2) atopic or “extrinsic” asthma
[66]. Over the past two decades, additional asthma phenotypes have been defined based on a
hypothesis-based approach, and later, a systems biology or cluster analysis approach. The
hypothesis-based approach relies on classifying patients into broad categories based on a
single variable, including disease severity, symptom triggers, age at onset, inflammatory
patterns, exacerbations, and airflow obstruction [66, 137-138]. A major limitation of this
approach, however, is a high occurrence of phenotype overlap so that the groups cannot be
adequately distinguished from each other [66]. Furthermore, the principle studies on this topic
involved different numbers and classifications of asthma phenotypes, thus making final
conclusions challenging [47]. The more phenotypes are identified in the studies, the greater
the likelihood of finding instances of overlap, thus potentially diminishing the meaning and
interpretation of the data [47]. In addition, longitudinal studies have found that phenotypes are
not stable over time, with those determined by biomarkers showing less stability than those

defined by physiological variables, especially in severe asthma patients [47, 139].

The systems biology methodology diminishes the impact of preconceived biases through the
use of clustering algorithms applied to large datasets consisting of clusters of traits, instead of
focusing on simple single-feature phenotypes [4, 47, 66]. Unbiased cluster analyses are
capable of integrating the effect of multiple interacting components of a wide range of
“observable” variables or clinical parameters (e.g., demographics, lung function, BMI, atopy,
and eosinophils) in large patient cohorts (i.e., Severe Asthma Research Program (SARP)
[140], the Unbiased Biomarkers for the Prediction of Respiratory Disease Outcome (U-
BIOPRED) [141], and Airways Disease Endotyping for Personalized Therapeutics (ADEPT)
[142] in order to objectively characterize and predict clinical phenotypes of asthma [4, 66].
Despite significant differences between the cluster studies, particular subsets have
nevertheless led to the identification of several different phenotypes, as summarized in Pérez
de Llano, 2021 [4]. The major asthma phenotypes are early-onset allergic asthma, late-onset
eosinophilic asthma and late-onset non-eosinophilic asthma [4]. The other phenotypic groups
are based on symptoms (exacerbation prone, cough variant, obesity-related asthma, asthma
with persistent airflow obstruction), triggers (exercise-induced, occupational asthma, seasonal
asthma, aspirin-induced asthma), biomarkers (eosinophilic asthma, neutrophilic asthma,
paucigranulocytic asthma, mixed granulocytic asthma), and treatments (steroid-resistant

asthma) [4]. How well these phenotypes actually reflect specific biologic pathways is
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debatable given the heterogeneity of each phenotype cluster, the significant overlapping
between the clusters, their variability over time, and the different methodologies used and
cohorts examined in the studies [4]. It is noteworthy that most of these cluster studies have
been conducted only in severe asthmatics, thereby limiting the generalizability of phenotypes

across the severity spectrum [4].

Most recently, a newer approach to phenotyping asthma that involves the assessment and
targeting of “treatable traits” has emerged [47, 143]. This new paradigm for the management
of airway diseases, particularly complex diseases, aims to apply personalized medicine to
each asthma patient in order to improve outcomes, and therefore, limits the analysed
phenotypes to clinically relevant, identifiable characteristics, which are modifiable with
treatment [47, 143]. This concept is already being employed in clinical practice (e.g., targeted
therapies of severe eosinophilic or allergic asthma) [46-47], however, the current guidelines,
including GINA 2021, reserve its use for the most severe patients, with the “one-size-fits-all
approach” remaining the current paradigm in the management of the majority of asthma
patients [47]. The “treatable traits” approach seems to be the way forward to novel asthma
management with potential benefits for all asthma patients, regardless of disease severity (i.e.,

mild, moderate and severe) [47].

With respect to international recommendations, the GINA 2022 guidelines define asthma
phenotypes as recognizable clusters of demographic, clinical and/or pathophysiological
characteristics [9]. The following are listed by GINA 2022 as the most common clinical
phenotypes: allergic asthma, non-allergic asthma, adult onset (late-onset) asthma, asthma with
persistent airflow limitation, and asthma with obesity [9]. Although some phenotype-guided
treatments are available for the most severe asthma patients, GINA advises that further studies
are necessary to determine the utility of phenotyping asthma in clinical practice given that
asthma phenotypes have not been shown to correlate with specific pathological processes or

treatment responses [9].

The results of an international collaboration between five countries (United Kingdom, New
Zealand, Brazil, Ecuador, and Uganda), known as the World Asthma Phenotypes (WASP)
study, are awaited and highly anticipated [144]. Initiated in 2016, the WASP study aims to
evaluate detailed biomarker and clinical information in order to better understand asthma
phenotypes and their distribution across the socioeconomic and prevalence spectrum,
compare phenotype characteristics including clinical severity, and assess risk factors for each
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phenotype [144-145]. In addition, this study should provide a standardised protocol for other
centres around the world to conduct similar analyses which will provide even more data to

enhance our comprehension of asthma phenotypes [144].

1.1.7.2. Asthma Endotypes

From the above discussion, it is quite evident that phenotyping asthma is far from an easy
task, and requires an understanding of the underlying mechanisms that cannot be obtained
simply from an analysis of the clinical and laboratory (e.g., physiologic or inflammatory)
parameters associated with asthma phenotypes [4]. The term endotype was proposed in 2008
as a conceptual framework to shift the focus from phenotypes to identifying precise molecular
pathways (endotypes) driving disease, and thereby, helping to demystify the molecular
heterogeneity of asthma [68]. More precisely, it was suggested that each endotype is a disease
subtype that is defined by a distinct functional or pathophysiological mechanism [68]. The
main advantages of classifying asthma into specific groups of endotypes are the therapeutic
and prognostic implications of tailoring treatments specific to the causative molecular
mechanisms, thus moving even closer towards a personalized medicine approach to managing
asthma [66].

This concept of endotyping asthma seems quite straightforward in theory, but is actually a
highly demanding and challenging process [4]. As a result, no “true” endotypes have been
described with complete confidence to date, and endotyping asthma remains a continuous
work in progress [4]. In their review, Pérez de Llano and co-authors (2021) summarized the
main reasons for the difficulties in endotyping asthma as follows: 1) similar symptoms and
signs (“observable features”) can arise through different pathophysiological mechanisms, 2)
different endotypes may have similar, or even the same phenotype, and 3) similar molecular
mechanisms may be present in different asthma phenotypes [4]. Optimal stratification of
asthma “mechanism-based treatment targeting” is the ultimate goal of genuine precision
medicine, and can only be achieved when true endotypes of asthma and their underlying

mechanisms are confirmed [4, 66].

A molecular characterization of the clinical differences and pathobiological processes in a
range of asthma patients has only recently emerged owing to the evolution of various “-
omics” platforms, improved statistical analyses, and integration of data from animal models
and clinical trials of targeted biologic therapies [146]. Differences between patients with and

without increased levels of markers of type 2 immune and inflammatory pathways in the
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airways, and compared with the normal reference range of healthy controls, have led to the
confirmation of a broad categorization of T2-high asthma [66, 68, 146]. As a result, two
major endotypes or “molecular phenotypes” of asthma, although incompletely defined, have
been distinguished thus far based on Th2 inflammation (or T2 inflammation, as clarified
above): 1) “T2-high” (defined by increased type 2 cytokine release or epithelial gene
expression compared to a reference population) and 2) “T2-low” (or non-T2) asthma (much
less well defined; with low or no T2 inflammation; without clear biomarkers; usually
identified by excluding a T2-high profile) [4, 64, 146].

Biomarkers are essential tools for the discovery of endotypes and are defined as “measurable
indicators linking an underlying pathway to a phenotype of a disease” [4]. The most routinely
used biomarkers in the clinical evaluation of asthma endotypes include: blood eosinophils,
induced sputum cell count (sputum eosinophils), FeNO, and IgE [4]. The most commonly
used biomarkers for the recognition of T2 inflammatory response in asthma patients are blood
and sputum eosinophils, with the latter currently recognized as the gold standard for
identifying the T2-high endotype [4]. However, each biomarker has its advantages and
disadvantages, and a more appropriate gold standard for T2 inflammation is needed,
especially given the fact that only 50% of asthma patients are identified with T2 airway
inflammation and there is a paucity of biomarkers for T2-low (or non-T2) asthma (i.e., in the

majority of cases, only induced sputum cell count) [4].

According to a review by Khalaf and co-authors, asthma is thought of as an “endotypic range”
of airway inflammation with one end of the spectrum being eosinophilic (typically complex
T2-high) and the other, neutrophilic (typically complex T2-low or non-T2) [94, 147]. The
existence of a “mixed” endotype consisting of an overlap of these syndromes has also been
described as a possible presentation in patients [94, 148]. The eosinophilic phenotypes include
early onset allergic asthma, late onset eosinophilic asthma, non-steroidal anti-inflammatory
drugs (NSAIDs) exacerbated respiratory disease, and exercise-induced bronchoconstriction,
while the non-eosinophilic phenotypes (non-atopic neutrophilic asthma) consist of
paucigranulocytic asthma and non-atopic neutrophilic asthma (smokers, obesity and elderly)
[94].

A similar characterization of the phenotypes of T2-high and T2-low endotypes has been
provided by Kuruvilla and co-authors (2019) [66]. The T2-high phenotypes are classified into

three groups: early-onset allergic (or atopic) asthma, late-onset eosinophilic asthma and
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aspirin-exacerbated respiratory disease (AERD) [66]. The T2-low phenotypes are classified
according to clinical characteristics that include obesity, smoking and age [66]. These authors
provide a more detailed and interesting overview of the molecular endotypes T2-high and
non-T2 (or T2-low), and their corresponding asthma phenotypes, clinical characteristics,
molecular mechanisms, existing biomarkers, and natural histories [66]. In a more recent
review by Giilsen, possible T2-high phenotypes are characterized by clinical presentation and
biomarkers [145].

Unlike T2-high asthma, the T2-low endotype is less well understood, but is generally
identified by different levels of non-eosinophilic inflammation characterized by 1) the
presence of other cells such as neutrophils (i.e., T1/T17 neutrophilic inflammation), or 2) very
few inflammatory cells (i.e., paucigranulocytic) [69]. T2-low asthma is classified as having
levels of T2-inflammation in the airways that are comparable to the normal reference range of
healthy controls [64]. Unlike T2-high asthma, T2-low asthma is associated with fewer
treatment options, poor disease control and more exacerbations [69]. There are no defined
biomarkers for T2-low asthma, so it is therefore mainly identified by excluding a T2-high
profile (i.e., the absence of T2-high biomarkers such as eosinophilia) [4, 145]. Proposed
biomarkers for T2-low asthma include blood and sputum neutrophilia, but the clinical
relevance of these increased neutrophils is still unknown as they may be a byproduct of the
local inflammatory response or secondary to unrelated causes such as concomitant high-dose
corticosteroid therapy, exposure to environmental pollution or cigarette smoke, or concurrent

bacterial infection [66].

1.2. Serotonin (5-HT)

1.2.1. Discovery and sources of central and peripheral 5-HT

Serotonin (5-hydroxytryptamine, 5-HT) is a small, ubiquitous biogenic amine found in nearly
all eukaryotes [149]. First discovered by the Italian pharmacologist Vittorio Erspamer in
1937, this vasoconstrictor was initially termed “enteramine” given that it was extracted from
enterochromaffin gut cells in mammals [150]. Over a decade later, the American physiologist
Irvine Page and his colleagues discovered a serum-derived vasoconstrictor that they named
“serotonin” [151-152]. In 1949, the chemical structure of “serotonin” was determined to be 5-
hydroxytryptamine (5-HT) [153]. It was subsequently confirmed that peripheral enteramine
and 5-HT were in fact the same substance [154-155]. Besides its peripheral localization, 5-HT

was found by Dr. Betty Mack Twarog also to exist centrally in the mammalian brain [156-
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157]. Since the discovery of this “happy” hormone, as referred to by Barnes (2011), extensive
research has provided evidence showing that 5-HT modulates a wide range of physiological
processes and pathological states in different tissues throughout the body via the action of
specific enzymes, transporters and multiple subtypes of 5-HT receptors, with varying
expression depending on their location, that affects local 5-HT levels and neurotransmission
[56, 158-162].

Central 5-HT, produced by the serotonergic neurons in the central nervous system (CNS),
accounts for only approximately 1-2% of the total amount of 5-HT in the body [163]. Because
5-HT is highly charged at physiological pH, it can neither cross the blood-brain barrier (BBB)
nor passively diffuse into cells from the extracellular space [164-165]. This impermeability of
the BBB to 5-HT means that the central and peripheral serotonergic systems are largely
functionally independent [161, 166]. By the same token, the central and peripheral stores of 5-
HT are separate entities [167].

Most 5-HT is located in the periphery, outside of the CNS [162]. The principal source of
peripheral 5-HT is the gut, where most of the total body 5-HT production (~95%) occurs, or
more specifically, the enterochromaffin cells (EC) of the Gl mucosa [162-163, 166]. The
majority of peripheral 5-HT synthesized by the EC is rapidly sequestered into platelets (also
known as thrombocytes) via the 5-HT reuptake transporter (SERT or 5-HTT) to be stored in
dense granules [162, 166]. Hence, thrombocytes are the main circulating reservoir of
peripheral 5-HT (~90%), with a minor fraction of the total peripheral 5-HT pool locally
produced by and distributed to different cells and tissues throughout the body [158, 161, 163,
168]. In healthy individuals, only a very small percentage of 5-HT circulates freely in the
blood, but an increase of 1000-fold can be detected following platelet activation, for example,

in response to inflammation [162].

1.2.2. Roles of central and peripheral 5-HT in physiological and pathological states

Exerting multifaceted effects, 5-HT serves as a hormone, neurotransmitter, neuromodulator,
and immunomodulator, and plays important regulatory roles in multiple physiological and cell
responses, including pulmonary function [149, 155, 169-171]. Although best known as a
neurotransmitter or signalling molecule in the CNS, mediating a wide range of neuronal
activities and neuropsychiatric disorders, the additional actions of 5-HT in the periphery (i.e.,

as a hormone or autocrine/paracrine factor or immunomodulator) extend to numerous
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nonneuronal processes through a complex network of receptor signalling in different tissues
[155, 158, 161, 163, 168]. Clearly, 5-HT physiology is extensive and very complex [169].

In fact, 5-HT is involved in the regulation of almost every physiological function, biological
process and behaviour in humans, including body temperature (thermoregulation), breathing
rhythm and respiratory drive (respiratory system), heart rate and vascular resistance
(cardiovascular function), digestion, appetite, body weight/food intake and bowel motility (Gl
system), ejaculatory latency (reproduction system), bladder control, muscle contraction and
relaxation (locomotion), sleep-wake cycle, pain and sensory perception, stress responses,
memory, emotion, cognition, mood, platelet function and aggregation (hemostasis), mammary
gland development and homeostasis, metabolism, hepatic lipid balance, adipogenesis, insulin
secretion, and energy homeostasis [158-162, 172-174]. More recently, it has emerged that 5-
HT is also an essential mediator of immune responses in the peripheral immune system [175-
176].

Dysfunction of the central and peripheral serotonergic systems has been implicated in a
diversity of pathological states, such as irritable bowel syndrome, colitis, celiac disease,
metabolic disease, obesity, carcinoid diarrhea, restless legs syndrome, sudden infant death
syndrome, autism, headache (primarily migraine), chemotherapy-induced emesis, insomnia,
anxiety, alcoholism, depression, anorexia, schizophrenia, Parkinson's disease, Alzheimer's
disease, autoimmune disease (e.g., rheumatoid arthritis), and epilepsy [159, 161-162, 165,
177-180]. There is now increasing evidence regarding the contribution of 5-HT also to asthma
pathogenesis [149, 181-182].

Many pharmacological agents that are used to treat some of the aforementioned disorders
target the 5-HT receptor subtypes of the serotonergic systems, such as anxiolytics and
antidepressants (for example, tricyclic and tetracyclic antidepressants, and selective 5-HT
reuptake inhibitors (SSRIs)), setron antiemetics, triptans to relieve migraine, atypical
neuroleptics, and antiepileptics (e.g., fenfluramine) [159, 162, 165, 179-180]. Psychoactive
substances, also known as serotonergic psychedelics, such as lysergic acid diethylamide
(LSD), tryptamines (e.g., psilocybin), phenethylamines (e.g., mescaline), cocaine, and
amphetamines, alter 5-HT functions by acting on specific 5-HT receptor subtypes and
monoamine transporters [159, 162, 183-184].
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1.2.3. Distribution of 5-HT neurons in the central nervous system (CNS)

In the CNS, neurons located in the raphe nuclei of the brainstem produce and release 5-HT
[158]. The serotonergic cell bodies of these neurons, originally classified by Dalhstroem and
Fuxe (1964), mainly reside in the dorsal and median raphe nuclei [159, 185-186]. The axons
of these brainstem 5-HT neurons extend diffusely to almost all brain structures, sending
ascending projections that terminate in cortical, limbic, midbrain, and hindbrain regions [158,
187]. The descending projections of these brainstem 5-HT neurons are sent into the spinal
cord to modulate nociceptive (pain) signalling [158]. During neuronal depolarization, action
potentials travelling down the axons cause release of 5-HT into the synapse where it can bind
to pre- and postsynaptic receptors that are coupled to different signal transduction
mechanisms [187]. The individual neurons and all human brain regions express a variety of 5-
HT receptors in specific subtype patterns [158]. This widespread innervation of the 5-HT
system throughout the whole neuraxis accounts for the participation of 5-HT in a plethora of
functions, as listed above [187].

1.2.4. Synthesis of 5-HT in the CNS and periphery

In humans, the synthesis of 5-HT in the periphery and centrally is dependent on the enzyme
tryptophan hydroxylase (TPH) that exists in two different isoforms [155]. Tryptophan
hydroxylase-1 (TPH-1) is involved in the generation of 5-HT in the peripheral organs, such as
the EC of the GI tract, whereas tryptophan hydroxylase-2 (TPH-2) synthesizes 5-HT in
neurons [155, 166]. Platelets are unable to synthesize 5-HT themselves because they lack
TPH, and thus, act solely as carriers of 5-HT in the circulation [166, 188]. However, other
cells in the blood, such as mast cells, monocytes/macrophages and T cells, can partly

participate in 5-HT production [163].

In both the CNS and peripheral tissues, 5-HT is synthesized from L-tryptophan (or
tryptophan), an essential amino acid obtained from food [162-163]. Once ingested, L-
tryptophan circulates in the blood throughout the body, primarily bound to albumin (75-95%),
but also freely [189-190]. Unlike 5-HT, L-tryptophan can cross the BBB by the action of a
cognate L-type amino acid transporter [162, 186, 191]. The free, unbound L-tryptophan is
readily available for transport across the BBB, but albumin-bound L-tryptophan, with a higher
affinity for the BBB transporter than albumin, will first dissociate from the albumin in close

proximity to the BBB, in order to be taken up by the brain [190].
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The synthesis of 5-HT occurs in two enzymatic steps [162-163]. The first step involves the
hydroxylation of L-tryptophan by TPH to yield 5-hydroxytryptophan (5-HTP), the rate-
limiting enzymatic step [163, 192]. The second step results in the conversion of 5-HTP to 5-

HT through decarboxylation by aromatic L-amino acid decarboxylase [162-163].

In the CNS, as soon as 5-HT is synthesized, it is packaged into synaptic vesicles via the action
of the vesicular monoamine transporter 2 (VMAT-2), a (H+)-dependent carrier, later to be
released into the synapse following an action potential [159]. In the periphery, 5-HT produced
in EC cells is rapidly taken up by platelets and compartmentalized into dense granules by
VMAT-2, later to be released upon platelet activation [193]. The quick sequestration of 5-HT
into synaptic vesicles and dense granules, respectively, prevents its rapid degradation by the
enzyme monoamine oxidase (MAO) [162]. This uptake of 5-HT into presynaptic terminals in
the CNS and platelets in the periphery is mediated by SERT [162, 194]. It is worth noting that
SERT is also expressed in pulmonary and peripheral blood vessels and the Gl tract [158].

1.2.5. Metabolism of 5-HT

Most 5-HT undergoes metabolism in the outer mitochondrial membrane by the enzyme
MAQO, in particular the A isoform (MAO-A) due to its high affinity, but also conceivably the
B isoform (MAO-B) (i.e., if MAO-A is deficient or absent) [161, 195]. The two-step process
of enzymatic degradation of 5-HT begins with MAO catalyzing the oxidative deamination of
5-HT into 5-hydroxyindol-3-ylacetaldehyde (5-HIAL) [163, 196]. The 5-HIAL intermediate
is then transformed under normal conditions into the main 5-HT metabolite called 5-
hydroxyindol-3-ylacetic acid (5-HIAA; also known as 5-hydroxyindoleacetic acid) via
oxidation by an aldehyde dehydrogenase [163, 196]. The 5-HIAL can also enter an alternative
metabolic route, but to a much lesser extent normally, and be converted to a minor metabolite,
5-hydroxytryptophol (5-HTOL), through a minor reductive pathway catalysed by an aldehyde
reductase [196]. Both the major 5-HIAA and minor 5-HTOL metabolites are eliminated from
the body by the kidneys in urine; the latter, primarily in conjugated form with glucuronic acid
[163, 197]. The metabolism of 5-HT mainly takes place in the liver and the pulmonary
vascular endothelium [163, 198-199]. Platelets can also degrade granular 5-HT by MAO
[161, 200].

Another important pathway of 5-HT metabolism also occurs in the human body under normal
conditions. In the pineal gland, 5-HT is metabolized to melatonin as a result of two enzymatic

reactions [161, 196]. Initially, N-acetylation of 5-HT by arylalkylamine N-acetyltransferase (also
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known as 5-HT N-acetyltransferase) converts 5-HT to the intermediate N-acetyl-5-
hydroxytryptamine (N-acetyl-5-HT) [161, 196, 201]. Subsequently, O-methylation of this
intermediate by hydroxyindole-O-methyltransferase results in the production of 5-methoxy-N-
acetyltryptamine (i.e., melatonin) [161, 196, 201-202]. Melatonin is involved in a broad range
of physiological functions, including the circadian rhythm, reproduction, detoxification of
free radicals, antioxidant actions as well as cardiovascular, immune system and body mass

regulation, among others [202].

1.2.6. The 5-HT receptors and 5-HT transporter (SERT)

There are seven classes or families of 5-HT receptors (5-HT1 to 5-HT?7); all are G-protein
coupled receptors except for 5-HT3, a ligand-gated ion channel [203-204]. In total, there are
15 different 5-HT receptor subtypes [155]. However, in mammals, 5-HT acts on 14 distinct
receptor subtypes [149]. The subtypes of 5-HT receptors within each family are labelled with
letters (e.g., 5-HT1a, 5-HT2a) [190]. Therefore, the 5-HT receptor subtypes are classified as
follows: 5-HT1 (5-HT1a, 5-HT1g, 5-HT1p, 5-HT1g, 5-HT1r), 5-HT2 (5-HT24, 5-HT28, 5-HT2c),
5-HT3, 5-HT4, 5-HTs (5-HTsa, 5-HTsg), 5-HTs, and 5-HT7 [187]. In the human brain, large
sets of 5-HT receptors are found in the substantia nigra, the hippocampal formation, the
hypothalamus, the amygdala, the striatum, and the frontal cortex, with different distributions

and varying densities [159].

The processing of 5-HT after synthesis in the CNS depends on the subtype and location of the
5-HT receptors as well as its reuptake via SERT. Neuronal depolarization triggers the
extracellular release of 5-HT from secretory vesicles into the synaptic cleft, with subsequent
binding to either postsynaptic or presynaptic 5-HT receptors [190]. The amount of 5-HT
released into the synaptic cleft is controlled by the binding of 5-HT to the presynaptic 5-HT
autoreceptors localized in the cell bodies and dendrites (5-HT1a receptors) of the dorsal raphe
nuclei or the axon terminals (5-HTis receptors), creating a negative feedback inhibition
against further firing activity of the serotonergic neurons and release of 5-HT into the synapse
[190, 205-206]. The 5-HTia autoreceptors affect firing rates, whereas the 5-HTis
autoreceptors sense the extracellular 5-HT concentration, and decrease synthesis and release
of 5-HT when it accumulates extracellularly [186]. Moreover, the binding of 5-HT to
somatodendritic 5-HT1p autoreceptors may also negatively regulate the release of 5-HT inside
the raphe nuclei [169, 207].
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When extraneuronal 5-HT interacts with and binds to postsynaptic receptors (including 5-
HT.a and 5-HT>c, among others), a signal is transmitted from one cell to the next [169]. Thus,
5-HT participates both in one-to-one neural (or neuron-to-neuron) signalling and as a
neuromodulator of the effects of other neurotransmitters in the extracellular space via volume
transmission (or nonsynaptic diffusion neurotransmission) [186, 208]. The latter may involve
neural transmission that occurs at sites outside of the synaptic cleft by the diffusion of

transmitters to distant target receptors [208].

Another important mechanism of regulation of 5-HT signalling and modulation of
extracellular 5-HT concentrations is the clearance of 5-HT from the extracellular space [209].
Removal of 5-HT from the synapse is mediated by the transport of 5-HT into the presynaptic
neuron via SERT (5-HTT), the 5-HT specific transporter located on the presynaptic axonal
plasma membrane [205, 210]. Acting as a key mediator of neurotransmission, SERT also
serves as a major molecular target for pharmacological treatments of neuropsychiatric
disorders, such as the selective 5-HT reuptake inhibitors (SSRIs) that exert their
antidepressive effects by blocking 5-HT reuptake, thereby, increasing 5-HT levels in the
synaptic cleft, and further enhancing 5-HT signalling [169, 211-212]. Therefore, the reuptake
of 5-HT by SERT not only terminates the extracellular effects of 5-HT, the subsequent
repacking of 5-HT into the synaptic vesicles ensures that 5-HT is recycled and made available
for reuse during the next serotonergic neurotransmission [169, 209]. Any 5-HT remaining in
the cytosol of the neuron is degraded by MAO-A, as explained above, thus regulating
intracellular 5-HT levels [169].

1.2.7. Platelets and 5-HT

It is now widely accepted that platelets are an important reservoir of 5-HT in peripheral blood
[213]. Much interest lately has been directed towards the regulation of plasma 5-HT levels by
platelets, and in turn, the modulation of platelet function by 5-HT itself, including the impact
of such disruption on multiple disease states [214]. Although 5-HT in the human body is
mainly synthesized in the periphery (>95%) by intestinal EC, most of it is rapidly taken up
from the blood by resting platelets via the 5-HT specific transporter SERT [176]. In addition
to platelets, other inflammatory cells such as basophils and mast cells also express SERT and
enzymes involved in 5-HT metabolism (i.e, MAO), and therefore, contain high
concentrations of 5-HT [155, 215-216]. Nevertheless, approximately 99% of the total 5-HT in
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blood is stored in platelets [217]. In fact, 5-HT is concentrated in platelets at a level
approximately 1000 times higher than in plasma [218].

This finding of 5-HT in platelets, including their remarkable ability to act as a major storage
reservoir for circulating 5-HT, was first identified in the late 1950s [219-220]. Since then,
research has provided evidence showing that platelets contribute to the regulation of
circulating 5-HT levels within the plasma [see review by 214]. One important mechanism
involves the activation of platelets and the release of 5-HT from their dense granules into the
blood [221]. Acting as a “helper agonist”, 5-HT itself dose-dependently augments platelet
activation induced by adenosine diphosphate (ADP) and especially thrombin, the most potent
platelet activator [222-223].

1.2.8. Rationale for using platelet 5-HT versus plasma or free 5-HT levels

Given that human blood platelets possess several components similar to those of central 5-HT
synaptosomes, including MAO-B and different receptors, such as SERT and 5-HT> receptors,
and that platelet 5-HT concentration is altered in various neuropsychiatric conditions such as
alcoholism, autism and depression, platelets are assumed to represent a convenient peripheral
model to study different aspects of the central 5-HT system [217, 224-226]. A similar
conjecture can be made regarding platelets and asthma based on the currently available
literature as follows: 1) several studies have established 5-HT as an important neuromodulator
of breathing, with direct actions in the neuronal circuits of the CNS [227]; 2) platelets have
been observed to migrate into the lung tissue of patients with asthma and into the lungs of
allergen challenged sensitised animals, possibly contributing directly to alterations in lung
function in patients with asthma [228]; 3) the level of 5-HT in the lungs is closely related to
that of platelets in the blood [229-230]; 4) the concentration of 5-HT in the lungs of allergic
asthma patients is closely correlated with the concentration of platelet 5-HT in the blood [213,
231-232]; and 5) animal models and many studies to date provide evidence supporting

platelet involvement in asthma [for eg., as reviewed in 228, 233].

Based on the aforementioned discussion, platelet 5-HT concentration might serve as a suitable
and easily accessible peripheral biomarker of asthma. Moreover, an important advantage of
using platelet 5-HT instead of plasma 5-HT is that the half-life of the former (33 to 48 hr) is
considerably longer than that of the latter [234]. Under normal physiological conditions, very
low levels of free 5-HT actually exist in the plasma owing to both the metabolism of plasma

5-HT in the liver by MAO-A and its quick uptake by platelets for transportation to the lungs
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where degradation by MAO-B occurs inside endothelial and smooth muscle cells [234-235].
Thus, the total blood 5-HT pool is composed of 95-97% platelet 5-HT and 3-5% free 5-HT
[232]. In addition, two independent studies found that platelet 5-HT maintains intrapersonal
stability over time, with no change on repeated venepuncture over nine weeks [236], and a
high intra-individual correlation of 5-HT levels in human platelets measured three months
apart [237], suggesting that platelet 5-HT levels are a reasonable marker of long-term status
[226]. As a result, platelet 5-HT could represent a more robust measurement parameter of 5-

HT levels in the circulation than plasma / free 5-HT [234].

1.2.9. Asthma and 5-HT

The 5-HT receptors have in recent times attracted attention for their potential actions in
inflammatory diseases such as asthma [149]. For instance, in studies based on murine models
of allergic asthma, ASM cells have been shown to express 5-HT receptors, more specifically
5-HT classes 2A, 3, 4, and 7 that mediate bronchoconstriction through receptor activation on
parasympathetic acetylcholine-containing neurons by causing release of acetylcholine [238-
241]. In addition, the inflammatory mediator, tumour necrosis factor alpha (TNF-a), has been

found to upregulate 5-HT2a receptor mediated contractions in murine ASM [242].

Among the 5-HT receptors, class 2 seems to be rather important in asthma. The 5-HTa
receptor, although primarily known for mediating complex cognitive behaviours within the
CNS and physiological processes in the periphery [243-244], is likely also a notable player,
though still not completely defined, in inflammatory processes [149]. For instance, the 5-HT,a
receptor mRNA is expressed at higher levels than other 5-HT receptor subtypes (i.e., 5-HT .,
5-HTip, 5-HTae, 5-HT4 5-HTsa, and 5-HTss) in immune-related tissues, such as spleen,
thymus and peripheral-circulating lymphocytes [245]. More specifically, with respect to the
involvement of 5-HT in asthma, a number of cells associated with the pathophysiology of this
inflammatory lung disease have been found to functionally express the 5-HT,a receptors,
including activated CD4* T cells, alveolar macrophages, eosinophils, and lung epithelial and
smooth muscle cells [149, 246-250].

Early studies using 5-HT receptor antagonists in both animal models and humans with asthma
have pointed to the potential significance of 5-HT and its receptor in asthma [251]. For
instance, in some strains of rat and guinea pig, 5-HT antagonists were shown to markedly
reduce bronchospasm [252-253]. Similarly, in a small study of asthma patients (n=8),

improved pulmonary function was noted after administration of the 5-HT> receptor blocker
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ketanserin [254]. These results suggested that 5-HT may act as an important mediator of
adenosine-induced bronchoconstriction [251]. In a murine study by De Bie and colleagues
(1998) using selective histamine and 5-HT. receptor antagonists, it was concluded that both

histamine and 5-HT contribute to antigen-induced AHR and eosinopilia [255].

Lending further support to the involvement of 5-HT> receptors in asthma, Kang and associates
(2013) have recently discovered that migration of eosinophils in allergic asthma is dependent
on 5-HT.a receptor activation [249], while Dirk and colleagues (2013) showed that 5-HT,
receptors are implicated in platelet function relevant to allergic asthma [149, 176]. Most
recently, Nau et al. (2015) and Flanagan et al. (2019) further emphasized the importance of
the 5-HT> receptors in allergic airway disease using a 5-HT> receptor selective agonist [(R)-
2,5-dimethoxy-4-iodoamphetamine [(R)-DOI]] in animal models of acute and chronic asthma,
respectively [149, 256].

These studies give strength to the therapeutic potential of 5-HT. receptor agonism (i.e., (R)-
DOI as a possible novel small-molecule based therapy) and 5-HT> receptor activation for the
treatment of asthma. For example, Nau et al. (2015) demonstrated that inhaled (R)-DOI
blocks AHR, recruitment of eosinophils to the lung, mucus hyperproduction, and
inflammatory airway remodelling in a mouse model of acute asthma [149]. In their earlier
published work, Nau et al. (2013) showed that systemic administration of (R)-DOI blocks the
systemic effects of TNF-a in the whole animal through activation of the 5-HT2a receptor,
including the blockade of TNF-a-induced expression of pro-inflammatory cell adhesion
(Ilcam-1, Vcam-1), cytokine (IL-6, IL-15), and chemokine (Mcp-1, Cx3cll) genes, and
expression of VCAM-1 protein in the intestine, as well as prevention of the TNF-a-induced
increase of circulating IL-6 [257]. Most recently, Flanagan et al. (2019) presented data
showing that 5-HT> activation via intranasal (R)-DOI administration attenuates elevated AHR
to methacholine, diminishes pulmonary inflammation and mucus production, and reduces
airway structural remodelling and collagen deposition by nearly 70% in a mouse model of
persistent chronic asthma [256].

Several studies support an association between peripheral 5-HT and asthma, strongly
implicating the role of the serotonergic system in asthma. For instance, there is growing
evidence that asthma exacerbations are triggered by high levels of free 5-HT in blood plasma
[258-259]. Asthma patients after allergen provocation, as well as those with stable asthma,

have elevated levels of 5-HT in the bronchoalveolar lavage fluid compared to healthy controls
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[176]. However, allergen provocation is also associated with a significant decrease in serum
5-HT levels in asthmatics, and according to the authors, this suggests that 5-HT translocates
from platelet stores into the lungs after allergen provocation [176]. An increase in the levels
of free 5-HT in plasma was noted in symptomatic asthma patients compared to asymptomatic
patients, and FEV1 was significantly lower in the former than the latter [259]. Therefore, free
5-HT is positively correlated with clinical severity and negatively with pulmonary function
[259].

Given the above findings, it has been postulated that reducing the plasma concentration of
free 5-HT could be a useful strategy for the treatment of asthma patients [241]. In fact, the use
of pharmacological agents that modify 5-HT levels in the blood provides further support for
the pathophysiological role of 5-HT in acute asthma [181, 260]. Research has indicated that
asthma medications containing corticosteroids can lower 5-HT levels in children [261]. In two
research papers on asthmatic children by Lechin and authors [262-263], tianeptine, a drug
which reduces plasma free 5-HT and enhances uptake by platelets, provoked a dramatic and
sudden decrease of both clinical rating and free 5-HT plasma levels, leading to abrupt
suppression of asthma exacerbations and an increase in pulmonary function. In contrast to
asthmatic children, tianeptine did not affect platelet or serum 5-HT concentrations
significantly in depressed patients [264]. Conversely, buspirone, a drug which displays 5-HT
agonist effect, increases plasma free 5-HT and triggers asthma attacks [265-266].
Furthermore, 5-HT is known to induce bronchoconstriction via peripheral and central
pathways by increasing cholinergic activity and histamine release [267]. This provides
additional support for the pathogenic role of 5-HT in asthma.

As explained above, most published studies to date have focused on the association between
5-HT and asthma using free 5-HT levels in blood serum or plasma, and mainly in children.
Although platelets contain the majority of blood 5-HT, few known published reports in the
literature have focused on clarifying the role of platelet 5-HT concentration in asthma, and
even fewer in adults [268-269]. The application of knowledge gained from pursuing research
in this area may help identify novel asthma phenotypes and promising therapeutic strategies

to treat asthma.
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1.3. Monoamine oxidases (MAOQOSs)

1.3.1. MAO-A and MAO-B

The MAOs (enzyme nomenclature EC 1.4.3.4) are enzymes located in the mitochondrial
outer membrane that degrade catecholamines (e.g., dopamine, epinephrine and
norepinephrine) and other monoamine neurotransmitters (e.g., 5-HT and histamine) by
catalyzing their oxidative deamination [270-271]. Historically, MAO was known as tyramine
oxidase following its discovery by Mary Hare in 1928 in the rabbit liver where it was found to
catalyze the oxidation of the monoamine tyramine [272]. The location of MAO in the outer
mitochondrial membrane was later ascertained by Schnaitman and colleagues in 1967 [273].
The MAOs belong to the protein family of flavin-containing amine oxidoreductases [274].
The two distinct isoforms of this flavoprotein, namely MAO-A and MAO-B, are differently
expressed across species, organs and cell types [275-279]. In humans, MAO-A and MAO-B
are encoded by separate structural genes on the short arm of the X chromosome (Xp11.23)
[271, 275, 280-281].

The MAOs exist in most tissues and cells of the human body, both neuronal and non-neuronal
(peripheral) [274, 281]. However, the MAO isotypes show differences in expression and
tissue distribution across the various organs [282]. In humans, MAO-A is found in the highest
concentrations in the GI tract, liver, placenta, and lungs, corresponding to the enzyme’s
ontogenetic detoxifying function, and in moderately higher levels in the heart, while higher
concentrations of MAO-B are found in glial cells in the brain and blood platelets [281-282].
In the CNS and peripheral tissues, the MAOs perform their physiological role of metabolizing
endogenous monoaminergic neurotransmitters and exogenous biogenic amines ingested in the
diet [278]. These two isoenzymes differ in their substrate specificity, though there is overlap
depending on the conditions, and the MAQOs contrast even more in their inhibitor selectivity
or affinity [281]. MAO-A preferentially metabolizes the catecholamines (norepinephrine and
epinephrine), 5-HT and melatonin, while MAO-B prefers phenylethylamine and benzylamine
[278]. Both MAO-A and MAO-B catalyze the deamination of tyramine, dopamine,
octopamine, and tryptamine [278, 283]. MAO-A is inhibited by low concentrations of
clorgyline, whereas MAO-B is irreversibly inhibited by low levels of deprenyl [281].

1.3.2. MAO-B in platelets
Platelets are the most readily available source of MAO in humans [200]. Interestingly, MAO-

B is the only MAO found in human platelets and the primary one in the brain [271]. Given
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that the amino acid sequences of MAO-B in platelets and the brain are identical [284], and its
biochemical and pharmacological characteristics are also similar [285], platelet MAO-B has
been adopted as a peripheral marker of central MAO activity, and therefore, is a useful and
convenient surrogate model in studies of different aspects of central neuronal function [286].
As a result, platelet MAO-B has been extensively investigated over the years in various
neurological and psychiatric disorders [for example: 286-289], cigarette smoking [290-291],
personality and psychological disturbances [292], alcoholism [293-294], and Alzheimer's
disease [295], among others. Consequently, MAO-A, MAO-B and combination MAO-A/B
inhibitors have traditionally been prescribed for the treatment of CNS-associated disorders
[296-298].

1.3.3. MAO activity and inhibition

Concerning MAO activity in non-CNS-associated disorders such as inflammatory diseases,
research indicates that MAO-B is induced in peripheral chronic inflammatory diseases,
whereas MAO inhibition alleviates disease severity [298]. Carradori and colleagues (2018)
have recently reviewed the innovative therapeutic potential of newly proposed MAO
inhibitors in the management of different non-CNS disorders such as inflammation,
obesity/diabetes, hair growth, cancer, cardiovascular damage, ocular diseases, and muscular
dystrophies by analysing data collected from patents filed between 2002 and 2017 [298-299].
Accumulating evidence from a number of in vitro and in vivo disease models suggests that
MAO inhibitors reduce mediators of inflammation and tissue destruction [282]. The
repurposing of existing, and development of novel, MAQO inhibitors with reduced BBB
permeability have been proposed for the treatment of non-CNS chronic inflammatory

environments as well as cancer, cardiovascular disease and muscular dystrophy [298-302].

In general, MAO-A (e.g., moclobemide), MAO-B (e.g., deprenyl and RG0216) and MAO-
A/B (e.g., phenelzine) inhibitors have been reported to reduce proinflammatory (e.g., TNF-a,
IL-1B, IL-8, IL-6, monocyte chemoattractant protein-1, cytokine-induced neutrophil
attractant-1), and induce anti-inflammatory (e.g., IL-10), cytokine expression in a number of
cell lines [282, 303-307]. For example, in a diabetic cardiomyopathy model, treatment of
mice with pargyline (MAO-B inhibitor) reduced mast cell degranulation and cardiac fibrosis,
and normalized diastolic function [308]. In a lipopolysaccharide-induced rat model of chronic
inflammatory periodontal disease, MAO-B was identified as one of the ten most significantly

up-regulated genes in the epithelium of diseased tissue, and inhibition of MAO-A/B activity
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with phenelzine effectively reduced disease progression by decreasing hydrogen peroxide
(H202), tumour necrosis factor alpha (TNF-a) and markers of disease worsening: epithelial
cell proliferation, migration and bone loss [282, 306]. Like phenelzine, deprenyl (i.e.,
selegiline; irreversible MAO-B inhibitor) also decreased lipopolysaccharide-induced TNF-a
protein expression in epithelial cell cultures [282]. Interestingly, treatment of Crohn's disease
or rheumatoid arthritis with MAO-A/B inhibitors (phenelzine, tranylcypromine) was
associated with disease remission [282, 309-310]. More specifically, in the case report by
Kast (1998), the patient with Crohn’s disease was originally prescribed phenelzine for her
depression, resulting in the stabilization of her inflammatory bowel disease that reactivated
six weeks after stopping phenelzine treatment [310].

With respect to the lungs, tobacco smoking is widely recognized as a potent driver of
inflammation in the mucosa of the respiratory tract [282]. Activation of bronchial epithelial
cells by cigarette smoke gives rise to a wide variety of proinflammatory cytokines and
chemokines [311]. Likewise, whole blood samples of smokers contain higher levels of a
number of cytokines and chemokines than non-smokers [312]. Moreover, the MAO-B
inhibitor deprenyl reduces the expression of IL-8 in airway epithelial cell cultures [305] and
reverses the cigarette smoke-induced elevation of MAO-B activity [313]. In addition,
deprenyl significantly decreases bronchoalveolar lavage levels of proinflammatory mediators
and increases the expression of the anti-inflammatory cytokine IL-10 [313]. Regarding
chronic inflammatory respiratory diseases, increased levels of the chemokine IL-8, a potent
neutrophil recruiting and activating factor in the airway lumen, have been observed in clinical
samples of both patients with asthma and COPD [314-315].

The therapeutic potential of MAO inhibitors has also been investigated in asthma given the
importance of psychological factors in asthma patients and the participation of MAO in the
metabolism of amines that is seemingly connected with the pathogenesis of allergy [316-317].
In the work by Mathov in 1959 and 1963, asthma patients did not improve upon
administration of non-selective MAO inhibitors (i.e., iproniazid, nialamide, catron,
phenelzine), and unexpectedly, approximately a third of them reported worsening symptoms
[316-317]. This unfavourable effect of MAO inhibition on human asthma was also confirmed
by Cortés and co-authors [318]. Since then, no other clinical papers on MAO in asthma,
specifically MAO-B, have been published. Moreover, to the best of our knowledge, there are

no known published studies to date on platelet MAO-B activity in asthma. Further research is
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therefore warranted to elucidate the possible role of platelet MAO-B in asthma, an
inflammatory lung disease, based on the aforementioned discussion regarding MAO-B and its
inhibition in chronic peripheral inflammatory diseases. The role of MAO-B gene
polymorphism (e.g., genetic variants MAO-B rs1799836 and rs6651806) in the susceptibility

to asthma is also unclear and remains to be explored.

1.4. Brain-derived neurotrophic factor (BDNF)

1.4.1. Discovery and roles of BDNF

Brain-derived neurotrophic factor (BDNF; synonym: MGC34632) is a member of the class of
fundamental growth factors known as neurotrophins that are expressed by neurons of both the
peripheral and central nervous systems, and are essential for neuronal remodelling [319-320].
In addition to BDNF, the neurotrophin family comprises nerve growth factor, neurotrophin-3
(NT-3), NT-4/5, and NT-6 [321]. BDNF is initially synthesized in the endoplasmic reticulum
as a ~ 32-35 kDa precursor protein (proBDNF) that moves through the Golgi apparatus and
trans-Golgi network, undergoes sorting by vesicles, and is eventually secreted by post-
synaptic dendrites outside the plasma membrane in its ~ 13 kDa biologically active, mature
BDNF (mBDNF) form following cleavage of its terminal domain by a convertase enzyme
[321]. The highly conserved BDNF protein is composed of 119 amino acids in its mature
form across species (i.e., pig, mouse, rat, and human BDNF are identical) [322].

Since its discovery in 1982 [323], BDNF has become the most extensively studied
neurotrophin in view of its many different roles in healthy and pathological conditions, as
summarized in several publications [e.g., 320-321, 324-325]. For instance, BDNF serves as a
neurotransmitter modulator, supports neuronal development and survival, mediates synaptic
plasticity, exerts a neuroprotective effect under adverse conditions, and regulates energy
homeostasis [321]. Studies have revealed altered levels of BDNF in psychiatric disorders,
such as major depression, bipolar disorder and schizophrenia [e.g., 326-334], and
neurodegenerative diseases, such as Parkinson's disease, multiple sclerosis, Alzheimer's
disease, and Huntington's disease [321, e.g., 335-342]. Moreover, BDNF levels are affected
by psychiatric medications (e.g., antidepressants, mood stabilizers and antipsychotics) [326].
Considering these lines of evidence, BDNF concentration in the blood has been suggested as
a potential biomarker of diagnosis and/or disease activity in a number of psychiatric disorders
[326, 330].
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Besides its many aforementioned roles in the nervous system, BDNF is expressed in a number
of non-neuronal peripheral tissues, including the lung [343]. It is also present in human blood
[344], with platelets acting as the main reserve pool of peripheral BDNF (90%) [345]. BDNF
is therefore a major contributor not only to the pathogenesis of depression and other
neuropsychiatric disorders [346], but is also implicated in the pathogenesis of airway diseases
such as asthma, or more specifically, allergic bronchial asthma [347].

1.4.2. Peripheral circulating BDNF

The obvious challenge of measuring BDNF levels in the brain tissue (central BDNF) of
humans prompted the discovery of noninvasive sources of BDNF in the periphery (peripheral
BDNF) that are easily accessible, readily detectable, and can serve as surrogate measures
[348-349]. Fortunately, circulating BDNF protein levels can be assessed in both the plasma
and serum of human blood [348, 350]. For practical reasons, therefore, BDNF in humans is
usually quantified based on serum or plasma levels, as evidenced by the numerous published
studies on this topic. It is important to keep in mind, however, that serum and plasma BDNF
levels are not correlated despite these terms being utilized interchangeably in the human
literature [348]. It is generally acknowledged that plasma BDNF better reflects free BDNF
concentrations due to the smaller amount of platelet-associated BDNF in plasma as well as
the available modifications that can be applied to the methodologies to minimize any potential
influence of platelet BDNF on plasma BDNF levels [348].

1.4.3. BDNF gene and BDNF genetic variation

The human BDNF gene was initially identified by Maisonpierre and colleagues in 1991 [322],
but its location was revised a year later to chromosome 11 band p13-14 by Hanson and
researchers [351]. The BDNF gene (MIM: 113505) spans ~ 70 kb and contains 11 exons
[352]. Many genetic variants have been detected within the BDNF-TrkB system and are
described in the population genetics literature [320]. Most variants fall within non-coding
regions, however, a few common BDNF coding variants (all within the BDNF prodomain
sequence) have been described, including Thr2lle (rs8192466), Val66Met (rs6265), GIn75His
(rs1048218), Argl25Met (rs1048220), and Argl27Leu (rs1048221) polymorphisms [320].

The most well-known and extensively studied BDNF coding variant is the BDNF Val66Met
(rs6265) polymorphism [320]. A nonsynonymous G to A SNP at position 196 (G196A) of
exon 2 (dbSNP number rs6265) of the BDNF gene results in a valine (Val) to methionine
(Met) substitution at codon 66 (Val66Met), changing the 5' proregion of the human BDNF
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protein [353]. This functional BDNF SNP, resulting in the substitution of an essential amino
acid within the BDNF prodomain, interferes with a sortilin binding site that disrupts
intracellular packaging of pro-BDNF, its axonal transport, and in turn, activity-dependent
secretion of BDNF at the synapse [320, 354-356]. The Val66Met polymorphism also affects
the binding of translin to BDNF mRNA, providing a pretranslational disruption of
endogenous BDNF transcripts targeted to dendrites [357].

Numerous phenotypes are associated with the Val66Met polymorphism, including
psychological states and psychiatric conditions such as major depression, schizophrenia,
anxiety, unipolar and bipolar disorder [320, 353]. Considering the fact that BDNF is highly
expressed in the hippocampus, the principal phenotype associated with the Val66Met
phenotype is a disruption in hippocampal function [320], notably the altering of memory
function and hippocampal volumes in human [354, 358-360] and mouse studies [361], though
the results of various studies are inconsistent and controversial [320].

1.4.4. Tropomyosin receptor kinase B (TrkB) and TrkB gene (NTRK2)

Tropomyosin receptor kinase B (TrkB), the primary target receptor of mBDNF, is activated
by BDNF with high potency and specificity [362-363]. TrkB is encoded by the neurotrophic
receptor tyrosine kinase 2 (NTRK2) gene that consists of 24 exons [364]. The human TrkB
gene (NTRK2) spans ~ 400 kbp and is localized to chromosome 9qg22.1 [364-365]. TrkB
exists in three different forms: the full-length receptor (fl. TrkB), discovered in 1989 by Klein
& colleagues (1989), and two truncated isoforms, found a year later [320, 366-368]. In
humans, these isoforms are designated as tr. TrkB! and TrkB-Shc [320, 369], and are the
product of alternative NTRK2 splicing that removes the tyrosine kinase domain [367].

Briefly, binding of mMBDNF to its high affinity receptor fl. TrkB initiates a cascade of events
beginning with the dimerization of fl. TrkB and autophosphorylation of several tyrosine
residues located within the transmembrane tyrosine kinase domain [320, 369]. Activation of
the TrkB receptor by BDNF triggers signal transduction via the mitogen activated protein
kinase (MAPK), phosphoinositide 3-kinase (P13K) and phospholipase C gamma (PLCy)
pathways [320, 370]. These mBDNF-TrkB signalling mechanisms are extensively reviewed
in a number of published articles [e.g., 369, 371-374].

1.4.5. Asthma and BDNF
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Research has pointed to neurotrophins such as BDNF as candidate molecules in the regulation
of the interplay between the peripheral nervous system and immune system [375]. The
neuroimmune interactions underlying the pathophysiology of asthma are described by Manti
and colleagues [376]. Briefly, neurotrophins are reported to act on a variety of immune cells
involved in the pathogenesis of allergic disease that can themselves produce neurotrophins
under certain conditions [377]. It is noteworthy that the levels and activities of neurotrophins

are strongly upregulated in allergic states [377].

There is now mounting evidence in the literature showing that extensive communication
occurs between neurons and immune cells in the lungs and airways of asthmatic patients
[375]. The exploration of these novel mechanisms of neuro-immune crosstalk continues to be
an important focus of asthma research [375]. In the past few decades, many biologically
active neuropeptides have been identified in the lung, thus potentiating interest in the role of
neurogenic inflammation in asthma [40]. For instance, asthmatic patients have increased
levels of neurotrophins in the blood as well as locally in the lung [378]. Neuronal dysfunction
and dysregulation have been shown to contribute to the pathogenesis of allergic asthma [377,
379].

The contribution of neurotrophin signalling to normal lung development is well supported in
the literature [380]. Of all the neurotrophin family members, BDNF is of particular relevance
to asthma pathogenesis as evidenced in the literature [reviewed in 111]. For instance, nerve
terminals express Trk receptors, including the high-affinity BDNF receptor TrkB [111]. In
addition, different types of cells in the airways (i.e., neurons, epithelium, ASM, lymphocytes,
macrophages, and mast cells) release neurotrophins [111, 381]. Specifically, with respect to
BDNF, there is now strong evidence that BDNF and its receptors are expressed in different
components of the respiratory system such as the nasal and bronchial epithelium, ASM cells,
nerves, and immune cells [380]. Local BDNF production by resident airway cells of the lungs
contributes to normal airway structure and function as well as AHR and remodelling in
pulmonary diseases such as asthma [343]. Furthermore, emerging clinical data indicate that
altered BDNF levels and function are associated with pulmonary pathologies, including
developmental lung disease, allergy and inflammation (e.g., rhinitis/sinusitis, neonatal and
adult asthma), influenza, lung fibrosis, and even lung cancer [343]. BDNF is therefore an
exciting, major investigative area of interest in asthma as a possible novel therapeutic target

that may suppress several key aspects of asthma pathophysiology [343].
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1.4.6. Neuronal plasticity and asthma

The concept of asthma as a “disease of the nervous system”, also termed neurogenic asthma
or neurogenic inflammation, is not new, having been proposed many decades ago given the
observation of altered neuronal regulation associated with the inflammatory response in
asthmatic airways [40, 111, 382-386]. Indeed, Walter & Holtzman's review of the centennial
history of research on asthma pathogenesis is a good reminder that the clinical description of
asthma dates back to ancient times, with multiple paradigms for asthma pathogenesis (i.e.,
bronchoconstrictor, allergic, mediator, Th2-style inflammatory, innate immune, genetic, and
nervous system) having been proposed and then revised over the years [387]. The neurogenic
hypothesis was originally described in 1684 by Thomas Willis who regarded asthma as a
nervous condition “stirr'd up by the default partly of the Lungs ill-fram'd and partly by default
of the Nerves and nervous Fibers appertaining to the breathing parts” [387-389]. Later, in
1868, Henry Hyde Salter popularized the notion of a “perverted nervous action” as the
underlying pathophysiologic mechanism of airway constriction [387]. Substantial work in the
field of respiratory neurobiology over the last century has fueled ongoing interest in the
neurogenic paradigm, owing to pivotal discoveries showing that the lungs are innervated by
the sympathetic, parasympathetic and nonadrenergic noncholinergic nervous systems [387,
390]. All things considered, the importance of expanding research on different asthma
paradigms to include central and peripheral neurological mechanisms as potential targets for
asthma treatment cannot be overstated, especially in light of previous reports supporting the
neurogenic paradigm of asthma, including the beneficial effects of anti-epileptic drugs and
neuropathic pain drugs in subtypes of patients with asthma [386, 391-392].

Interestingly, it is now well recognized that airway diseases such as asthma are associated
with altered neuronal structure and function (i.e., neuronal plasticity or remodelling) in the
respiratory tract [111, 393-394]. Strong evidence suggests that neuronal plasticity underlies
symptoms in asthma, including AHR [reviewed by 111]. Whether asthma causes or results
from an altered neuronal regulation, however, remains uncertain [111]. Nevertheless, it is now
apparent that neuronal plasticity in asthma is directly and/or indirectly influenced by different

inflammatory mediators and growth factors such as neurotrophins [111].

Although neurotrophin antagonism in asthma has not yet been investigated, levels of BDNF
and other neurotrophins have been shown to be altered by current therapies [111]. For

instance, neurotrophin levels are decreased by inhaled corticosteroids [344, 395], whereas
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BDNF levels are increased by long-acting p-agonists [396]. No studies to date have explored
the effect of anticholinergics on neurotrophin levels in asthma despite evidence supporting the
role of acetylcholine in the pathophysiology of asthma, including airway inflammation and
remodelling [126, 397].

While it is known that neurotrophins contribute to ASM contractility under normal
circumstances, BDNF has also been implicated in abnormalities of ASM contractility (i.e.,
exaggerated airway narrowing or obstruction) under airway inflammation (such as that
induced by TNF-a) [241, 398-399]. Studies support the actions of neurotrophins such as
BDNF in enhancing the effects of inflammation on bronchoconstriction (via ASM calcium
and epithelial nitric oxide) and airway remodelling (via matrix metalloproteinases and
extracellular matrix proteins such as collagen) [398, 400]. Furthermore, increased activity of
cholinergic neurons has previously been shown to mediate AHR in asthma, and by extension,
recent research has demonstrated novel insights into the mechanisms of cholinergic
neuroplasticity, namely that remodelling of the cholingeric neural network in asthma is driven
by BDNF-TrkB signalling [401]. Clearly, this is an area of continued scientific interest, and
new knowledge should provide the foundation for better understanding the role of BDNF in

airway diseases such as asthma.

1.4.7. BDNF Val66Met (rs6265) gene polymorphism and asthma

Genetic variants of BDNF have now also been associated with asthma, such as in Han
Chinese patients [346], and more specifically severe asthma, such as in the study on large
groups of German children [402]. There is also a paucity of reports on the association
between genetic variations in the BDNF gene and various allergic diseases, including allergic
asthma, mainly in children, and generally, producing conflicting results. Jesenak and
colleagues studied the functional polymorphism Val66Met in the BDNF gene in a group of
Slovakian asthmatic children versus healthy controls [403]. They found a significant
association of the Met/Met variant genotype with asthmatic children and a positive
association between the rs6265 polymorphism and bronchial asthma [403]. A similar finding
of a strong association for the rs6265 polymorphism in the BDNF gene was also found in
Chinese Han children with asthma [404].

1.4.8. NTRK2 (TrkB gene) and asthma
Genetic variations in the NTRK2 locus may be relevant to asthma and other lung diseases. For

instance, genetic modification of the TrkB or p75 receptor alters neuronal innervation and
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airway responses [as reviewed in 111]. Recently, Dragunas and colleagues (2020) found
increased expression of the NTRK2 gene in bronchial biopsies of asthma patients compared to
healthy subjects and reported SNPs in the NTRK2 and BDNF genes that correlated with
asthma susceptibility [401]. The latter suggests that genetic variation in these genes may
contribute to asthma susceptibility and thus, changes in this pathway could predispose
individuals to developing asthma [401]. However, no studies in the literature so far have
analysed the rs1439050 SNP of the NTRK2 gene in asthma patients.

1.4.9. Rationale for BDNF research in adult asthma

To date, only a few published papers exist on the association of BDNF and asthma, with the
majority based on the concentrations of platelet or serum BDNF and/or in children with
asthma, and even fewer are focused on plasma BDNF in adult asthmatics. For example,
Miiller and colleagues found that in children (6-15 years old) with persistent asthma, the
moderate to severe cases had significantly elevated plasma BDNF levels than both mild
asthmatics and controls [405]. Lommatzsch and co-authors found that BDNF levels were
elevated in serum, platelet and plasma in a small cohort of recently diagnosed adult patients

with allergic asthma as compared with age- and sex-matched control subjects [344].

BDNF and its receptor TrkB are expressed by diverse cell types in the lungs, such as ASM
cells, fibroblasts, airway epithelium, neurons, and immune cells [343, 406]. The majority of
vagal (sensory) neurons innervating the lungs are BDNF-dependent and can affect the
functions of motor neurons [403, 407-408]. BDNF expression and TrkB signalling, as well as
their significance in the normal physiological and pathophysiological processes in the lungs,
continue to be explored [343]. Specifically, various stimuli affecting intra- and extracellular
BDNF concentration have been analysed with a view to understand the relevance of major
variations of BDNF levels in human blood and tissue [409-410]. A number of studies thus far
have sought to investigate the role of BDNF in the airways by assessing its concentration
locally and in the peripheral circulation, as well as by determining the association between
selected polymorphisms in the BDNF and NTRK2 (TrkB) genes and the development of
asthma [401].

Discrepancies between studies in asthma patients, however, highlight the need for further
research in this area [344, 405, 408, 410-411]. The functional BDNF Val66Met (rs6265)
variant seems to be particularly important given that the Met allele has been associated with

abnormal cellular trafficking and packaging of pro-BDNF, resulting in a decreased production
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of mature BDNF protein in neurons [354, 412]. On the other hand, the NTRK2 rs1439050 is
an intronic polymorphism, and therefore, does not have a specific reported role [413].
Nevertheless, it may still be associated with asthma, albeit not as a vulnerability factor per se
(i.e., directly explaining the phenotype), but rather in linkage disequilibrium with a nearby

unidentified functional mutation in the TrkB gene [413].

Few reports in the literature up to this point have evaluated the possible influence of BDNF
and NTRK2 polymorphic variants on serum and plasma BDNF levels in patients with asthma.
However, recent studies conducted mainly on the pediatric population across several different
countries and ethnicities have produced conflicting results [401-404, 414-416]. These may be
due to differences in the methodological approaches and types of samples used, for instance,

blood (plasma, serum, or platelets), sputum, or bronchoalveolar lavage fluid.

In summary, our current understanding of BDNF’s effect on asthma in humans, particularly in
adults, is limited. There is also a paucity of research on the TrkB. Both BDNF and NTRK2 are
suggested as candidate genes in asthma, but future studies should expand the scope of the
investigation to other BDNF and NTRK2 genetic variants in asthma. In addition, larger

samples are warranted to replicate findings in this dissertation and earlier studies.
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2. HYPOTHESIS

The concentrations of platelet 5-HT and plasma BDNF are significantly altered in asthmatic
patients versus healthy controls, while a SNP [rs6265 (Val66Met)] in the BDNF gene is

strongly associated with risk of severe asthma in Caucasian adults.
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3. AIMS AND PURPOSE OF THE RESEARCH

3.1. General aim

To investigate the association of platelet 5-HT and plasma BDNF concentrations, as well as
Val66Met BDNF gene polymorphism, with asthma severity, thus contributing to the
understanding of the pathophysiology of asthma.

3.2. Specific aims
(1) To compare platelet 5-HT and plasma BDNF concentrations in adult asthmatic patients
versus healthy controls, as well as in allergic versus non-atopic asthmatics, and to assess the

associations of these concentrations with severity of disease.

(2) To determine the potential association between the Val66Met BDNF gene variants with

allergic asthma and disease severity in Caucasian adults.
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4. MATERIALS AND METHODS

This research was conducted at the Clinic for Lung Diseases Jordanovac, University Hospital
Centre Zagreb, Zagreb, Croatia, under the mentorship of Professor Sanja Popovi¢-Grle, MD,
PhD, and the Laboratory for Molecular Neuropsychiatry, Division of Molecular Medicine,
Ruder Boskovi¢ Institute, Zagreb, Croatia, under the co-mentorship of Associate Professor
Dubravka Svob Strac, BSc, PhD, in collaboration with the Croatian Institute for Transfusion
Medicine, Zagreb, Croatia. The BDNF portion of this work was financially supported by
Novartis and the Croatian Thoracic Society. The 5-HT section of this research was carried out
using laboratory materials left over from other collaborative scientific projects at the
Laboratory for Molecular Neuropsychiatry.

4.1. Subjects

In this prospective observational study, 120 Caucasian Croatians treated for asthma as
outpatients at the Clinic for Lung Diseases Jordanovac, University Hospital Centre Zagreb,
and 120 healthy Caucasian Croatians from the Croatian Institute for Transfusion Medicine
were recruited from February 2014 to April 2015 and July 2017 to February 2018. All 240
enrolled subjects of both genders were unrelated, aged 18 years or older, and had normal

platelet counts (reference range: 158-424 x10°%/L).

4.2. Inclusion and exclusion criteria

4.2.1. Asthma patients

Adult patients who satisfied the following inclusion criteria were eligible for enrolment: an
established diagnosis of asthma according to the GINA criteria [417-418], with no acute
exacerbation of asthma at the time of outpatient visit. Asthma patients with the following
exclusion criteria were not included in the study: diagnosis of depression or other psychiatric
or neurologic disorders; history of asthma exacerbation or respiratory tract infection within
the previous four weeks; diagnosis of co-morbid airway disease (i.e., COPD) or obstructive
sleep apnea; diagnosis of immune, infectious, malignant, cardiovascular, or Gl diseases;
poorly controlled co-morbidities such as arterial hypertension, diabetes mellitus, chronic
kidney disease, etc.; pre-existing coagulopathy; and treatment with antidepressants,
antipsychotics, anticonvulsants, mood stabilizers, antineoplastics, antiplatelet therapy (i.e.,

aspirin and clopidogrel), anticoagulants, estrogen replacement therapy, and NSAIDs.
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4.2.2. Healthy controls

The control group consisted of healthy adults, free of somatic and psychiatric disorders.
Healthy controls were volunteer blood donors who were initially screened for good general
health and an unremarkable medical history as part of the eligibility criteria for blood
donation. Healthy controls were recruited consecutively during the routine blood donation
procedures by the healthcare personnel at the Croatian Institute for Transfusion Medicine.
Exclusion criteria were as follows: use of any medications; alcohol or other substance
dependence or abuse; allergic diseases; history of asthma or other airway diseases; respiratory

symptoms; and recent infections or inflammation.

4.3. Ethical considerations

The study protocol was approved by the local Ethics Committees of the University Hospital
Centre Zagreb, Croatian Institute for Transfusion Medicine, and University of Zagreb, School
of Medicine. All participants provided written informed consent (in Croatian) prior to
enrolment and before any study-related procedures were performed. This study was

conducted in accordance with the ethical standards of the Declaration of Helsinki [419].

4.4. Data collection

4.4.1. Asthma patients

Before blood sample collection, a thorough demographic data and medical history was
recorded, including age, gender, body mass index (BMI), smoking habits, alcohol use, co-
morbidities, and list of medications (in particular, aspirin, clopidogrel and antidepressants),
followed by a thorough physical examination, including heart and lung auscultation, and
diagnostic work-up. The BMI, an indicator of relative obesity, was calculated (kg/m?) using
measured weight (kg) and height (cm) recorded during the pulmonary function testing.

According to the WHO criteria, subjects with a BMI of 30 and above were considered obese.

The PFTs consisted of spirometry with reversibility test (following administration of 4
inhalations of the bronchodilator salbutamol, 100 pg per metered dose), single-breath
diffusing capacity of lung for carbon monoxide (DLCO) and FeNO measurement. These
PFTs, as well as arterial blood gas (ABG) status, were performed by experienced pulmonary
function technicians using standardized procedures. Spirometry and DLCO were performed
using the Master-Screen PFT analyser (Version 5.0, Jaeger GmbH, Hoechberg, Germany)
according to the specified guidelines. FEV1, FVC and peak expiratory flow (PEF) were

calculated from the flow-volume loop as the outcome measures, using internally derived
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references. Predicted values for spirometry and DLCO are reference values of the European
Community for Coal and Steel [420-421]. The FeNO measurement (parts per billion, ppb)
was determined using Denox 88 Module (Eco Medics AG, Duernten, Switzerland). The ABG

analysis was done with the blood gas analyzer ABL5 (Radiometer, Copenhagen, Denmark).

Skin prick testing (SPT) was carried out with common airborne allergens (Stallergen
allergenic extracts for SPT with control solution, Paris, France). The following standard set of
inhalant allergen extracts was used: Dermatophagoides pteronyssinus, cat dander, dog dander,
Aspergillus fumigatus, Alternaria alternata, Cladosporium herbarum, pollen mixture from the
Betullacae family, pollen mixture from the Cupressaceae family, grass pollen mixture, and
Ambrosia elatior pollen, as well as Artemisia vulgaris pollen, as representatives of weed

pollen, with positive (histamine) and negative (saline) controls.

The asthma patients were subdivided into non-severe (i.e., mild-to-moderate) and severe
asthma groups based on the GINA guidelines [418]. Further subdivisions of the asthma
patients were made according to the various asthma phenotypes into non-allergic vs. allergic,
eosinophilic vs. non-eosinophilic, and T2-high vs. T2-low asthma. Patients were grouped into
non-allergic and allergic asthma based on the patient’s clinical history, physical examination,
and SPT or serum-specific extract-based IgE testing [422]. Asthma patients with (> 300
cells/uL) or without (< 300 cells/uL) high blood eosinophil count were classified as patients
with or without eosinophilic asthma, respectively [423]. Subjects with asthma were
categorized into T2-high and T2-low groups according to their phenotypic characteristics [64,
424-425]. T2-high asthma patients were defined as follows: allergic (i.e., positive skin prick
test and/or increased total IgE [>120 kU/L] or positive specific IgE), had eosinophilic asthma
(i.e., high blood eosinophil count of > 300 cells/uL), increased FeNO > 25 ppb, or exercise-
induced asthma; T2-low asthma patients lacked these disease features, and were smokers or
obese [426]. Additionally, patients with the combination of asthma, recurrent nasal polyps
and sensitivity to aspirin or other NSAIDs were classified as having aspirin-exacerbated
respiratory disease (AERD), also known as Samter’s Triad [427], and compared to asthma
patients without AERD.

4.4.2. Healthy controls
Prior to blood sampling, healthy blood donors underwent an initial interview in order to

determine their eligibility, record their demographic and clinical data (gender, age, smoking
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habits, alcohol consumption, weight, height, medications, and medical history), and to

calculate their BMI.

4.5. Blood sample collection

For all subjects, standard venipuncture technique with aseptic precautions was used to draw
peripheral venous blood from a cubital vein. Whole blood samples were obtained in the
morning (between 7 and 9 a.m.), following an overnight fast to minimize possible circadian
variations. Each blood sample was collected into an 8.5 mL yellow-top glass tube (BD
Vacutainer®) containing 1.5 mL of acid-citrate-dextrose (ACD) anticoagulant solution to
prevent unwanted platelet activation and blood coagulation. The specimens were immediately
refrigerated at a temperature of 4°C and transported the same morning to the Laboratory for

Neuropsychiatry, Division of Molecular Medicine, at the Ruder Boskovi¢ Institute.

For asthma patients, at the time of sampling, additional blood specimens were collected in
ethylenediaminetetraacetic acid (EDTA) tubes for routine laboratory studies (complete blood
count, biochemistry and coagulation tests) and total serum IgE antibodies. The eosinophil,
neutrophil and platelet counts were obtained from automated complete blood counts, and
reported in total numbers (x 10%L). These samples were immediately sent for analysis to the
Department of Laboratory Diagnostics at the University Hospital Centre Zagreb. Total serum
IgE levels were measured using enzyme amplified chemiluminescent immunoassays on an
automated analyser (Immulite® 2000XPi, Siemens Healthcare Diagnostics Erlangen,

Germany) according to the manufacturer’s instructions.

4.6. Isolation of platelets and plasma from whole blood samples

The glass tubes were placed on a tube roller mixer for gentle mixing of the whole blood
samples for 15 min. Platelet concentrates were prepared by differential (serial) centrifugation
of the blood samples at 3000 revolutions per minute (rpm) for 3 min at 4°C using an
automated benchtop centrifuge (Sorvall Legend RT). The resulting supernatant platelet-rich
plasma (PRP) was transferred into another set of sterile centrifugation tubes. The bottom layer
containing red blood cells was discarded. The platelets were further concentrated by
centrifugation at 5000 rpm for 15 min at 4°C, generating platelet pellets at the bottom of the
tubes. The supernatant with platelet-poor plasma (PPP) was collected for determination of
plasma BDNF concentration and stored at -20°C. The platelet pellet was washed with 1.5 mL

of saline, shortly vortexed to detach the platelets from the bottom of the tube, and
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centrifugated at 5000 rpm for 15 min at 4°C. The sedimented platelets were stored at -20°C

prior to being assayed for 5-HT concentration.

4.7. Determination of platelet 5-HT concentration

The platelet samples were disrupted by sonication (20 KHz, amplitude 8 x 103 mm for 30 s).
Platelet 5-HT concentration was determined using the spectrofluorometric method, as
described previously by Pivac and co-authors (2001 and 2009) [428-429]. The chemical

agents used in this process are shown below.

Chemicals for the determination of platelet 5-HT concentration:
e HCI (Kemika, Croatia; 37%, p.a.): 0.1 M solution in reH20 and 1 M solution in reH20
e ZnSO4 (Gram-Mol, Croatia): 5% solution in reH20
e NaOH (Kemika, Croatia): 1 M solution in reH20
e L-cysteine (Sigma Aldrich, USA): 0.1% solution in 0.1 M HCI
e Ortho-phthalaldehyde (OPT; Sigma Aldrich, USA): 0.05% solution in 1 M HCI
e 5-HT (Sigma Aldrich, USA)

Triplicates (1.2 mL) of the standards of different 5-HT concentrations (2000 ng/mL, 500
ng/mL, 250 ng/mL, 125 ng/mL, 63 ng/mL), blank samples (water) and platelet sonicates were
mixed with 1 mL of 10% zinc sulphate (ZnSO4) and 0.5 mL of 1N sodium hydroxide
(NaOH), incubated at room temperature for 5 min and centrifuged 15 min at 5087 X
gravitational force (g) at 4°C to precipitate the proteins. The deproteinized supernatant was
transferred to a new glass tube to which 0.2 mL of 0.1% L-cysteine and 1.2 mL of 0.05%
ortho-phthalaldehyde (OPT) were added to prepare the fluorophore. After boiling for 10 min,
the measurement of 5-HT fluorescence was performed on a Varian Spectrophotofluorometer
Cary Eclipse (Agilent Technologies, USA) at 345 nm excitation and 485 nm emission
wavelengths. The detection limit of the method was 10.0 ng per sample, and intra- and inter-
assay coefficients of variation were 3.66% and 8.69%, respectively. The concentration of 5-
HT in the platelet samples was calculated according to the 5-HT standards of known
concentrations and was expressed in nmol per mg of platelet proteins, whose concentration

was determined by the Lowry method, described in detail below [430].
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4.8. Determination of platelet MAO-B activity
Platelet MAO-B activity was determined in the platelet sonicates using kynuramine as a
substrate by modification of the method of Krajl (1965) [431], as previously described [264].

The chemical agents used in this process are shown below.

Chemicals for the determination of platelet MAO-B activity:

e 0.736 mM kynuramine (Sigma Aldrich, USA)
2 mM 4-hydroxyquinolone (Sigma Aldrich, USA)
Acid phosphate buffer (0.5 M NaH2PO4 x H20) (Kemika, Croatia)
Alkaline phosphate buffer (0.5 M NaH2PO4 x 2H20) (Kemika, Croatia)
1 M NaOH (Kemika, Croatia)

The platelet pellet was thawed at room temperature and the platelets were destroyed by
sonication (20 kHz, amplitude 8 x 10-3 mm for 60 s). Standards of different 4-
hydroxyquinoline (4-HOQ) concentrations (5 nM, 2.5 nM, 1.25 nM, 0.562 nM and 0.313 nM)
and blank samples (sonicated platelets) were prepared in duplicate. To each tube 100 pl of
sonicated platelet pellet (sample and blank) or 100 pl of standard of different concentration
was pipetted. The 800 uL of phosphate buffer (acid phosphate buffer adjusted to pH 7.4 with
alkaline phosphate buffer) was added to the platelet samples and blanks, and 900 ul of
phosphate buffer was added to the standards. After mixing, 100 puL of kynuramine (final
concentration 73.6 mM) was added to platelet samples and all samples were incubated for 1
hr at 37°C. The 100 puL of kynuramine was subsequently added to the blanks. The reaction
was stopped with 2 mL of cold 1M NaOH. The final reaction product, 4-HOQ, was measured
spectrofluorometrically on the Varian Spectrophotofluorometer Cary Eclipse (Agilent
technologies, USA) at the 310 nm excitation and 380 nm emission wavelengths. Platelet
MAO-B activity was calculated according to the fluorescence of known concentrations of 4-
HOQ in the standards. The result was expressed as the amount of 4-HOQ produced by the
degradation of kynuramine over 1 hr relative to the total platelet protein concentration
determined by the Lowry method [430].

4.9. Determination of total platelet protein concentration
To determine the protein concentration by the method of Lowry et al. (1951) [430], we first
prepared an ABC solution and standards of different concentrations. The chemical agents

used in this process are shown below.
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Chemicals for the determination of protein concentration:
e HCI (Kemika, Croatia; 37%, p.a.): 0.1 M solution in reH20
e Bovine serum albumin (BSA; Sigma Aldrich, USA)
e ABC solution:
Na,COs (Kemika, Croatia): 2% solution in reH20O
CuSO4 (Kemika, Croatia): 1% solution in reH2O
K-Na tartrate (Kemika, Croatia): 2% solution in reH>O

e Folin-Ciocalteu's phenol reagent (Sigma Aldrich, USA)

The ABC solution was prepared by mixing 140 mL of 2% Na,COs, 1.4 mL of 2% K-Na
tartrate and 1.4 mL of 1% CuSOas. Different concentrations (2.50 mg/mL, 1.25 mg/mL, 0.63
mg/mL) of bovine serum albumin (BSA) were used as standards and 0.1M HCI was used as a
blank. To make the measurement as accurate as possible, all platelet samples, standards and
blank samples were prepared in triplicates. The 10 uL of platelet sample, standard (BSA)
sample or blank (0.1M HCI) sample was placed in each tube and 2 mL of ABC mixture was
added, mixed and incubated for 10 min at room temperature. Then, 0.2 mL of Folin-
Ciocalteau reagent (diluted with water in a ratio of 1:1) was added to the mixture and
incubated for 30 min at room temperature. The absorbance was measured
spectrophotometrically at a wavelength of 700 nm. Protein concentration was calculated

according to the optical density of known BSA concentrations as standards.

4.10. Determination of plasma BDNF concentration

Plasma BDNF concentrations were determined by enzyme-linked immunosorbent assay
(ELISA) using a commercial kit (Quantikine® ELISA Human Free BDNF Immunoassay,
R&D Systems, Minneapolis, Minnesota, USA) and an ELISA microplate reader (Thermo
Labsystems Multiskan EX Microplate Reader, USA), as previously described [432]. All
reagents, working standards, and plasma samples were prepared according to the

manufacturer’s guidelines.

Chemicals for the determination of plasma BDNF concentration:
Commercially available ELISA kit (R&D Systems, Inc., USA and Canada) — Quantikine®
ELISA Human BDNF Immunoassay:

e BDNF Microplate: polystyrene plate with 96 microwells precoated with a mouse
monoclonal antibody specific for human free BDNF
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e BDNF Standard: lyophilized recombinant human BDNF protein

e BDNF Conjugate: mouse monoclonal antibody specific for human free BDNF
conjugated to horseradish peroxidase (HRP)

e Assay Diluent RD1S: buffered protein base

e Calibrator Diluent RD6P: calibration standard solution of animal serum for dilution

e Wash Buffer Concentrate: 25x concentrated solution of buffered surfactant

e Color Reagent A: stabilized H20>

e Color Reagent B: stabilized chromogen tetramethylbenzidine (TMB)

e Stop Solution: 2N sulfuric acid

All plasma samples were additionally centrifuged at 10,000 g (4°C) for 10 min to remove
possible platelet residues. The samples were then diluted 4 times using the RD6P dilution
calibration solution that was part of the ELISA kit. Microplates (96 wells) coated with a
monoclonal antibody that binds to BDNF from plasma samples were used to determine
BDNF concentration. 100 pL. of RD1S kit diluent was first added to each well, followed by
50 pL of plasma samples or 50 puL of previously prepared BDNF standard dilutions (4000
pg/mL, 2000 pg/mL, 1000 pg/mL, 500 pg/mL, 250 pg/mL, 125 pg/mL, 62.5 pg/mL).
Standards and all plasma samples were added to the wells in duplicate. Negative control (50
uL RD6P dilution calibration solution) was added to the two wells. The microplate was then
covered with adhesive foil and incubated for 2 hr at room temperature to obtain antibody-
BDNF protein complex. After 2 hr, 100 uL. of BDNF conjugate was added to each well.
Namely, a monoclonal antibody that specifically recognizes the BDNF protein and to which
horseradish peroxidase (HRP) is bound was added to the resulting antibody-BDNF protein
complex (Figure 1).
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Figure 1. Schematic illustration of the determination of plasma brain-derived neurotrophic
factor (BDNF) concentration using commercially available enzyme-linked immunoassay
(ELISA) kits. 1. Binding of plasma BDNF to the monoclonal antibody coating the microwells.
I1. Binding of the horseradish peroxidase (HRP) conjugated to the immobilized monoclonal
antibody-BDNF complex in the microwells. 111. Addition of tetramethylbenzidine (TMB)
substrate solution produces a blue colour proportionally to the concentration of the bound
plasma BDNF. A stop solution is used to oxidize TMB, terminating the reaction and resulting
in a yellow colour change. The absorbance of the sample in each well is measured at 450 nm
wavelength. Diagram taken and modified from R&D Systems, Inc. [433].

After incubation for 1 hr at room temperature, excess monoclonal antibody from each well
was rinsed 3 times with 400 ulL of diluted wash buffer, and the wells were dried by
decantation. The TMB was added to the microplate in equal proportions and incubated in the
dark for 30 min at room temperature. After 30 min, 50 pL of the reaction stop solution (2 N
sulfuric acid) was added to each well and the absorbance of the samples was measured at 450
nm, with correction at 570 nm, using an ELISA reader (Thermo Labsystems Multiskan EX
Microplate Reader, USA). Subsequently, using known concentrations of BDNF standards, the
concentration of BDNF in individual wells was determined. The intra- and inter-assay

coefficients of variations were less than 10%.

4.11. Extraction of blood deoxyribonucleic acid (DNA)
Genomic DNA was isolated from peripheral blood leukocytes using a simple salting-out

method [434]. The chemical agents used in this protocol are shown below.
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Chemicals for DNA isolation:

e Red blood cell lysis buffer (RLB), pH 7.6:
10 mM Tris (Sigma Aldrich, USA)
5 mM MgCl (Kemika, Croatia)
10 mM NaCl (Kemika, Croatia)

e Sodium EDTA (SE) buffer, pH 8.0:
75 mM NaCl (Kemika, Croatia)
25 mM Na2EDTA (Fluka, USA)
NaCl (Kemika, Croatia): 5 mM solution in redistilled water (reH20)

Proteinase K (TaKaRa, Japan, 20 mg/mL)
e Sodium dodecyl sulphate (SDS) (Sigma Aldrich, USA): 10% solution, pH=7.2
e Ethanol (Gram-Mol, Croatia, min. 99.5%, p.a.): 75% solution in reH20
e Isopropanol (Gram-Mol, Croatia, min. 99.5%, p.a.)
e Tris-EDTA (TE) buffer, pH 7.6:
10 mM Tris (Sigma Aldrich, USA)
1 mM EDTA (Fluka, USA)

The 900 ul of red blood cell lysis buffer (RLB) was added to the 300 ul of whole blood
sample, mixed and incubated on ice for 10 min. After centrifugation for 2 min at 13400 x g
(4°C), the supernatant was discarded. The pellet was resuspended in the RLB and centrifuged
2 min at 13400 x g three more times. The 300 ul of Na-EDTA buffer, 30 ul of 10% sodium
dodecyl sulphate (SDS) and 1.5 ul of proteinase K were added to the purified precipitate and
incubated for 2 hr at 56°C to lyse the leukocytes. After incubation, the samples were cooled
down at room temperature, and 160 pl of 5 mM NaCl was added, mixed for 10 s and
centrifuged for 5 min at 13400 x g (20°C). The supernatant with DNA was transferred to a
new tube, and 800 pL of cold isopropanol was added, which with gentle stirring caused
precipitation of DNA. The sample was centrifuged for 2 min at 12000 x g (20°C). The
supernatant was decanted and 250 uL of 75% ethanol was added to the precipitate. After
centrifugation for 2 min at 12000 x g (20°C), the supernatant was discarded and the
precipitate was allowed to air dry for 30 min. By adding 100 uL of Tris-EDTA buffer, with
shaking for 1 hr at 37°C, the isolated DNA was dissolved and stored at -20°C. The
concentration and purity of the obtained DNA samples were determined
spectrophotometrically using a NanoDrop 2000c UV-Vis Spectrophotometer (Thermo

Scientific) at wavelengths of 280 nm and 260 nm, respectively.
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4.12. Genotyping

Genotyping of Val66Met (rs6265, G196A) and rs1439050 polymorphisms in the BDNF and
NTRK2 genes, respectively, was performed according to the manufacturer’s instructions
(Applied Biosystems®, Foster City, CA, USA), and the chemical agents used are shown
below.

Chemicals for genotyping:

Commercially available kits (Applied Biosystems®, USA):

e TagMan® Pre-designed SNP Genotyping Assay-

Reference SNP Assay ID for Applied Biosystems®: C_11592758 10 (rs6265)
e TagMan® Pre-designed SNP Genotyping Assay-

Reference SNP Assay ID for Applied Biosystems®: C_7424004_10 (rs1439050)
e TagMan® Genotyping Master Mix

Samples of the isolated DNA were thawed and dilutions with redistilled water (reH20) were
prepared so that each sample contained 20 ng of DNA. The 4.5 uL of diluted DNA sample
and 5.5 pL of reaction mixture, consisting of TagMan Genotyping Master Mix (with free
deoxyribonucleotide triphosphates and AmpliTag Gold DNA polymerase) and TagMan SNP
Genotyping Assay (combination of two primers to amplify a target DNA sequence labeled
with different fluorescent dyes, VIC® and FAM™, to distinguish two alleles), were placed in
each of the 96 wells on the reaction plate. The reaction plate was covered with foil,
centrifuged for 2 min at 5000 rpm and placed in an ABI Prism® 7000 Sequence Detection
System apparatus (ABI, Foster City, USA). In the initial step, the device heats the plates at
95°C for 10 min, then at 92°C for 15 sec to denature the DNA, and then lowers the
temperature to 60°C for 1 min, to bind the primers and elongate with AmpliTag Gold
polymerase. Cycles from DNA denaturation to amplification were repeated 40 times. A
summary of the reaction conditions and steps involved in genotyping using real-time

polymerase chain reaction (RT-PCR) is found in Table 1.
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Table 1. Reaction conditions for genotyping using real-time polymerase chain reaction (RT-PCR)

RT-PCR steps Temperature Time
Initial step 95°C 10 min
40 cycles
Denaturation 92°C 15s

Primer hybridization and
_ 60°C 60 s
DNA extension

This method of allelic discrimination is based on the use of fluorogenic assays that bind to a
particular allele and are detected by DNA amplification in a RT-PCR, as depicted in Figure 2.
The assay consists of a single-stranded oligonucleotide with a bound fluorescent dye
(reporter) at the 5' end and a quencher dye at the 3' end. If the probe is complementary to the
DNA sequence, their hybridization occurs, and during the PCR reaction, the Tag DNA
polymerase with its 5' nuclease activity releases fluorescent dye, which is detected as an
increase in fluorescence intensity. Thus, the formation of the PCR product can be monitored

in real time.
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Figure 2. Schematic diagram of real-time polymerase chain reaction (RT-PCR). Diagram
taken and modified from TagMan® SNP genotyping technology [435].
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The genotyping results of the RT-PCR amplification data were then analysed using computer-
generated scatter plots of allelic discrimination of the fluorescence signals for each individual

DNA sample, as shown in Figure 3.
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Figure 3. Scatter plot of allele X versus allele Y illustrating the genotyping results generated
with real-time polymerase chain reaction (RT-PCR).

(NTC= non-template control; VIC/VIC = XX; VIC/FAM = XY; FAM/FAM = YY)

The values of the VIC® and FAM™ fluorescence signals are marked along the X-axis and Y-
axis, respectively. The probe for allele X was labeled with VIC® fluorescent dye and that for
allele Y with FAM™. The fluorescent signal for each individual DNA sample (i.e., in each
microwell) is represented as an individual data point. Homozygotes (XX) for allele X are
clustered in red and homozygotes (YY) for allele Y are clustered in dark blue. Heterozygotes
(XY) are clustered in green. The NTCs are clustered in light blue and oriented to the origin.

Diagram taken and modified from Thermo Fisher Scientific Inc. [436].
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4.13. Statistical analysis

All statistical analyses were performed using GraphPad Prism version 4.00 for Windows
(GraphPad Software, Inc., San Diego, CA, USA). The data were expressed as number (n) and
percentage (%) for categorical data or as median with 25th (Q1) and 75th (Q3) percentiles for
numerical (continuous) data. All examined parameters failed the assumption of normality of
distribution according to the D’Agostino & Pearson omnibus test. Therefore, non-parametric
analyses were used to compare the independent cohorts. Continuous variables were compared
using Mann-Whitney U test (for comparison of two groups) or Kruskal-Wallis test with post-
hoc Dunn’s multiple comparisons test (for comparison of three or more groups). Correlations
were assessed with non-parametric Spearman correlation. Possible deviations from the Hardy-
Weinberg equilibrium (HWE) were tested using the chi-square (x2) goodness-of-fit test.
Genotype and allele frequencies were evaluated by a x2 test of independence and Fisher exact

test, respectively.

The obtained results were corrected for multiple testing (five comparisons of asthma
phenotypes: non-severe vs. severe; T2-high vs. T2-low; non-allergic vs. allergic; non-
eosinophilic vs. eosinophilic; non-AERD vs. AERD) using Bonferroni correction, and
statistical significance was defined as p-value less than 0.01. A priori sample size and
achieved power calculations were conducted using the G*Power 3 Software (Version 3.1.9.2.;
a free program written by Franz Faul, University of Kiel, Kiel, Germany). For Mann-Whitney
test, at medium effect size 0.425, power 0.8, and statistical significance set at 0.01, an
adequate total sample size was determined to be 236. For Kruskal-Wallis test (three groups) at
medium effect size 0.25, power 0.8, and statistical significance set at 0.01, an adequate
sample size was determined to be 228. For y2-test (df=2), at small-to-medium effect size 0.25,
power 0.8, and statistical significance set at 0.01, an adequate sample size was determined to
be 223, whereas for Fisher exact test (df=1) at small-to-medium effect size 0.25, power 0.8,
and statistical significance set at 0.01, an adequate sample size was determined to be 187.
Given that the actual total sample size was 240, the power analysis confirmed the appropriate

sample size and statistical power of the study.
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5. RESULTS

5.1. General and clinical characteristics of the study population

A total of 240 subjects (120 asthma patients and 120 healthy controls) were recruited for the
study. The general characteristics of the study population are presented in Table 2. Healthy
individuals were significantly younger than their asthmatic counterparts (p<0.0001). There
were significantly more males in the control group (n=73, 60.83%) than in the asthma group
(p<0.0001), with females predominating (n=79, 65.83%) among the asthma patients. More
current smokers (p=0.0005) were present among healthy subjects (34.17%) than asthma
patients (8.33%), but in both of these groups, there were significantly more (p<0.0001) non-
smokers (never and past smokers). No significant differences in BMI (p=0.64) were detected
between asthma cases and healthy controls, even across six different BMI categories
(p=0.48), including underweight, normal weight, overweight, and three categories of obesity,
or when the subjects were divided into obese and non-obese individuals (p=0.43), as shown in
Table 2.

Table 2. General characteristics of healthy subjects and asthma patients enrolled in the

study
Healthy Asthma _
Parameter Subjects Patients S';?]t;tlsci?
(n=120) (n=120) y
Age (vears) 42.00 58.00 P s
Median (IQR: 25%-75%) (33.25-51.00) (40.25-67.00) Mann-Whi t’ney test
Males <0.0001%*,
n (%) 73 (60.83) 41 (34.17) lgisher’s exact test
- *
Slg/g;nt smokers 41 (34.17) 10(8.33) lgi_s(l){grQSSex’act test
BMI (kg/m?) 26.20 26.65 p=0.64, U=6949.00,
Median (IQR: 25%-75%) (23.33-28.85) (23.03-29.80)  Mann-Whitney test
BMI category: Normal weight p=0.48, x2=4.52,
(18.5-24.9 kg/m?), n (%) 43 (35.83) 44 (36.67) 2 test
BMI category: Obesity 22 (18.33) 28 (23.33) p=0.43,

(=30 kg/m?), n (%) Fisher’s exact test

*statistically significant (p<0.01); BMI = body mass index; IQR = interquartile range (25" to

75" percentile); n = total number of observations in the data.
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The age difference observed between healthy subjects and asthma patients is attributed to the
significantly older individuals (median 61.00 years, IQR: 53.00-67.50) in the group of severe
asthma patients. As presented in Table 3, additional analysis using Kruskal-Wallis test
followed by Dunn’s multiple comparisons test confirmed the significantly older ages of the
severe asthma patients (n=61) compared to both the non-severe asthma patients (n=59, 47.00
years, IQR: 35.00-67.00; p=0.005) and the control group (42.00 years, IQR: 33.25-51.00;
p<0.0001). There was a statistically significant difference in the age (p=0.022, U=1366,

Mann-Whitney test) between non-severe and severe asthma patients.

Table 3. General characteristics of the healthy subjects and asthma patients stratified
according to severity into non-severe (mild-to-moderate) and severe asthma patients

Heathy Non-severe Severe
Parameter Control Asthma Asthma Statistical
Subjects Patients Patients Analysis
(n=120) (n=59) (n=61)
p<0.0001*,
Kruskal-Wallis
test; p<0.0001%*,
Age (years) control vs severe
Median 42.00 47.00 61.00 asthma; p=0.005%*,

(33.25-51.00) (35.00-67.00) (53.00-67.50)
non-severe vs

severe asthma
Dunn's multiple
comparisons test

(IQR: 25%-75%)

Males p=0.0001%,

n (%) 73 (60.83) 23 (38.98) 18 (29.51) 2=18.19, 42 test
Current Smokers p=0.0006*,

n (%) 41 (34.17) 7 (11.86) 3(4.92) 2=14.92, 42 test
BMI (kg/m?) 26.20 25.80 27.10 p=0.79,

Median (IQR: 25%-75%) (23.33-28.85) (23.00-29.80) (23.55-30.10) Kruskal-Wallis test
BMI category: p=0.51,

Normal weight 43 (35.83) 25 (42.37) 19 (31.15)  y2=8.552,
(18.5-24.9 kg/m?), n (%) 2 test

BMI category: Obesity p=0.60, ¥2=1.028,
(=30 kg/m?), n (%) 22 (18.33) 13 (22.03) 15 (24.59) 42 test

*statistically significant (p<0.01); BMI = body mass index; IQR = interquartile range (25" to
75" percentile); n = total number of observations in the data.

On the other hand, both non-severe and severe asthma groups had a higher ratio of females
(p=0.0001), lower percentage of smokers (p=0.0006) and an equal share of subjects in

different BMI categories (p=0.51) in comparison to healthy individuals (Table 3).
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Specifically, non-severe and severe asthma patients did not significantly differ in their gender
distribution (p=0.34, Fisher’s exact test), smoking status (p=0.23, ¥2=2.90, y2 test) or BMI
(p=0.67, U=1718, Mann-Whitney test), even across six different BMI categories (p=0.6988,
¥2=3.008, %2 test), or when the subjects were divided into obese and non-obese individuals
(p=0.8303, Fisher’s exact test). Asthma patients demonstrated high heterogeneity in their
clinical symptoms and phenotypes as evidenced by the data in their medical records, and

presented in Table 4.

Table 4. Clinical characteristics of the asthma patients

Clinical Characteristics Median (IQR: 25%-75%)
Total Serum IgE (IU/ mL) 191.00 (43.00-398.00)
Blood eosinophils (x 10°/ L) 0.215 (0.10-0.40)
Blood neutrophils (x 10°/ L) 4.560 (3.62-6.30)
FeNO (ppb) 34.00 (14.28-67.75)
FEV1 (% of predicted value) 74.90 (54.28-90.08)
FVC (% of predicted value) 88.50 (75.08-101.80)
PEF (% of predicted value) 77.05 (57.25-95.52)
DLCO (%) 83.30 (73.68-95.35)
Duration of disease (years) 13.50 (8.00-29.00)
Comorbidities (n) 2.00 (1.25-4.00)

Clinical Characteristics n (%)
Penicillin allergy 25 (20.83)
Nutritive allergy 12 (10.00)
Animal dander and feather allergy 18 (15.00)
Dust allergy 51 (42.50)
Pollen allergy 53 (44.17)
Fungal / mould allergy 9 (7.50)
Early onset asthma (age < 12 years) 21 (17.50)
History of pneumonia 21 (17.50)
Emergency intervention (ever) 89 (74.17)
Hospitalisation for asthma exacerbation (ever) 58 (48.33)
Nasal polyps 27 (22.50)
Aspirin sensitivity 11 (9.17)
Allergen specific immunotherapy 15 (12.50)
Oral corticosteroid therapy 30 (25.00)
Biological therapy 20 (16.67)

DLCO = diffusing capacity of lung for carbon monoxide; FeENO = fractional cxhaled nitric
oxide; FEV1 = forced expiratory volume in one second; FVC = forced vital capacity; IgE =
immunoglobulin E; IQR = interquartile range (25" to 75" percentile); 1U = international
units; n = total number of observations in the data; PEF = peak expiratory flow; ppb = parts

per billion.

65



5.2. Platelet 5-HT concentration and platelet MAO-B activity

5.2.1. Platelet 5-HT concentration and platelet MAO-B activity in the study population
As displayed in Table 5 and Figure 4A, platelet 5-HT concentrations were significantly lower
in the asthma patients (0.81 nmol/mg of protein, IQR: 0.62-1.09) compared to the healthy
subjects (0.97 nmol/mg of protein, IQR: 0.72-1.65; p=0.0008, U=5388.00, Mann-Whitney
test). On the other hand, platelet MAO-B activity was significantly higher in asthma patients
(43.05 nmol/mg of protein/h, IQR: 34.39-58.21) in comparison to the healthy control subjects
(33.32 nmol/mg of protein/h, IQR: 25.71-51.26); (p<0.0001, U=5056.00, Mann-Whitney test)
(Table 5 and Figure 4B).
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Figure 4. A) Platelet 5-HT concentrations (nmol/mg of protein) and B) platelet MAO-B
activity (nmol/mg of protein/hour) in asthma patients (n=120) compared to healthy subjects
(n=120). The central horizontal line inside each box of the box-and-whisker plot represents
the median. The lower and upper ends of the boxes are the 25" and 75" percentiles,
respectively; the error bars are the minimum and maximum values. *statistically significant
(p<0.01); p<0.001 vs control, Mann-Whitney test.
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Table 5. Platelet 5-HT concentration and platelet MAO-B activity in healthy subjects and
asthma patients

Healthy Asthma
Parameter Subjects Patients Statistical Analysis
(n=120) (n=120)
Platelet 5-HT _ *
Concentration 0.97 0.81 E;_%ggg%o
(nmol/mg of protein) (0.72-1.65) (0.62-1.09) M_alnn-Whifne test
Median (IQR: 25%-75%) y
- — %
Platelet MAO-B Activity 33.32 43.05 p<0.0001*,

(nmol/mg of protein/h) i ) U=5056.00
Median (IQR: 25%-75%) (25.71-51.26) (34.39-58.21) Mann-Whitney test

*statistically significant (p<0.01); 5-HT = serotonin; IQR = interquartile range (25" to 75"
percentile); MAO-B = monoamine oxidase B.

When we further analysed the 5-HT levels and MAO-B activity in platelets of enrolled
subjects, we observed no significant correlation between platelet 5-HT concentrations
(p=0.20, r=-0.12) and age in asthma patients. Likewise, platelet MAO-B activity (p=0.12,
r=0.14) was not significantly correlated with age in this same group of patients. Moreover,
platelet 5-HT concentrations (p=0.10, r=-0.15) and platelet MAO-B activity (p=0.42, r=0.07)

were not significantly correlated with age in healthy control subjects (Spearman correlation).

There was also no significant correlation between platelet 5-HT concentrations and BMI in
asthma patients (p=0.62, r=-0.04) or healthy subjects (p=0.23, r=-0.11). In addition, there was
no significant correlation between BMI and platelet MAO-B activity in the patients with
asthma (p=0.81, r=-0.02). However, as demonstrated in Figure 5, there was a significant
negative correlation between BMI and platelet MAO-B activity in the healthy control subjects
(p=0.001, r=-0.30).

No significant differences were found in platelet 5-HT concentrations between smokers and
non-smokers in the control (p=0.80, U=1574.00, Mann-Whitney test) or asthma (p=0.34,
U=448.00, Mann-Whitney test) groups. On the other hand, platelet MAO-B activity differed
significantly between smoking and non-smoking control subjects (p=0.008, U=1143.00,
Mann-Whitney test) as well as between smoking and non-smoking asthma patients (p=0.01,
U=287.00, Mann-Whitney test), suggesting lower platelet MAO-B activity in smoking
subjects in both groups (Figure 6).
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Figure 5. Significant negative correlation (p=0.001, r=-0.30, Spearman correlation) between

BMI and platelet MAO-B activity in healthy subjects. BMI = body mass index.
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smokers. *statistically significant (p<0.01), Mann-Whitney test.
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When the control subjects were subdivided according to gender, we observed no significant
differences in platelet 5-HT concentrations between male and female healthy subjects
(p=0.13, U=1437, Mann-Whitney test). Similarly, the platelet 5-HT concentrations did not
differ significantly between male and female asthma patients (p=0.30, U=1434.00, Mann-
Whitney test). However, there were significant differences in platelet MAO-B activity
between male and female healthy control subjects (p<0.0001, U=827.00, Mann-Whitney test)
as well as in the group of asthma patients (p=0.009, U=1149, Mann-Whitney test), suggesting
that female subjects in both groups have higher platelet MAO-B activity.

5.2.2. Platelet 5-HT concentration and platelet MAO-B activity according to asthma
severity

As depicted in Figure 7A, there were no significant differences in platelet 5-HT
concentrations between the non-severe asthma patients (0.85 nmol/mg of protein, IQR: 0.64-
1.10) and the severe asthma patients (0.75 nmol/mg of protein, IQR: 0.62-1.04); (p=0.38,
U=1632.00, Mann-Whitney test). Moreover, platelet MAO-B activity was not significantly
different between the non-severe asthma patients (44.22 nmol/mg of protein/h, IQR: 34.65-
56.74) and the severe asthma patients (43.00 nmol/mg of protein/h, IQR: 33.84-60.34);
(p=0.80, U=1750.00, Mann-Whitney test) (Figure 7B).

This finding was confirmed by further analysis with Kruskal-Wallis test followed by Dunn’s
multiple comparisons test (Table 6). As shown in Table 6, platelet 5-HT concentrations were
significantly different only between the severe asthma patients and healthy control subjects
(p=0.004). There were no significant differences in platelet 5-HT concentrations between the
non-severe and the severe asthma patients (p>0.99). In addition, platelet MAO-B activity was
significantly higher in both non-severe (p=0.006) and severe asthma patients (p=0.002) in
comparison to healthy control subjects (Table 6). However, there were no significant
differences in platelet MAO-B activity between the non-severe and the severe asthma patients
(p>0.99).

69



>

[J Non-severe asthma patients
[ severe asthma patients

==

Platelet 5-HT concentration
(nmol/mg of protein)
N
L

B
2007

-~ [ Non-severe asthma patients
Zc ,
- I severe asthma patients
o © 1501
© o
)
2 *S 100
= o -1
- E
o =
© © 504
< €
- C
o —

Figure 7. A) Platelet 5-HT concentration (nmol/mg of protein) and B) platelet MAO-B
activity (nmol/mg of protein/hour) in non-severe asthma patients (n=59) compared to severe
asthma patients (n=61). The central horizontal line inside each box of the box-and-whisker
plot represents the median; the lower and upper ends of the boxes are the 25" and 75™

percentiles, respectively; the error bars are the minimum and maximum values.
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Table 6. Platelet 5-HT concentration and platelet MAO-B activity in healthy subjects and

asthma patients stratified according to severity into non-severe (mild-to-moderate) and severe

asthma patients

Healthy Non-severe
Parameter Con_trol Ast_hma Statistic_al
Subjects Patients Analysis
(n=120) (n=59)
p=0.0026*,
Platelet 5-HT Kruskal-Wallis
E:onc:e/ntraticon ) 097 085 test; pTO.0042*
nmol/mg of protein ' ) control vs severe
Median (IQR: 25%- (0.72-1.65) (0.64-1.10) (0.62-1.04) asthma
75%) Dunn's multiple
comparisons test
p=0.0003*,
Kruskal-Wallis
Platelet MAO-B test; p=0.0061
,(Activli;cy f ) 3332 44.22 43.00 control vshnon-
nmol/mg of protein ' ' ' severe asthma; p=
Median (IQR: 25%- (25.71-51.26)  (34.65-56.74) (33.84-82.15) 0.0019 control Vs
75%) severe asthma

Dunn's multiple
comparisons test

*statistically significant (p<0.01); Kruskal-Wallis and Dunn's multiple comparisons tests; 5-
HT = serotonin; IQR = interquartile range (25" to 75" percentile); MAO-B = monoamine

oxidase B.

5.2.3. The association of platelet 5-HT concentration and platelet MAO-B activity with
clinical characteristics of asthma patients

The association of platelet 5-HT concentration and platelet MAO-B activity with clinical
characteristics in asthma patients was analysed (Table 7). A positive correlation (p=0.02,
r=0.21) was observed between platelet MAO-B activity and the number of blood neutrophils
in asthma patients (Table 7), although this result was not significant after correcting for
multiple testing. On the other hand, asthma patients with pollen allergy (46.68 nmol/mg of
protein/h, IQR: 38.70-59.84) had nominally higher platelet MAO-B activity (p=0.02), as
shown in Table 7, in comparison to asthma patients without pollen allergy (40.92 nmol/mg of
protein/h, IQR: 31.99-56.73). There were no associations of other clinical parameters with

platelet 5-HT concentration or platelet MAO-B activity of asthma patients.
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Table 7. The association of platelet 5-HT concentration and platelet MAO-B activity with
clinical characteristics of asthma patients

. - Platelet 5-HT Platelet MAO-B activity  Statistical
Clinical characteristics concentration .
(nmol/img of protein) (nmol/mg of protein/h) test
Total Serum IgE (IU / mL) p=0.52, r=0.06 p=0.66, r=0.04
Blood eosinophils (x 10°/ L) p=0.63, r=0.04 p=0.39, r=-0.08 c
Blood neutrophils (x 10°/ L) p=0.52, r=0.06 p=0.02, r=0.21 -%
FeNO (ppb) p=0.99, r=0.001 p=0.70, r=-0.04 ©
FEV1 (% of predicted value) p=0.92, r=0.01 p=0.60, r=0.05 §
FVC (% of predicted value) p=0.28, r=0.10 p=0.21, r=0.11 c
PEF (% of predicted value) p=0.20, r=-0.12 p=0.73, r=-0.03 £
DLCO (%) p=0.20, r=-0.12 p=0.78, r=-0.03 s
Duration of disease (years) p=0.99, r=-0.001 p=0.63, r=0.04 &
Comorbidities (n) p=0.88, r=-0.01 p=0.61, r=0.05
- - Platelet 5-HT Platelet MAO-B activity
Clinical characteristics concentration .
(nmol/img of protein) (nmol/mg of protein/h)

Penicillin allergy p=0.28, U=1018.00 p=0.86, U=1159.00
Nutritive allergy p=0.69, U=602.0 p=0.43, U=556.00
Animal dander / p=0.71, U=866.50 p=0.08, U=678.00
feather allergy
Dust allergy p=0.66, U=1676.00 p=0.12, U=1469.00
Pollen allergy p=0.30, U=1578.00 p=0.02, U=1345.00
Fungal / mould allergy p=0.34, U=401.50 p=0.86, U=481.50 -
Early onset asthma p=0.99, U=1039.00 p=0.90, U=1021.00 3
(age < 12 years) >
History of pneumonia p=0.77, U=997.5 p=0.57, U=957.5 s
Emergency intervention p=0.82, U=1341.00 p=0.55, U=1280.00 §
(ever) E
Hospitalisation for asthma p=0.16, U=1529.00 p=0.73, U=1732.00 g
(ever)
Nasal polyps p=0.38, U=1104.00 p=0.62, U=1164.00
Aspirin sensitivity p=0.27, U=472.50 p=0.90, U=580.00
Allergen specific p=0.89, U=770.50 p=0.71, U=740.00
immunotherapy
Oral corticosteroid therapy p=0.59, U=1262.00 p=0.09, U=1067.00
Biological therapy p=0.08, U=751.50 p=0.33, U=860.50

DLCO = diffusing capacity of lung for carbon monoxide; FeENO = fractional exhaled nitric
oxide; FEV1 = forced expiratory volume in one second; FVC = forced vital capacity; 5-HT =
serotonin; IgE = immunoglobulin E; IU = international units; MAO-B = monoamine oxidase
B; n = total number of observations in the data; PEF = peak expiratory flow; ppb = parts per

billion.
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5.2.4. Platelet 5-HT concentration and platelet MAO-B activity according to asthma
phenotype

In addition, we investigated the platelet 5-HT concentration and platelet MAO-B activity in
various asthma phenotypes. As noted in Table 8, we found no statistically significant
differences in the platelet 5-HT concentration between asthma patients with T2-high and T2-
low (p=0.73), non-allergic and allergic (p=0.77), eosinophilic versus non-eosinophilic asthma
(p=0.39) phenotypes, or patients with AERD and those without AERD (p=0.42). Platelet
MAO-B activity was not significantly different between T2-high and T2-low (p=0.60),
eosinophilic versus non-eosinophilic asthma (p=0.57) phenotypes, or patients with and
without AERD (p=0.71). However, platelet MAO-B activity was nominally significantly
lower in patients with non-allergic asthma in comparison to patients with allergic asthma
(p=0.047).

Table 8. Platelet 5-HT concentration and platelet MAO-B activity in patients with different
asthma phenotypes

Platelet 5-HT
concentration Statistical aFc):![?\t?tIEt(rl\l/lnﬁcliﬁ Statistical
Asthma (nmol/mg of Analysis of gotein/h) g Analysis
phenotypes protein), (Mann- b ' (Mann-

Median (IQR:

Median (IQR:  Whitney test) 2506-75%)

25%-75%)

Whitney test)

T2-high (n=94) 0.78 (0.62-1.09) p=0.73, 42.98 (35.30-58.48) p=0.60,
T2-low (n=26) 0.91 (0.60-1.09) U=1168.00  44.27(31.81-58.98) = U=1140.00
Non-allergic (n=42) 0.85 (0.62-1.18) p=0.77, 37.79 (31.67-57.17) p=0.047,
Allergic (n=78) 0.77 (0.62-1.08) U=1585.00 44.87 (36.73-58.60)  U=1278.00
Non-eosinophilic (n=73) 0.81 (0.62-1.05) p=0.39, 41.91 (33.63-59.14) p=0.57,
Eosinophilic (n=47) 0.86 (0.64-1.19) U=1554.00 44.61 (35.32-57.49)  U=1609.00
Non-AERD (n=111) 0.81 (0.62-1.08) p=0.42, 43.15 (34.07-58.60) p=0.71,
AERD (n=9) 0.82 (0.69-1.31) U=413.50 36.50 (33.93-57.21) U=457.00

AERD = aspirin-exacerbated respiratory disease; 5-HT = serotonin; IQR = interquartile range
(25" to 75" percentile); MAO-B = monoamine oxidase B; T2 = type 2.

The comparison with healthy control subjects revealed that platelet 5-HT levels in patients
with allergic asthma were significantly lower than in healthy controls (p=0.0059) (Dunn's
multiple comparisons test following Kruskal-Wallis ANOVA test). In contrast, there were no
significant differences in platelet 5-HT levels between non-allergic asthma patients and
healthy control subjects (p=0.0699) (Dunn's multiple comparisons test following Kruskal-
Wallis ANOVA test).
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5.3. Plasma BDNF concentration, BDNF Val66Met (rs6265) and NTRK2 (TrkB gene)
rs1439050 polymorphisms

5.3.1. Plasma BDNF concentration in the study population

Asthma patients had significantly higher (p<0.0001) plasma BDNF concentrations (0.89
pg/mL, IQR: 0.59-1.22) than healthy controls (0.59 pg/mL, IQR: 0.45-0.92), as illustrated in
Figure 8 and Table 9.

Control = Asthma

Plasmia BDNF concentration (pg/mL)

Figure 8. Plasma BDNF concentration (pg/mL) in healthy subjects (n=120) compared to
asthma patients (n=120). The central horizontal line inside each box of the box-and-whisker
plot represents the median; the lower and upper ends of the boxes are the 25" and 75"
percentiles, respectively; the error bars are the minimum and maximum values.

*statistically significant (p<0.01); p<0.0001, U=4902.00, Mann-Whitney test

Table 9. Plasma BDNF concentration in healthy subjects and asthma patients

Healthy Asthma
Parameter Subjects Patients Statistical Analysis
(n=120) (n=120)
Plasma BDNF Concentration 059 0.89 p<0.0001*,
(pmol/mL.) (0.45-0.92) (0.59-122)  U74902.00,

Median (IQR: 25%-75%) Mann-Whitney test

*statistically significant (p<0.01); BDNF = brain-derived neurotrophic factor; IQR =

interquartile range (25" to 75™ percentile).

No significant correlation was found between plasma BDNF levels and age in asthma patients
(p=0.49, r=0.06) or control group (p=0.84, r=-0.02). The concentration of BDNF in plasma
was not significantly correlated with the BMI of asthma patients (p=0.17, r=0.13) or healthy
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subjects (p=0.54, r=0.06). In addition, plasma BDNF levels did not differ significantly
between smokers and non-smokers in the control (p=0.23) or asthma (p=0.07) groups. When
the asthma patients and control subjects were subdivided according to gender, no significant
differences were observed in plasma BDNF levels between male and female asthma patients
(p=0.67). Healthy males, however, had nominally higher BDNF concentrations in plasma
compared to healthy females (p=0.04), but this difference was not significant after applying

the correction for multiple testing.

5.3.2. The distribution of BDNF Val66Met (rs6265) genetic variants in the study
population

The BDNF Val66Met (rs6265) genotype distributions were in HWE for both the control
group (p=0.38) and asthma patients (p=0.26). The BDNF Val66Met genotype (p=0.54) and
allele (p=0.35) frequencies did not differ significantly between healthy subjects and asthma
patients (Table 10). A comparison of the carriers of GG homogenous genotype and A allele
carriers revealed no significant difference in their distribution (p=0.34) between healthy
individuals and asthma patients. Moreover, the G versus AA carrier frequencies were not

significantly different (p=1.00) between these two groups (Table 10).

Table 10. Distribution of genotypes, alleles and carriers of BDNF Val66Met polymorphism
in healthy subjects and asthma patients

BDNF rs6265  Healthy Subjects, Ast_hma Statistical
Polymorphism n (%) Patients, Analysis
n (%)
AA 2 (1.67) 3 (2.50) p=0.54,
Genotypes AG 36 (30.00) 43 (35.83) ¥2=1.23,
GG 82 (68.33) 74 (61.67) 2 test
A 40 (16.67) 49 (20.42) p=0.35,
Alleles Fisher’s
G 200 (83.33) 191 (79.58) exact test
A 38 (31.67) 46 (38.33) p=0.34,
Fisher’s
Carriors GG 82 (68.33) 74 (61.67) exact test
G 118 (98.33) 117 (97.50) p=1.00,
Fisher’s
AA 2 (1.67) 3(2.50) exact test

BDNF = brain-derived neurotrophic factor; n = total number of observations in the data;
Val66Met = valine (Val) to methionine (Met) substitution at codon 66.
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5.3.3. Plasma BDNF concentration in subjects carrying different BDNF Val66Met
genotypes and alleles

When the asthma patients and healthy individuals were subdivided according to BDNF
Val66Met genotype, a difference in the plasma BDNF concentrations of the control subjects
was observed (Table 11). Healthy carriers of the AG genotype were found to have nominally
lower BDNF concentrations (p=0.03) than healthy carriers of the GG genotype (Table 11).
Moreover, plasma BDNF concentrations in the control group were significantly decreased
(p=0.008) among carriers of the A allele when compared to GG carriers. There was no
significant difference in the plasma BDNF concentrations (p=0.64), however, between the

healthy carriers of the G allele and the AA genotype carriers.

Table 11. Plasma BDNF concentration in asthma patients (n=120) and healthy subjects
(n=120) carrying different BDNF Val66Met genotypes and alleles

Healthy Subjects Asthma Patients
Plasma BDNF Plasma BDNF
BDNF rs6265 Concentration Statistical Concentration Statistical
Polymorphism (pg/mL), Analvsis (pg/mL), Analvsis
Median y Median y
(IQR: 25%-75%0) (IQR: 25%-75%)
AA 0.56 (0.47-0.65) p=0.03, 0.45 (0.43-1.24) p=0.52,
Genotypes AG 0.51 (0.32-0.73) Kruskal- 0.81 (0.52-1.35) Kruskal-
GG 0.68 (0.49-1.05) Wallis testt 0.94 (0.62-0.94) Wallis test
A 0.51 (0.35-0.70) p=0.008*, 0.80 (0.46-1.34) p=0.39,
U=1089.00, U=1544.00,
Mann- Mann-
GG 0.68 (0.49-1.05) Whitney 0.94 (0.62-1.20) Whitney
Carriers test test
G 0.59 (0.45-0.93) p=0.64, 0.91 (0.61-1.22) p=0.64,
U=94.50, U=94.50,
Mann- Mann-
AA 0.56 (0.47-0.65) Whitney 0.45 (0.43-1.24) Whitney
test test

*statistically significant (p<0.01); +AG vs. GG, p=0.03, Dunn’s multiple comparisons test;
BDNF = brain-derived neurotrophic factor; IQR = interquartile range (25" to 75" percentile);
n = total number of observations in the data; VVal66Met = valine (Val) to methionine (Met)

substitution at codon 66.

76



As demonstrated in Table 11, no significant differences in plasma BDNF concentrations
(p=0.52) were noted among asthma patients split into groups based on BDNF Val66Met
genotype. In addition, plasma BDNF concentrations did not differ between asthma patients
carrying the A allele and GG genotype (p=0.39), or between asthmatic carriers of the G allele
and AA genotype (p=0.64).

5.3.4. The distribution of NTRK2 (TrkB) rs1439050 genetic variants in the study
population

As was the case for the BDNF Val66Met polymorphism, the NTRK2 rs1439050 genotype
distributions were also in HWE for both the control group (p=0.34) and the individuals with
asthma (p=0.40). The healthy participants and asthma patients did not differ significantly in
their NTRK2 rs1439050 genotype (p=0.86) or allele (p=0.68) frequencies (Table 12). The G
versus TT carrier frequencies did not differ significantly (p=1.00) between these groups.
There were also no significant differences (p=0.70) in the distribution of GG genotype or T
allele carriers between healthy individuals and those with asthma (Table 12).

Table 12. Distribution of genotypes, alleles and carriers of NTRK2 rs1439050 polymorphism

in asthma patients and healthy subjects

Healthy Asthma
N-II;SIKan;Srlﬁgr?]SO Subjects, Patients, Statistical Analysis
ymorp n (%) n (%)

GG 61(50.83) 65 (54.17) ~0.86
Genotypes GT 52 (43.33) 49 (40.83) pzzb 2’9 ) test
TT  7(5.83) 6(500) XX
G 174(72.50) 179 (74.58) p=0.68,

Alleles T  66(27.50) 61(2542) Fisher's exact test
G 113 (94.17) 114(95.00) p=L.00,
. TT 7 (5.83) 6 (5.00) Fisher’s exact test
Carriers

T 59 (49.17) 55 (45.83)  p=0.70,
GG 61 (50.83) 65 (54.17)  Fisher’s exact test
n = total number of observations in the data; NTRK2 = neurotrophic receptor tyrosine kinase 2

(tropomyosin receptor kinase B or TrkB).

5.3.5. Plasma BDNF concentration in subjects carrying different NTRK2 rs1439050
genotypes and alleles

The distribution of rs1439050 polymorphic variants, located within the NTRK2 gene encoding the
TrkB receptor, was explored to determine their influence, if any, on the plasma concentration of

unbound BDNF protein in the plasma. As presented in Table 13, there were no significant
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differences in plasma BDNF levels of healthy subjects (p=0.42) or asthma patients (p=0.13) split

into groups based on different NTRK2 rs1439050 genotypes. There were also no significant

differences in the plasma BDNF levels between healthy individuals (p=0.52) or asthma patients

(p=0.23) carrying the G allele and TT genotype, or between healthy (p=0.36) or asthmatic carriers

(p=0.21) of T allele and GG homozygous genotype (Table 13).

Table 13. Plasma BDNF concentration in healthy subjects and asthma patients carrying
different NTRK2 rs1439050 genotypes and alleles

Healthy Subjects Asthma Patients
NTRK2 (o tion Concentration
rs1439050 Statistical Statistical
Polymorphism (pg/mL), Analysis (pg/mL), Analysis
Median Median

(IQR: 25%-75%)

(IQR: 25%-75%)

GG  0.59(0.49-0.94) p=0.42, 0.81 (0.59-1.15)  p=0.13,
Genotypes GT  0.59(0.39-0.84) Kruskal- 0.97 (0.63-1.37)  Kruskal-
TT 0.65 (0.30-1.48)  Wallis test 0.51(0.41-1.37)  Wallis test
G 0.59 (0.45-0.90)  p=0.52, 0.91(0.61-1.22) p=0.23,
U=336.50, U=241.50,
TT  0.65(0.30-1.48)  Mann- 0.51(0.41-1.37) Mann-
Carriers Whitney test Whitney test
T 0.60 (0.39-0.88)  p=0.36, 0.97 (0.58-1.37)  p=0.21,
U=1623.00, U=1550.00,
GG 059(0.49-0.94) Mann- 0.81 (0.59-1.15) Mann-

Whitney test

Whitney test

BDNF = brain-derived neurotrophic factor; IQR = interquartile range (25" to 75" percentile);

NTRK?2 = neurotrophic receptor tyrosine kinase 2 (tropomyosin receptor kinase B or TrkB).

5.3.6. Plasma BDNF concentration and asthma severity

The relationship between plasma BDNF concentration and asthma severity was also
investigated. Figure 9 demonstrates that plasma BDNF levels did not differ significantly
between the non-severe and severe asthma patients (p=0.71, U=1728.00, Mann-Whitney test).
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Figure 9. Plasma BDNF concentration (pg/mL) in non-severe asthma patients (n=59)
compared to severe asthma patients (n=61). The central horizontal line inside each box and-
whisker plot represents the median; the lower and upper ends of the boxes are the 25" and

75" percentiles, respectively; the error bars are the minimum and maximum values.

This finding was confirmed by further analysis with Kruskal-Wallis test followed by Dunn’s
multiple comparisons test. As shown in Table 14, plasma BDNF concentrations were
significantly higher in both non-severe (p=0.005) and severe asthma patients (p=0.0004)
compared to the control group.

Table 14. Plasma BDNF concentration in healthy subjects and asthma patients stratified

according to severity into non-severe (mild-to-moderate) and severe asthma patients

Non-

Severe
Healthy severe Asthma
Parameter Subjects Asthma Patients Statistical Analysis
(n=120) Patients _
(n=59) (n=61)
p<0.0001* Kruskal-
Wallis test; p=0.005
Plasma BDNF non-severe asthma vs
Concentration 0.59 0.91 0.88 control; p=0.0004
(pmol/mL) (0.45-0.92) (0.50-1.22) (0.61-1.29) severe asthma vs
Median (IQR: 25%-75%) control, Dunn's
multiple comparisons
test

*statistically significant (p<0.01); BDNF = brain-derived neurotrophic factor; IQR =
interquartile range (25" to 75™ percentile).
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5.3.7. BDNF Val66Met polymorphism (rs6265) and asthma severity

Non-severe and severe asthma patients did not significantly differ in their BDNF Val66Met
genotype (p=0.13) or allele (p=0.11) frequencies (Table 15). As shown in Table 15, no
significant differences based on asthma severity (non-severe versus severe) were observed in
the distribution of the carriers of the GG genotype or the A allele (p=0.19), or in the
frequencies of G allele or AA genotype carriers (p=0.24).

Table 15. Distribution of genotypes, alleles and carriers of BDNF Val66Met polymorphism in

patients with non-severe and severe asthma

Non-Severe Asthma Severe Asthma

BDNF rs6265

Polymorphism Patients, Patients, Statistical Analysis
n (%) n (%)
AA 0 (0.00) 3(4.92) p=0.13,
Genotypes AG 19 (32.20) 24 (39.34) x2=4.04,
GG 40 (67.80) 34 (55.74) 2 test
Alleles 19 (16.10) 30 (24.59) p=0.11,
G 99 (73.90) 92 (75.41) Fisher’s exact test
A 19 (32.20) 27 (44.26) p=0.19,
Carriers G 40 (67.80) 34 (55.74) Fisher’s exact test
G 59 (100.00) 58 (95.08) p=0.24,
AA 0 (0.00) 3(4.92) Fisher’s exact test

BDNF = brain-derived neurotrophic factor; n = total number of observations in the data.

5.3.8. NTRK2 (TrkB) rs1439050 polymorphism and asthma severity

There were also no significant differences found in the NTRK2 rs1439050 genotype (p=0.56)
or allele (p=1.00) frequencies between the non-severe and severe asthma patients (Table 16).
As demonstrated in Table 16, no significant differences between the non-severe and severe
asthma patients were detected in the distribution of the carriers of the TT genotype or the G

allele (p=0.43), or in the frequencies of T allele or GG genotype carriers (p=0.72).
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Table 16. Distribution of genotypes, alleles and carriers of NTRK2 rs1439050 polymorphism

in non-severe (n=59) and severe (n=61) asthma patients

Non-Severe Asthma Severe Asthma

NTRK2 rs1439050

Polymorphism Pﬁtl(g/r;’;s, Pﬁt'(ﬁ/r(‘)gs’ Statistical Analysis
GG 33 (55.93) 32(52.46)  p=0.56,
Genotypes GT 22 (37.29) 27 (44.26) x2=1.16,
TT 4 (6.78) 2 (3.28) 72 test
G 88 (74.58) 91 (7459)  p=1.00,
Alleles T 30 (25.42) 31(25.41)  Fisher’s exact test
G 55 (93.22) 59 (96.72)  p=0.43,
) TT 4 (6.78) 2 (3.28) Fisher’s exact test
Carriers T 26 (44.07) 29 (47.54)  p=0.72,
GG 33 (55.93) 32 (52.46) Fisher’s exact test

n = total number of observations in the data; NTRK2 = neurotrophic receptor tyrosine kinase 2

(tropomyosin receptor kinase B or TrkB).

5.3.9. The association of plasma BDNF concentrations with clinical characteristics of
asthma patients

The analysis of the association between plasma BDNF concentrations and clinical
characteristics of asthma patients revealed a positive correlation (p=0.023, r=0.21) between
plasma BDNF concentration and duration of disease in asthma patients (Table 17), although
this result was not significant after correcting for multiple testing. On the other hand, asthma
patients with a history of pneumonia (0.69 pg/mL, IQR: 0.48-0.92) had nominally lower
plasma BDNF concentrations (p=0.026) in comparison to asthma patients who had previously
never developed pneumonia (0.95 pg/mL, IQR: 0.61-1.29). Plasma BDNF concentrations
were nominally higher (p=0.025) in asthma patients with nasal polyps (1.12 pg/mL, IQR:
0.72-1.35) versus those without (0.81 pg/mL, IQR: 0.58-1.15). Furthermore, asthma patients
with sensitivity to aspirin (1.22 pg/mL, IQR: 0.93-1.77) had significantly higher BDNF levels
in plasma (p=0.009) than asthma patients lacking aspirin sensitivity (0.84 pg/mL, IQR: 0.57-
1.18) (Table 17).
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Table 17. The association of plasma BDNF concentration with clinical characteristics in

asthma patients

Clini I Plasma BDNF Statistical test
inical Characteristics .
Concentration (pg/mL)

Total Serum IgE (1U/mL) p=0.50, r=-0.06
Blood eosinophils (x10%L) p=0.69, r=0.04 S
Blood neutrophils (x10%L) p=0.92, r=-0.01 =
FeNO (ppb) p=0.98, r=-0.002 o
FEV1 (% of predicted value) p=0.41, r=0.07 §
FVC (% of predicted value) p=0.65, r=-0.04 =
PEF (% of predicted value) p=0.58, r=-0.05 £
DLCO (%) p=0.055, r=-0.17 S
Duration of disease (years) p=0.023, r=0.21 &
Comorbidities (n) p=0.35, r=0.08

Clinical characteristics Plasmq BDNF

Concentration (pg/mL)

Penicillin allergy p=0.18, U=977.50
Nutritive allergy p=0.10, U=458.50
Animal dander / feather allergy p=0.31, U=779.00
Dust allergy p=0.06, U=1408.00
Pollen allergy p=0.72, U=1709.00 ks
Fungal / mould allergy p=0.28, U=390.50 =y
Early onset asthma (age <12 years) p=0.12, U=817.00 g
History of pneumonia p=0.026, U=718.00 <
Emergency intervention (ever) p=0.53, U=1274.00 E
Hospitalization for asthma (ever) p=0.70, U=1724.00 =
Nasal polyps p=0.025, U=891.00 p=
Aspirin sensitivity p=0.009*, U=314.00
Allergen specific immunotherapy p=0.99, U=787.00
Oral corticosteroid therapy p=0.58, U=1258.00
Biological therapy p=0.80, U=962.50

*statistically significant (p<0.01); Mann-Whitney test.

BDNF = brain-derived neurotrophic factor; DLCO = diffusing capacity of lung for
carbon monoxide; FeNO = fractional exhaled nitric oxide; FEV1 = forced expiratory
volume in one second; FVC = forced vital capacity; IgE = immunoglobulin E; IQR =
interquartile range (25" to 75" percentile); 1U = international units; n = total number of

observations in the data; PEF = peak expiratory flow; ppb = parts per billion.

5.3.10. Plasma BDNF concentration according to asthma phenotype

In addition, we investigated the plasma BDNF concentrations in various asthma phenotypes.
As shown in Table 18, we found no differences in the plasma BDNF concentrations between
asthma patients with T2-high and T2-low (p=0.43), non-allergic and allergic (p=0.41), or
eosinophilic versus non-eosinophilic asthma (p=0.54) phenotypes. However, patients with
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AERD demonstrated nominally higher plasma BDNF concentrations (p=0.017) than those
without AERD (Table 18).

Table 18. Plasma BDNF concentration in patients with different asthma phenotypes

Asthma Plasma BDNF Concentration (pg/mL), Statistical

Phenotypes Median (IQR: 25%-75%) Analysis
T2-high (n=94) 0.91 (0.60-1.30) p=0.43,

U=1097.00,
T2-low (n=26) 0.82 (0.42-1.14) Mann-Whitney test
Non-allergic (n=42) 0.98 (0.60-1.29) p=0.41,

: U=1487.00,
Allergic (n=78) 0.82 (0.58-1.20) Mann-Whitney test
Non-eosinophilic (n=73) 0.92 (0.54-1.20) p=0.54,
Eosinophilic (n=47) 0.88 (0.61-1.34) &Zﬁ?}?@?}%’ney ot
Non-AERD (n=111) 0.85 (0.58-1.18) p=0.017,

AERD (n=9) 1.22 (0.92-2.05) U=262.00,

Mann-Whitney test
AERD = aspirin-exacerbated respiratory disease; BDNF = brain-derived neurotrophic factor;

IQR = interquartile range (25" to 75" percentile); n = total number of observations in the
data; T2 = type 2.

5.3.11. BDNF Val66Met polymorphism (rs6265) and asthma phenotype

As shown in Table 19, there were no significant differences in the distribution of the BDNF
Val66Met genotypes (p=0.50), alleles (p=0.44), GG vs. A allele carriers (p=0.49), or AA vs. G
carriers (p=1.00) between asthma patients with T2-high and T2-low phenotypes. In addition, the
frequencies of BDNF Val66Met genotypes (p=0.27), alleles (p=0.18), GG vs. A allele carriers
(p=0.24), and AA vs. G carriers (p=0.55) were not significantly different between non-allergic
and allergic asthma patients (Table 19). Moreover, we observed no significant differences in the
frequencies of BDNF Val66Met genotypes (p=0.60), alleles (p=0.62), GG vs. A allele carriers
(p=0.71), or AA vs. G carriers (p=0.56), between patients with and without eosinophilic asthma.
There were also no significant differences in the distribution of the BDNF Val66Met genotypes
(p=0.86), alleles (p=1.00), GG vs. A allele carriers (p=1.00), or AA vs. G carriers (p=1.00),
between asthma patients with and without AERD (Table 19).
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Table 19. Distribution of genotypes, alleles and

patients with different asthma phenotypes

carriers of BDNF Val66Met polymorphism in

BDNF rs6265

T2-high, n (%)

T2-low, n (%)

Statistical Analysis

AA 3(3.19) 0 (0.00) p=0.50,
Genotypes | AG 35 (37.23) 8 (30.77) 2=1.37,
GG 56 (59.57) 18 (69.23) x2 test
Alleles A 41 (21.81) 8 (15.38) p=0.44,
G 147 (78.19) 44 (84.62) Fisher’s exact test
A 38 (40.42) 8 (44.26) p=0.49,
Carriers GG 56 (59.58) 18 (55.74) Fisher’s exact test
G 91(96.81) 26 (95.08) p=1.00,
AA 3(3.19) 0 (0.00) Fisher’s exact test
BDNF rs6265 Non-allergic, n (%) Allergic, n (%) Statistical Analysis
AA 0 (0.00) 3 (3.85) p=0.27,
Genotypes | AG 13 (30.95) 30 (38.46) 12=2.62,
GG 29 (69.05) 45 (57.69) x2 test
Alleles A 13 (15.48) 36 (23.08) p=0.18,
G 71 (84.52) 120 (76.92) Fisher’s exact test
A 13 (30.95) 33 (42.31) p=0.24,
carriers GG 29 (69.05) 45 (57.69) Fisher’s exact test
G 44 (100.00) 75 (96.15) p=0.55,
AA 0 (0.00) 3 (3.85) Fisher’s exact test
BDNF rs6265 | Non-eosinophilic, n (%) | Eosinophilic, n (%) | Statistical Analysis
AA 1(1.37) 2 (4.26) p=0.60,
Genotypes | AG 26 (35.62) 17 (36.17) x2=1.01,
GG 46 (63.01) 28 (59.57) x2 test
Alleles A 28 (19.18) 21 (22.34) p=0.62,
G 118 (80.82) 73 (77.66) Fisher’s exact test
A 27 (36.99) 19 (40.43) p=0.71,
Carriers GG 46 (63.01) 28 (59.57) Fisher’s exact test
G 72 (98.63) 45 (95.74) p=0.56,
AA 1(1.37) 2 (4.26) Fisher’s exact test
BDNF rs6265 Non-AERD, n (%) AERD, n (%) Statistical Analysis
AA 3(2.70) 0 (0.00) p=0.86,
Genotypes | AG 40 (36.04) 3(33.33) x2=0.30,
GG 68 (61.26) 6 (66.67) x2 test
Alleles A 46 (20.72) 3 (16.67) p=1.00,
G 176 (79.28) 15 (83.33) Fisher’s exact test
A 43 (38.74) 3(33.33) p=1.00,
carriers GG 68 (61.26) 6 (66.67) Fisher’s exact test
G 108 (97.30) 9 (100.00) p=1.00,
AA 3(2.70) 0 (0.00) Fisher’s exact test

AERD = aspirin-exacerbated respiratory disease; BDNF = brain-derived neurotrophic factor; n =

total number of observations in the data; T2 = type 2.
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5.3.12. NTRK2 (TrkB) rs1439050 polymorphism and asthma phenotype

The distribution of the NTRK2 rs1439050 genotypes (p=0.14), alleles (p=0.07), GG vs. T
allele carriers (p=0.55), and TT vs. G carriers (p=0.34) was not significantly different between
asthma patients with T2-high and T2-low phenotypes (Table 20). Moreover, we observed no
significant differences in the frequencies of NTRK2 rs1439050 genotypes (p=0.09), alleles
(p=0.06), GG vs. T allele carriers (p=0.13), or TT vs. G carriers (p=0.09) between non-
allergic and allergic asthma patients. As demonstrated in Table 20, the frequencies of NTRK2
rs1439050 genotypes (p=0.78), alleles (p=0.76), GG vs. T allele carriers (p=0.58), and TT vs.
G carriers (p=1.00) were not significantly different between patients with and without
eosinophilic asthma. In addition, asthma patients with and without AERD did not differ in
their distribution of the NTRK2 rs1439050 genotypes (p=0.77), alleles (p=1.00), GG vs. T
allele carriers (p=1.00), or TT vs. G carriers (p=1.00) (Table 20).
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Table 20. Distribution of genotypes, alleles and carriers of NTRK2 rs1439050 polymorphism in

patients with different asthma phenotypes

NTRK2 rs1439050 T2-high, n (%) T2-low, n (%) Statistical Analysis
GG 47 (50.00) 18 (69.23) p=0.14,
Genotypes | GT 41 (43.62) 8 (30.77) ¥2=3.87,
TT 6 (6.38) 0 (0.00) x2 test
Alleles G 135 (71.81) 44 (84.61) p=0.07,
T 53 (28.19) 8 (15.39) Fisher’s exact test
GG 47 (50.00) 18 (69.23) p=0.55,
Carriers T 47 (50.00) 8 (30.77) Fisher’s exact test
TT 6 (6.38) 0 (0.00) p=0.34,
G 88 (93.62) 26 (100.00) Fisher’s exact test
NTRK2 rs1439050 Non-allergic, n (%) Allergic, n (%) Statistical Analysis
GG 27 (64.29) 38 (48.72) p=0.09,
Genotypes | GT 15 (35.71) 34 (43.59) x2=4.87,
TT 0 (0.00) 6 (7.69) 2 test
Alleles G 69 (82.14) 110 (70.51) p=0.06,
T 15 (17.86) 46 (29.49) Fisher’s exact test
GG 27 (64.29) 38 (48.72) p=0.13,
Carriers T 15 (35.71) 40 (51.28) Fisher’s exact test
TT 0 (0.00) 6 (7.69) p=0.09,
G 42 (100.00) 72 (92.31) Fisher’s exact test
NTRK2 rs1439050 | Non-eosinophilic, n (%) | Eosinophilic, n (%) | Statistical Analysis
GG 41 (56.16) 24 (51.06) p=0.78,
Genotypes | GT 28 (38.36) 21 (44.68) x2=0.50,
TT 4 (5.48) 2 (4.26) 2 test
Alleles G 110 (75.34) 69 (73.40) p=0.76,
T 36 (24.66) 25 (26.60) Fisher’s exact test
GG 41 (56.16) 24 (51.06) p=0.58,
Carriers T 32 (43.84) 23 (48.94) Fisher’s exact test
TT 4 (5.48) 2 (4.25) p=1.00,
G 69 (94.52) 45 (95.75) Fisher’s exact test
NTRK2 rs1439050 Non-AERD, n (%) AERD, n (%) Statistical Analysis
GG 60 (54.05) 5 (55.56) p=0.77,
Genotypes | GT 45 (40.54) 4 (44.44) x2=0.52,
TT 6 (5.41) 0 (0.00) x2 test
Alleles G 165 (74.32) 14 (77.78) p=1.00,
T 57 (25.68) 4 (22.22) Fisher’s exact test
GG 60 (54.05) 5 (55.56) p=1.00,
Carriers T 51 (45.95) 4 (44.44) Fisher’s exact test
TT 6 (5.40) 0 (0.00) p=1.00,
G 105 (94.60) 9 (100.00) Fisher’s exact test

AERD = aspirin-exacerbated respiratory disease; n = total number of observations in the data;
NTRK2 = neurotrophic receptor tyrosine kinase 2 (tropomyosin receptor kinase B or TrkB);
T2 =type 2.
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6. DISCUSSION

There is emerging evidence indicating that peripheral 5-HT and BDNF are associated with
asthma. The novelty of this study is that it is the first one to investigate the associations of
platelet 5-HT concentration, platelet MAO-B activity, plasma BDNF concentration, and the
SNPs of the BDNF (rs6265 [Val66Met]) and NTRK2 (rs1439050) genes with adult asthma in
an ethnically and racially homogeneous study population (i.e., Croatian Caucasians) of

asthma patients and healthy controls.

The research findings are discussed in this section of the dissertation with respect to the

general and specific aims of the study.

6.1. General characteristics of the study population

In our study, healthy individuals and asthma patients differed in their age, gender distributions
and smoking status. The control subjects were younger than the asthma patients and
composed largely of men, a finding that reflects the existing data on volunteer blood donors in
Croatia, with a reported median age of 37 to 40 years and a male predominance of 83.9%
[437-438]. The asthma group was older and consisted predominantly of females, which is
similar to the literature in that after puberty, women continue to be affected by asthma more
than men even after the age of 50 [22, 439]. As expected, the observed age difference between
the asthma patients and the controls occurred by virtue of the significantly older individuals in
the group of severe asthma patients, consistent with the data showing that asthma is more

severe in older adults and in patients with longer asthma duration [440].

With respect to smoking prevalence, there were more active smokers among the healthy
subjects than asthma patients in our study. This is expected given that asthma patients
(30.83% ex-smokers in our study) are more likely in general to quit smoking because of more
severe asthma symptoms, in addition to the obvious benefits of smoking cessation in
improving lung function [441]. The observed 34.17% of smokers in the control group is
consistent with the published data on smoking (37.45%) in the general population of Croatia
[442]. On the other hand, the finding of 8.33% of active smokers in the asthma group is in
line with the reports of smoking among asthma patients in Brazil and Spain, but not as high as

recorded in many other countries [443].

Obesity is a growing global health crisis, with an ever-worsening epidemic of overweight and
obese (BMI > 30.0 kg/m?) children and adults in Europe [444-445]. According to the latest
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Eurostat data, 53% of the adult population living in the EU in 2019 was considered
overweight (BMI > 25.0 kg/m?; 36% pre-obese and 17% obese) [446]. The highest proportion
of overweight adults (65%) was recorded in Croatia and Malta [446]. Obesity is a common
comorbidity in asthma, and may represent a unique asthma phenotype/endotype that is
associated with more severe disease, unresponsive to conventional controller medications
[447-449].

Adults with asthma and healthy subjects in our study had similar BMIs, and were mainly of
normal weight (BMI 18.5-24.9 kg/m?) or non-obese, but 18.33% of healthy individuals and
23.33% of asthma patients were classified as obese (BMI > 30.0 kg/m?). Nevertheless, the
majority of individuals were considered overweight (BMI > 25.0-29.9 kg/m?; 45.00% of
healthy subjects and 37.50% of asthmatics). Previous studies have shown that a higher BMI
and body fat are associated with asthma, and obesity is how recognized as a major risk factor
for adult asthma in all demographic groups [447, 449-450]. However, a more recent study on
resting energy expenditure in asthma revealed no differences in the BMI of adult asthma
patients and controls who were in the overweight/obese category based on mean BMI, but the
authors point out that the asthma group consisted of only non-severe asthmatics [451]. Most
recently, the findings of Zhang and co-authors (2022) suggest the importance of maintaining
normal weight during adulthood to prevent asthma in later life [452].

6.2. Platelet 5-HT concentration and platelet MAO-B activity

6.2.1. Age, gender, smoking status, and body mass index (BMI) associations with 5-HT
concentration in platelets

Blood platelet 5-HT concentration might serve as a suitable and easily accessible peripheral
biomarker of asthma. A number of variables have been suggested to contribute to differences
in normal (or reference) 5-HT values in control groups as well as patient groups, including
age, gender and methodology (i.e., isolation procedure), among others, but not intraindividual
differences over time [236]. In the limited number of published papers on asthma and 5-HT
that have been mentioned previously in this dissertation, the parameters of age, gender,
smoking, and BMI were neither specifically, nor secondarily, investigated in relation to blood
5-HT levels. Therefore, direct comparisons in this context to studies similar to ours were not
possible here. However, indirect comparisons can be made to work in other research fields

that have also analyzed these aforementioned parameters with respect to blood 5-HT.
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Our finding of no significant correlation between platelet 5-HT concentration and age in adult
asthma patients or healthy subjects seems to confirm some studies, but contrast others, albeit
in different study populations outside of asthma. Contradictory results regarding the effect of
age on platelet 5-HT levels have been reported in the literature by some studies within the
context of their various research fields and objectives. Flachaire et al. (1990), for example,
found age-related differences in platelet 5-HT concentrations in a healthy population, with
elderly subjects having significantly lower levels compared to adults and children, though the
samples sizes were rather limited [453]. In contrast, Kumar et al. (1998) reported a significant
positive correlation between platelet 5-HT and age in a cohort of women [454]. Nonetheless,
a recent study by Sagud et al. (2016) found no age-related associations with platelet 5-HT
concentrations in either healthy subjects or depressed patients [432]. Nenadic-Sviglin et al.
(2011) also showed no significant correlation between platelet 5-HT concentration and age in
alcoholic patients or healthy subjects [455]. Thus, additional research in this area in the

asthmatic population, with larger sample sizes, is clearly needed.

There is also no consensus regarding gender-related associations with platelet 5-HT in the
literature. Concerning sex-related changes in platelet 5-HT levels, Sagud et al. (2016) reported
no association [432]. Flachaire et al. (1990) also reported no significant gender-related
differences in platelet 5-HT concentration in each age group (newborns, children, adults, and
elderly) [453]. Therefore, our study showing no correlation between gender and platelet 5-HT
concentration in asthma patients or healthy individuals is in line with these earlier studies, but
in contradiction to others, such as the data from Pivac et al. (2004) that showed sex-related
differences in platelet 5-HT concentrations (i.e., higher platelet 5-HT concentration in men
than in women) in both healthy subjects and alcoholic patients [456]. Thus, further studies in

this area in the asthmatic population, with larger sample sizes, are warranted.

Regarding smoking status, our finding that smokers and non-smokers in both the asthma and
control groups had similar platelet 5-HT concentrations, with no statistically significant
differences, aligns with the study by Sagud and colleagues (2016) showing no association
between smoking and platelet 5-HT concentration in depressed patients or controls as well as
with Pivac et al. (2004) demonstrating that smoking status has no effect on platelet 5-HT
concentration in healthy individuals or alcoholic subjects [432, 456]. However, other studies
have described that platelet 5-HT concentration is significantly affected by smoking in

alcohol-dependent subjects [457-458]. Interestingly, Launay et al. (2009) found the platelet 5-
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HT content to be similar in smokers and non-smokers, but lower in former smokers, despite
the inhibition of MAO-B activity during smoking [459]. On the other hand, Padmavathi et al.
(2015) reported decreased platelet 5-HT levels in smokers (in a group of healthy male
volunteers) [291]. Therefore, more research in this area on a larger number of asthma cases

and controls would help clarify these equivocal results.

From the literature, circulating 5-HT is suggested to be a key factor in the development of
obesity [460]. The primary 5-HT receptor through which 5-HT modulates feeding and body
weight is the 5-HT 2C receptor (5-HT2c R), which has been a target of weight loss
medications [461]. For example, the 5-HT2c R agonist lorcaserin has been used for obesity
treatment since 2012 [461]. The precise link between peripheral blood levels of 5-HT and
obesity, however, is unclear, with some studies reporting elevated, and others reduced,
peripheral 5-HT concentrations in the obese [e.g., 460, 462]. In our study, neither the asthma
patients nor the healthy control subjects showed any BMI-related differences in platelet 5-HT
concentration. This is in contrast to a study on whole blood 5-HT in healthy adult volunteers
that demonstrated a significant negative correlation with BMI [460]. Moreover, Ritze et al.
(2016) showed a reduction in serum 5-HT in obese compared with non-obese individuals
[463], and Binetti et al. (2020) revealed decreased 5-HT levels in women with morbid obesity
[464]. On the other hand, Young et al. (2018) reported higher plasma 5-HT levels in obese

than in control subjects [462].

6.2.2. Age, gender, smoking status, and BMI associations with MAO-B activity in
platelets

Platelet MAO-B activity also seems to be influenced by various factors, such as age, gender
and smoking status [291, 465-467]. In earlier studies, as summarized in Berlin and
Anthenelli's (2001) and Nicotra et al.'s (2004) reviews, MAO-B in the human brain appears to
exhibit a positive correlation with age [e.g., 468-471], and the highest levels of MAO-B
activity have been reported to occur in late adulthood [467]. However, studies examining the
effects of age on MAO-B activity in thrombocytes have provided conflicting results [467].
While some have described an increase in platelet MAO-B activity with advancing age [e.g.,
465], others have found no age-related differences [e.g., 472]. In line with the lack of effect of
age on platelet MAO-B activity in the more recent studies by Pivac et al. (2006) in healthy

Caucasian men from Croatia and Coccini et al. (2005) in healthy Caucasian men and women
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in Italy, our study also showed no age-related changes in platelet MAO-B activity in men or
women among both the asthma and healthy cohorts [466, 473].

MAO-B activity in thrombocytes seems to differ depending on the gender, as evidenced by
our study showing that females in both groups (asthma and healthy) had increased platelet
MAO-B activity compared to the males. This is consistent with the similar outputs of
numerous earlier studies showing that enzyme activity was lower in men [e.g., 465, 472, 474],
as reviewed in Berlin and Anthenelli (2001) [467]. More recent studies have produced similar
results. For instance, in a study population of various ages and different ethnic backgrounds,
Snell et al. (2002) found that females had significantly higher MAO-B activity compared with
males, regardless of smoking status [475]. Coccini et al. (2005) also produced a similar trend,
with MAO-B activity being significantly higher in healthy women than men [473]. Gender
differences might be due to hormonal effects on MAO-B activity and this should be explored

further.

It is now well established that smoking reduces MAO-B activity [e.g., 291], and this effect is
suggested to be durable, with high MAO-B protein concentration persisting for years after
quitting smoking due to increased MAO-B protein synthesis as a potential compensatory
response for the decreased enzyme activity brought on by oxygen deprivation [281]. As
expected, in our study, the decreased platelet MAO-B activity in cigarette smokers compared
to non-smokers (former and never-smokers) in both asthmatics and healthy controls confirms
the consistent findings of a number of earlier studies on brain and platelet MAO-B, as
reviewed by Berlin and Anthenelli (2001) and Fowler et al. (2003) [290, 467]. In addition,
Snell et al. (2002) revealed that platelet MAO-B activity was significantly reduced in smokers
compared with non-smokers and ex-smokers in both males and females of different ethnic
backgrounds [475]. The same association between enzyme activity of MAO-B and smoking
status was later also reported in healthy male Croatian Caucasians [466], and more recently,
by the same research team, in subjects with schizophrenia or conduct disorder [476] and post-

traumatic stress disorder [477].

Obesity, a chronic metabolic disease associated with a state of increased oxidative stress, and
thereby, generation of high amounts of reactive oxygen species (ROS) due to an excess of
adipose tissue, has become a global pandemic in both children and adults [278, 478]. The
importance of obesity in asthma has been discussed earlier. Despite this, the potential role of

MAOQO as mitochondrial contributor to ROS production in obesity appears to have been
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generally neglected over the years [278]. There have been a number of animal studies over the
years showing an increased MAO activity in obese mice [479], dogs [480] and pigs [481].
Unfortunately, human studies are lacking and this observation has not yet been verified in
humans [279]. With respect to the effects of BMI or obesity on MAO-B activity in
thrombocytes, our study showed a negative correlation of platelet MAO-B activity with BMI
in healthy subjects, but not asthma patients. Ehrlich et al. (2008) found a similar result in
anorexic females, but not healthy control women, showing a significant negative correlation
between BMI and platelet MAO-B activity, specifically, low enzyme activity in weight-
recovered anorexic patients [482]. Other similar studies on anorexia have confirmed these
findings, but given that there are no known studies explicitly focused on BMI and platelet

MAO-B activity, we are unable to provide a comprehensive comparison with our results.

6.2.3. Platelet 5-HT concentration and platelet MAO-B activity in asthma patients and
healthy control subjects

6.2.3.1. Platelet 5-HT concentration in asthma patients and healthy control subjects

Currently available data have suggested the important function of platelets and their release
products, such as 5-HT, in various inflammatory diseases, including asthma [483-485].
Platelets have been found to actively participate in most of the main features of asthma [485].
In addition, it has been shown that 5-HT modulates activities of cells classically involved in
asthma by regulating adhesion, migration and cytokine-chemokine production [379].
Research has increasingly implicated the serotonergic system in asthma. A number of studies
have supported an association between 5-HT and asthma, but the exact role of 5-HT in asthma
remains unclear. Most published studies to date have investigated free 5-HT levels in the
serum or plasma of asthma patients [e.g. 259]. To date, despite the fact that platelets contain
the majority of blood 5-HT, there is a scarcity of known published reports in the literature
focused on clarifying the role of platelet 5-HT concentrations in asthma and its application to

identifying novel asthma phenotypes [e.g., 268-269, 486].

We evaluated whether platelet 5-HT levels are associated with asthma and demonstrated that
platelet 5-HT concentration in our study was significantly reduced in asthma patients
compared to healthy controls. These findings corroborate those of earlier studies on 5-HT in
thrombocytes. Malmgren et al. (1978), for example, reported that 5-HT accumulation in
platelets from migraine and asthmatic patients, albeit acetylsalicylic acid (aspirin)-induced

asthmatics, was substantially reduced in comparison to that in platelets from non-diseased
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(i.e., healthy) individuals [486]. In a later study by the same research team, higher amounts of
5-HT were found in the serum and whole blood of asthmatic patients than normal (i.e.,
healthy) subjects [268]. Similarly, Matkar et al. (1999) observed lower levels of platelet
biogenic amines (5-HT and histamine) in asthmatic patients compared to healthy subjects
(aged 20-60 years) in a Punjabi study population [269]. Plausible explanations for the
decreased concentrations of platelet 5-HT (or, increased levels of serum, plasma or whole
blood concentrations of 5-HT) can be found in these earlier studies. Namely, platelets from
patients with asthma have been shown to have a reduced capacity to accumulate 5-HT [486]

and a disturbed active 5-HT uptake mechanism [487].

6.2.3.2. Platelet MAO-B activity in asthma patients and healthy control subjects
Although the two subtypes of MAQOs, A and B, are located throughout the brain, only MAO-B
exists in human platelets [488]. Despite differing in their preferred substrate specificity or
binding affinity, MAO-A and MAO-B do not possess absolute substrate specificity, and both
of them degrade dopamine, tryptamine and tyramine [195]. MAO-A catabolizes primarily 5-
HT (with a 120-fold higher affinity than MAO-B), and, to a lesser degree, norepinephrine,
whereas MAO-B preferentially degrades B-phenylethylamine and benzylamine [195]. In the
absence of one of the MAO isoenzymes, the other can compensate, either partially or fully, by
deaminating a certain amount of its nonpreferred biogenic amine substrates [195, 489-491].
Additionally, MAO-A and MAO-B can oxidize each other’s preferred substrates when the
substrate or enzyme concentration is changed [490, 492-493]. Specifically, it has been
suggested that MAO-B might play a subsidiary role in the metabolism of catecholamines
when MAO-A activity is deficient [491].

The biogenic amine 5-HT is mainly metabolized via its oxidative deamination [494]. During
this process, compounds involved in oxidative stress, such as H>O2 and reactive aldehydes,
are constantly generated as by-products [495]. MAO-related oxidative stress in brain diseases,
cardiovascular and metabolic pathologies as well as cancer and immunologic diseases have
been extensively studied [279, 496]. Asthma is a chronic inflammatory disease and it is
believed that the enhanced oxidative stress observed in asthma subjects plays a critical role in
its pathogenesis [496]. The specific function of MAO-generated oxidative stress and MAO-

related inflammation in asthma, however, remains to be fully elucidated.

The association of platelet MAO-B activity with asthma, according to our extensive literature

search and as far as we are aware, has yet to be investigated, and therefore, is currently
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unknown. Research is needed to discover the contribution of MAO-B to asthma
pathophysiology, if any. Platelet MAO-B activity was increased in our asthma patients
compared to the healthy subjects. This finding is supported by Matkar et al. (1999) who
demonstrated that plasma MAO enzymatic levels were significantly higher in asthma patients
than healthy subjects (non-asthmatics) [269]. Moreover, in the work by Zarmouh et al.
(2016), Ferula assafoetida resin (aka stinking assa; family Apiaceae) was found to be a
highly potent and selective inhibitor of recombinant human MAO-B [497]. Interestingly, this
oleo-gum-resin has been used traditionally for centuries around the world as a culinary spice
and a phytomedicine, but in folklore medicine, it is mostly used to treat various diseases,
including asthma, GI conditions and neuronal disorders [497-498]. If MAO-B indeed assumes
the function of enzyme-catalyzed degradation of 5-HT in human thrombocytes in the absence
of MAO-A, then an elevated platelet MAO-B activity in asthma patients could contribute to a
decrease in concentration of platelet 5-HT, in comparison with healthy individuals, as

observed in our study.

6.2.4. The association of platelet 5-HT concentration and platelet MAO-B activity with

asthma severity

6.2.4.1. Platelet 5-HT concentration and asthma severity

We examined whether asthma severity is associated with platelet 5-HT concentration and
determined that no such association exists given that our non-severe and severe asthma
patients had similar values for 5-HT levels. However, when examining the relationship
between the healthy controls and non-severe asthma patients, as well as the healthy controls
and severe asthma patients, decreased 5-HT levels were discovered only in the severe asthma
patients compared to the healthy subjects. Our findings were indirectly supported by an earlier
study by Lechin et al. (1996) who focused on plasma (rather than platelet) 5-HT
concentration, in addition to other neuroendocrine factors (norepinephrine, epinephrine,
dopamine, and cortisol in plasma) in symptomatic versus asymptomatic asthma patients,
ranging in age from 6 to 39 years (average age, 20.5 years) [259]. Lechin et al. (1996)
established that increased levels of free 5-HT in plasma occurred during periods of
exacerbations of asthma symptoms, with higher levels in symptomatic patients than
asymptomatic patients [259]. In addition, there was a positive correlation of plasma 5-HT
levels with clinical severity, but a negative one with pulmonary function, in symptomatic

asthma patients [259]. In their study, free 5-HT was the only neuroendocrine factor that was
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closely associated with these two parameters of asthma severity, which suggested that 5-HT
might play an important role in the pathophysiology of acute asthma [259]. Their results
support those of Malmgren et al. (1982) and Nemtsov et al. (1994) who had previously
reported similar findings in asthma patients [259, 268, 499]. For instance, Nemtsov et al.
(1994) recorded increased levels of free 5-HT in the plasma of symptomatic asthma patients
[499], whereas in the study by Malmgren et al. (1982), higher amounts of 5-HT were found in
the serum and whole blood of asthmatic patients than control (i.e., healthy) subjects, as

mentioned earlier [268].

A plausible explanation for the reported differences in 5-HT levels in asthma patients versus
healthy control subjects, or severe asthma patients versus control subjects, might be a
defective uptake of 5-HT by platelets in asthma, that is, a severe impairment versus slight
disturbance in platelet 5-HT uptake in symptomatic versus asymptomatic endogenous asthma
patients, respectively, as demonstrated by Malmgren et al. (1982) [268]. Previous exposure to
an increased concentration of free 5-HT in the plasma may contribute to the defect in platelet
5-HT uptake [268]. Another possible reason for the decreased platelet 5-HT levels, or
increased plasma 5-HT levels, observed in symptomatic asthma patients could be an increased
platelet aggregability that is always present in these asthma patients [259]. As reiterated
earlier in this work, most of the 5-HT in the peripheral circulation is located in platelets, later
to be released from their granules during platelet activation and aggregation. It has been
shown that platelet aggregation increases during exacerbation periods in symptomatic asthma
patients and decreases during periods of clinical improvement, and therefore, increased free 5-
HT levels during asthma exacerbations may be secondary to this enhanced platelet
aggregation [259]. In addition, free 5-HT levels have been shown to correlate positively with
bronchoconstriction and clinical severity, whereas asthma exacerbations disappear
immediately upon administration of tianeptine, a drug that enhances 5-HT uptake and

serotonergic axons in the CNS [267].

Lechin and co-authors (2004) outlined some additional evidence for the role of peripheral and
CNS mechanisms in the lungs that might contribute to altering 5-HT levels in the blood,
thereby worsening asthma symptoms (i.e., increased clinical severity), and at the same time,
explaining the therapeutic benefits of tianeptine in asthma. For instance, increased plasma 5-
HT levels in asthmatics is not only triggered by platelet aggregation, but also nocturnal and/or

diurnal hyperparasympathetic activity [267]. In addition, pulmonary neuroendocrine cells
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located at parasympathetic terminals (i.e., presynaptic cells) release 5-HT, potentiating
acetylcholine-induced contraction of bronchial muscle (mediated by 5-HTs and 5-HT4
postsynaptic receptors on the bronchial muscle) [267]. Also, 5-HT released by medullary
serotonergic axons stimulates the medullary vagal cardiorespiratory neurons, suggesting the
involvement of 5-HT-mediated CNS mechanisms [267]. Moreover, drugs that interfere with
5-HT uptake (e.g., buspirone, with its main neuropharmacologic effect mediated via the 5-
HTia receptors), by both platelets and 5-HT-terminals, can exacerbate existing asthma

symptoms and trigger asthma attacks [267, 500].

6.2.4.2. Platelet MAO-B activity and asthma severity

Asthma severity was not associated with platelet MAO-B activity in our study. Non-severe
and severe asthma patients had similar levels of platelet MAO-B activity. Furthermore, there
was an increase in platelet MAO-B activity in the non-severe and severe asthma patients
when each of them was compared to the healthy subjects. Unfortunately, no studies to date
have been published on this topic in the literature; hence, comparisons could not be made with

regards to our findings.

6.2.5. The association of platelet 5-HT concentration and platelet MAO-B activity with
neutrophils in asthma

Platelets and neutrophils interact and modulate each other's functions during infection,
inflammation and thrombosis [501]. There is accumulating experimental and clinical evidence
for a role of platelet-neutrophil crosstalk in these clinical conditions [501]. Inflammatory
responses have been shown to depend on this platelet-neutrophil interplay to help localize
platelets to inflammatory sites, potentiate production of oxygen radicals and promote
neutrophil activation [502]. In our study, blood neutrophil count was positively correlated
with platelet MAO-B activity in asthma patients, though this was not a statistically significant
finding after correcting for multiple testing. The interpretation for this potential correlation

may lie in the close interconnection between neutrophils and platelets, as explained.

Blood neutrophil count, however, was not correlated with platelet 5-HT concentration in
asthma patients in our study. From the literature, platelet 5-HT, along with other platelet-
derived mediators, promotes the recruitment of neutrophils to sites of inflammation, such as
in allergic asthma [503-505]. All the same, this neutrophil recruitment by platelet 5-HT might
not necessarily be reflected in the blood neutrophil count in general. It is worth noting that

neutrophil count in relation to platelet 5-HT concentration and platelet MAO-B activity in
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healthy subjects was not examined in our study. Therefore, further studies may provide data
to clarify and expand this important area of asthma research.

6.2.6. The association of platelet 5-HT concentration and platelet MAO-B activity with
different asthma phenotypes

No differences in platelet 5-HT concentration between patients with various asthma
phenotypes (T2-high and T2-low, non-allergic and allergic, eosinophilic and non-
eosinophilic, AERD and non-AERD) were observed. Likewise, platelet MAO-B activity did
not differ on the basis of the aforementioned asthma phenotypes. There are no known
published studies to date on the association between platelet 5-HT levels or platelet MAO-B
activity and asthma phenotype, apart from allergic asthma, thus, comparisons with the

literature were very limited.

Although in our study there were no statistically significant differences in platelet 5-HT
concentrations between allergic and non-allergic asthma patients, or between non-allergic
asthma patients and healthy subjects, platelet 5-HT levels in patients with allergic asthma
were nevertheless significantly lower than in healthy control subjects. At first glance, this
may seem to conflict with very early studies that reported higher blood levels of 5-HT in
patients with allergic asthma compared to healthy individuals [268, 506-507]. However, it
should be noted that the 5-HT levels measured in these previous studies were derived from
serum and whole blood samples, whereas the 5-HT concentrations in our study were
measured in platelets. Therefore, an increased amount of free 5-HT in the blood may reflect a
greater release of 5-HT into the circulation from the dense granules of platelets during platelet
activation in allergic asthma patients, with a consequential decrease in the platelet 5-HT

concentration in these patients compared to healthy subjects.

In line with this presumption is that the endogenous content of 5-HT in human thrombocytes,
namely a decrease in platelet 5-HT concentration, has been used over the years in clinical
research as a surrogate marker of platelet activation [236]. As described in a detailed review
on the roles of blood platelets in the pathogenesis of allergic inflammation and bronchial
asthma, platelets in subjects with asthma are more activated than those in healthy individuals
[508]. Furthermore, as pointed out by Margraf and Zarbock (2019) in their review, platelets
from allergic patients show an activated phenotype, as evidenced by studies showing
increased plasma levels of platelet factor 4 (PF4; a chemokine also known as CXCL4) in

asthma patients, increased platelet-eosinophil complex formation and 5-HT release, and
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higher levels of soluble P-selectin (a platelet activation marker) [176, 509-512]. Interestingly,
Durk and colleagues (2013) showed that only platelet-derived 5-HT, and not mast cell-
derived 5-HT, is a key factor in enhancing airway allergen inflammation, and that a lack of 5-
HT (such as when TPH-1 is deficient or inhibited, and therefore, platelet sequestration of 5-
HT is decreased) was associated with an impaired Th2-priming capacity of bone marrow
dendritic cells (as a model of airway allergen inflammation), and thus, reduced allergen

responses in the airways [176, 485].

In our study, platelet MAO-B activity was nominally higher in patients with allergic asthma
than in those with non-allergic asthma. More specifically, asthma patients with pollen allergy
had nominally higher platelet MAO-B activity than asthma patients without pollen allergy,
but these differences were not statistically significant after correction for multiple testing. One
interpretation of these results may be that asthma subjects with atopy likely have an increased
inflammatory response. In a previous study using a murine model of asthma and ragweed
pollen extract, it was concluded that increased oxidative stress plays a critical role in
mounting an immune response [513]. Boldogh et al. (2005) discovered that removal of ROS
generated by intrinsic pollen NADPH oxidase prevented an immune response and airway
inflammation, demonstrating that the initiation and augmentation of antigen-induced allergic
airway inflammation is signalled by ROS [513]. A more recent study by Cho and Moon
(2010) used the mouse model of asthma and found that increased oxidative stress in the
airways preceded the development of allergic inflammation, AHR and other pivotal features
of asthma such as enhanced mucus secretion [496]. Therefore, it is strongly suggested that an
increased level of ROS acts as a critical contributor to the induction of allergic airway
inflammation [496]. Research is needed to determine whether increased platelet MAO-B
activity might also contribute to increasing ROS in allergic asthma, in general, and pollen

allergy, specifically.

If we presume that the platelet MAO-B enzyme is involved in platelet 5-HT degradation, the
observed higher platelet MAO-B activity in our study of patients with allergic asthma is in
accordance with the decreased platelet 5-HT levels in these individuals. Further studies in a
larger population of asthma patients are needed, however, to confirm these results. In
addition, it will be necessary to perform research that will help clarify the role of platelets and
the extent of involvement of the platelet MAO-B enzyme in platelet 5-HT degradation in

asthma.
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6.3. Plasma BDNF concentration and the polymorphisms of BDNF and NTRK2 (TrkB)

genes

6.3.1. Age, gender, BMI, and smoking status associations with plasma BDNF
concentration

Regarding BDNF concentration in plasma, our findings are in agreement with the results of a
previous study by Sustar et al. (2019) showing no significant effects of age, gender, BMI, or
smoking on plasma BDNF values [514]. On the other hand, the study of Pillai et al. (2012)
found a negative correlation of plasma BDNF levels with age, as well as lower plasma BDNF
levels in females than in males, possibly because of the weight differences; however, there
was no correlation between BDNF plasma concentration and BMI [515]. In contrast to our
data, Lommatzsch et al. (2005) reported a decrease in BDNF levels with increasing age or
body weight, and there was a negative correlation of plasma BDNF values with BMI [516].
However, similar to our findings of nominally lower plasma BDNF levels in female versus
male healthy subjects, women displayed lower platelet BDNF concentrations in comparison
to men in the aforementioned study; although, when matched for weight, there were no
significant gender differences regarding BDNF plasma levels [516]. Therefore, it is plausible
that the nominally lower plasma BDNF levels seen in our female healthy subjects, showing
no significant differences after correction for multiple testing, could be due to the lower

weight of women than men in the control group.

Regarding the association between smoking and BDNF levels, there are discrepancies in the
literature, demonstrating lower [517], higher [518] or unchanged [519] concentrations of
BDNF in the serum or plasma of smokers compared to nonsmokers. Though these reports on
circulating concentrations of BDNF are inconclusive, it is important to recognize that
cigarette smoke, at least partly through oxidative stress, has been shown to increase the
expression of BDNF and its receptors in ASM cells [520]. This smoke-induced enhancement
of neurotrophin release and signalling may also occur in other cell types (e.g., epithelium and
immune cells), thus contributing to variations in both circulating and local concentrations
[520]. Given that BDNF itself mediates both short-term and long-term effects on ASM cells
after cigarette smoke exposure [520], we surmise that the BDNF levels of the former smokers
in the non-smoking cohorts of our study may have off-set any potential differences in the

BDNF concentrations of the never-smokers in both the asthma and control groups.
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6.3.2. Plasma BDNF concentration in healthy subjects and asthma patients

Our finding that asthma patients had significantly higher concentrations of plasma BDNF than
healthy individuals is in contrast to earlier studies that reported no differences in the serum
and sputum BDNF levels between healthy subjects and patients with asthma [410-411].
Nevertheless, our data are in line with the report on increased BDNF levels in the serum,
platelets and plasma of asthma patients compared to the control group [344, 395]. It has also
been shown that children with moderate and severe asthma had higher plasma BDNF levels
than age-matched control subjects [405]. Moreover, the study of Freeman et al. (2017)
demonstrated higher BDNF expression and secretion in ASM of asthma patients compared to
patients without asthma [521].

6.3.3. Asthma severity and plasma BDNF concentration

A recent study, showing higher amounts of mature BDNF in the sputum of patients with
severe asthma in comparison to healthy subjects, has suggested a possible association of
BDNF expression with asthma severity [522]. However, our investigation found that while
both the non-severe and severe asthma patients had significantly higher plasma BDNF
concentrations than the control subjects, there was no difference in the plasma BDNF levels
between these groups of asthma patients. Therefore, our findings imply that BDNF could
serve as a potential biomarker of asthma, but not asthma severity. This is in contrast to the
previously reported data suggesting BDNF as a potential biomarker for clinical severity of
asthma in children [405]. These discrepancies might be explained by the fact that Miiller et al.
(2010) compared the plasma BDNF of pediatric patients categorized into three groups based
on asthma severity (mild, moderate and severe) [405], whereas our study examined the
plasma BDNF levels of non-severe (mild and moderate) versus severe asthma in adult

patients.

On the other hand, the findings of our study are in line with the data of Szczepankiewicz et al.
(2012), demonstrating similar serum BDNF levels in children with asthma of different
severity, regardless of symptom activity [523]. Although differences in plasma BDNF
concentration between non-severe and severe asthma patients were not observed in our study,
there was a nominally positive correlation between plasma BDNF concentration and duration
of asthma. The latter is usually also related to the severity of the disease. However, some

studies have reported no correlation of serum BDNF levels with asthma duration [524].

100



6.3.4. Asthma phenotypes and plasma BDNF concentration

In our study, asthma patients with a history of pneumonia had nominally lower plasma BDNF
concentrations in comparison to asthma patients who had never developed pneumonia.
Lommatzsch and co-authors (2007), however, reported markedly reduced BDNF
concentrations in the serum and platelets, but not plasma, of patients with acute bacterial
lower respiratory tract infection, with normalization to control BDNF levels after antibiotic
treatment [525]. Previous studies regarding the effect of viral infections on peripheral BDNF
levels have been contradictory, with the most recent research by Azoulay et al. (2020)
revealing lower serum BDNF levels in patients with severe or moderate severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) infection, followed by restoration of
BDNF levels as patients recovered [526]. Further research is required to clarify the acute and
long-term effects of respiratory tract infections on peripheral BDNF levels in the general

population, and specifically, in asthma patients.

Interestingly, we observed the opposite trend of increased plasma BDNF levels in asthma
patients with nasal polyps, as well as in those with aspirin sensitivity. As pertains to nasal
polyps, Coffey et al. (2009) contrarily reported a decreased mean BDNF concentration, albeit
in the sinus mucosa of patients with chronic rhinosinusitis compared to control subjects, and
patients with nasal polyps had the most significant decrease [527]. On the other hand, our
results are consistent with the findings of Jornot and colleagues (2007) in nasal polyps,
showing that polyp epithelial cells expressed higher BDNF levels compared to turbinate-
derived cells, and that BDNF secretion and production were markedly increased in response
to pro-inflammatory cytokines [528]. As far as we are aware, there are currently no published
data on BDNF levels in relation to aspirin sensitivity. More research is needed to define the

role of BDNF in nasal polyps and aspirin sensitivity in asthma.

When patients were subdivided into those with or without AERD according to the presence or
absence of the triad of clinical features (asthma, recurrent nasal polyps and sensitivity to
aspirin or other NSAIDs), nominally higher plasma BDNF levels were observed in patients
with AERD. To the best of our knowledge, there are no published data on blood BDNF levels
in AERD patients. The importance of this asthma phenotype is underscored by the increased
associated morbidity and costs, as well as its prevalence of 7.15% in asthma patients, as
confirmed in our study (7.5%), and 14.89% in patients with severe asthma [529].
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Plasma BDNF concentrations in our study did not differ significantly between the non-
allergic and allergic asthma patients. This finding is in keeping with the study demonstrating
no differences in the serum BDNF levels between patients with allergic asthma and healthy
individuals [410], or between children with allergic asthma and those without an atopic
background [523], as well as with the report of no association between atopy and BDNF
concentrations in the serum of patients with chronic cough [411]. However, our results did not
mirror earlier studies showing that patients with allergic asthma have higher BDNF levels
compared to control subjects [344, 395]. Virchow et al. (1998) reported that BDNF is
produced endobronchially following allergen provocation, suggesting a contribution to the
pathogenesis of asthma [530]. In contrast to the study demonstrating lower amounts of BDNF
in the eosinophil lysates of allergic asthma patients than control subjects [531], or the report
on higher total BDNF in subjects with sputum eosinophilia [522], our study observed no
differences in the plasma BDNF concentration between patients with and without eosinophilic

asthma.

As far as we are aware, our work is the first to compare plasma BDNF levels between T2-low
and T2-high asthma patients. Therefore, our results showing no differences could not be

evaluated against the literature data.

6.3.5. The BDNF Val66Met polymorphism

The BDNF Val66Met polymorphism has previously been associated with asthma in children
of Chinese Han [404, 414] and Slovak origin [403]. In addition, a recent meta-analysis has
suggested that the G allele of BDNF Val66Met polymorphism is potentially associated with
asthma risk in Caucasians [532]. However, in our study, no significant differences in the
frequencies of BDNF Val66Met genotypes, alleles or carriers were found between the asthma
patients and control group. Our findings are consistent with reports of no association of
BDNF Val66Met polymorphism with the presence of asthma in children [533], as well as
with asthma-related phenotypes in families with asthma [415], suggesting that this BDNF
gene variation does not contribute significantly to asthma susceptibility or severity. However,
the same research team later reported that BDNF Val66Met polymorphism in a haplotype
(TTGC) with three other BDNF polymorphisms may contribute to asthma susceptibility, but
does not influence asthma severity [534]. These findings are in agreement with our study,
which found no significant differences in the frequencies of BDNF Val66Met genotypes,

alleles or carriers between non-severe and severe asthma patients. In contrast, the study of
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Zeilinger et al. (2009) suggested that BDNF Val66Met polymorphism contributes to the
severe forms of asthma [402].

6.3.6. BDNF Val66Met polymorphism and plasma BDNF concentration

Regarding BDNF Val66Met polymorphism, it has been shown that the Met variant alters the
intracellular trafficking and packaging of pro-BDNF, resulting in reduced secretion of the
mature BDNF [354-355]. However, various studies reported contradictory findings about the
possible influence of functional BDNF Val66Met polymorphism on BDNF levels,
demonstrating that carriers of the Met allele have decreased [535], increased [536] or
unchanged [537] serum BDNF levels. In our study, healthy individuals carrying the Met allele
had significantly lower plasma BDNF levels in comparison to the carriers of the Val/Val
genotype, supporting the findings that BDNF Val66Met polymorphism influences BDNF
concentration in plasma. On the other hand, this association was not found in asthma patients,
as no significant differences in plasma BDNF levels were observed when the patients were
subdivided according to BDNF Val66Met genotypes and carriers. Our results in asthma
patients are in agreement with the data showing that BDNF Val66Met variants do not affect
the BDNF serum levels in children with asthma [416]. It is possible that in patients with
asthma, due to the complex pathophysiology of this disease, other factors predominantly
influence BDNF plasma levels, masking the effect of the functional BDNF Val66Met

polymorphism.

6.3.7. BDNF Val66Met polymorphism and asthma phenotypes

In the present study, there were no differences in the distribution of BDNF Val66Met genotypes,
alleles or carriers between the non-allergic and allergic asthma patients. This is in line with the
reported lack of difference in the genotype distribution for clinical atopy between asthma patients
and healthy subjects [533], and with no association of BDNF Val66Met polymorphism with
asthma-related atopy [415] or asthma and any atopic disease in the cross-sectional study
population [402]. In contrast, some reports have suggested an important contribution of BDNF
variations in the predisposition and progression of allergic diseases [538-539].

To the best of our knowledge, the distribution of BDNF Val66Met variants among the other
asthma phenotypes (T2-low vs. T2-high, eosinophilic vs. non-eosinophilic, and AERD vs. non-
AERD) has not yet been investigated. Therefore, our results showing no differences could not be

discussed here in relation to the available literature.
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6.3.8. NTRK2 rs1439050 polymorphism

Our study observed no differences in the distribution of NTRK2 rs1439050 genotypes, alleles
or carriers between healthy subjects and asthma patients, or between patients of different
asthma severity or phenotypes. To the best of our knowledge, the association of NTRK2
rs1439050 polymorphism with asthma, its severity and particular phenotypes has not been

explored so far.

6.3.9. NTRK2 rs1439050 polymorphism and plasma BDNF concentration

However, some studies have examined other polymorphic variants within genes encoding
neurotrophic receptors, including the TrkB gene in asthma [401, 416]. Some of the studied
polymorphisms represent functional variants that may affect TrkB receptor expression.
Higher TrkB expression has been found in asthma patients compared to healthy control
subjects [401, 521], and in bronchial eosinophils after segmental allergen provocation [540],
but no differences in TrkB expression were observed between healthy subjects and patients
with allergies in peripheral blood mononuclear cells [541]. Markedly increased mRNA levels
of TrkB have also been detected in the inflamed lung tissue of a murine model of asthma
[542]. In addition, cigarette smoke has been shown to be a potent inducer of TrkB expression
and signalling in ASM [520], thus contributing to AHR in allergic asthma [400]. In addition
to the TrkB receptor levels, polymorphic variants of neurotrophic receptor genes might also
affect the concentrations of unbound/active BDNF protein. However, similar to the findings
of Szczepankiewicz et al. (2013) [416], in the present study, plasma BDNF levels were not
influenced by NTRK2 rs1439050 polymorphism in healthy individuals or asthma patients.

6.4. Strengths and limitations of the study

This study has several strengths and weaknesses that have previously been addressed in our
published paper related to the BDNF portion of this research. The most obvious limitation of
the study is the methodological issue involving an unmatched study design, that is, asthma
cases and control subjects were not balanced on age, gender or smoking status. However,
there was equality in the sample sizes between the principal study groups (i.e., patients versus
healthy individuals). Genetic polymorphism studies generally require very large sample sizes
and this study included relatively small numbers, mainly due to quite restrictive exclusion
criteria as well as financial constraints. Future studies should be conducted on much larger
samples with a broader inclusion criteria to allow for the effects of comorbidities and

medications, thereby, better reflecting the real-world data. Given that the role of anxiety and
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depression in asthma is an ongoing area of research worldwide [e.g., 346, 543-548], it would
be essential to include these patients in future studies. Another limitation of this study is that
the level of physical activity and/or exercise regimen of the study subjects was not recorded.
Previous studies have shown that BDNF is a potential mediator of exercise, and specifically,
increased peripheral lactate levels following high intensity exercise are associated with
increased peripheral BDNF concentrations [549]. Therefore, future research should take into
account the amount and type of physical activity of the study population and the potential
impact on plasma BDNF levels. Despite the aforementioned limitations, the study’s main
strength is that it was adequately powered with a sufficient number of participants to observe
statistically significant associations and answer the research questions. Another strength of the
study is that it examined an ethnically homogenous population, which is of particular
importance for genetic studies, consisting of adult Caucasian Croatians for both the healthy
controls and asthma patients. Furthermore, this study took into account both asthma severity
and several asthma phenotypes that had not been covered sufficiently or with consistent
results in the literature on serotonergic and neurotrophic systems, and therefore, should be an

area of much greater focus in future investigations on asthma.

6.5. Summary

The results of this study, therefore, have provided evidence to confirm the research hypothesis
that platelet 5-HT and plasma BDNF concentrations, and additionally platelet MAO-B
activity, are statistically significantly altered in asthma patients compared to healthy control
subjects. There were no differences in these three parameters, however, with respect to
asthma severity or the various asthma phenotypes. Moreover, no association between platelet
5-HT levels, plasma BDNF concentration or platelet MAO-B activity was discovered in
patients with allergic versus non-allergic asthma. The only exception was the discovery of
significantly higher BDNF levels in the asthma patients with aspirin sensitivity and nominally
higher levels in those with AERD (also known as Samter's Triad). There was also no
association between the SNPs rs6265 (Val66Met) in the BDNF gene or rs1439050 in the
NTRK2 (TrkB) gene with asthma, or in particular, severe asthma or atopy. The genotype and
allele frequencies of BDNF Val66Met and NTRK2 rs1439050 polymorphisms did not show
significant differences between asthma patients and healthy subjects or patients grouped
according to severity or different asthma phenotypes. Plasma BDNF levels in the asthma
patients were not influenced by the BDNF Val55Met genotype, allele or carrier distribution,
in contrast to the healthy subjects. The NTRK2 rs1439050 polymorphism did not affect the
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levels of unbound BDNF protein in the plasma of the study population. These outcomes
suggest that the aforementioned gene polymorphisms do not contribute to the risk of
developing asthma, or specifically, severe asthma. Although BDNF Val66Met polymorphism
influenced BDNF concentration in the plasma of healthy subjects, factors other than this gene

polymorphism seem to influence plasma BDNF concentrations in asthma patients.

In conclusion, the findings of this study clearly indicate that asthma patients have
significantly reduced platelet 5-HT levels, but increased platelet MAO-B activity and plasma
BDNF levels, than healthy subjects. The reason for this is not entirely understood, but may
suggest the role of a compensatory mechanism involving the activation of immune cells in
asthma. Based on the results of this study, platelet 5-HT concentration, platelet MAO-B
activity and plasma BDNF levels are not useful for establishing asthma severity or
differentiating asthma phenotypes (i.e., allergic versus non-allergic asthma, T2-high versus
T2-low asthma, non-eosinophilic versus eosinophilic asthma). Nevertheless, aspirin-sensitive
asthma and AERD were found to be associated with significantly and nominally increased
plasma BDNF levels, respectively, hence it is reasonable that BDNF could be used as a

reliable measure to distinguish these groups of asthma patients.

The BDNF Val66Met genotype, allele and carrier distributions were not associated with
differences in plasma BDNF concentration among asthma patients; though healthy subjects
carrying the BDNF Val66Met GG genotype versus A allele carriers did have increased
plasma BDNF concentrations. Therefore, plasma BDNF levels in asthma patients may be
primarily related to the pathophysiology of the disease, but differences likely reflect a
complex interplay between genetic predisposition and environmental factors.
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7. CONCLUSIONS

A summary of the main research findings, as pertains to the hypothesis and objectives

(general and specific) of this study, is presented here:

(1) Our study revealed decreased platelet 5-HT concentrations, increased platelet MAO-B
activity and increased plasma BDNF concentrations in asthma patients in comparison to
healthy control subjects. These results confirm our hypothesis that the concentrations of
platelet 5-HT and plasma BDNF are significantly altered in asthmatic patients compared to

healthy control subjects.

(2) We observed no significant differences in platelet 5-HT concentration, plasma BDNF
concentration or platelet MAO-B activity between non-severe and severe asthma patients.
These results suggest no association of platelet 5-HT concentration, plasma BDNF

concentration or platelet MAO-B activity with asthma severity.

(3) Decreased platelet 5-HT concentrations were found in the severe asthma patients in
comparison to healthy control subjects. These results confirm the hypothesis that platelet 5-
HT concentrations are significantly altered in asthma patients compared to healthy control
subjects. The effect is due mainly to the severe asthma patients since the non-severe asthma
patients showed no significant differences in platelet 5-HT concentration compared to the
healthy adults. On the other hand, platelet MAO-B activity was significantly higher in both

non-severe and severe asthma patients in comparison to healthy control subjects.

(4) No significant differences in platelet 5-HT concentration, platelet MAO-B activity or
plasma BDNF concentration were observed when patients were subdivided according to
various asthma phenotypes (T2-high versus T2-low; allergic versus non-allergic; eosinophilic
versus non-eosinophilic). These results suggest no association of platelet 5-HT concentration,
platelet MAO-B activity or plasma BDNF concentration with these asthma phenotypes (T2-

high versus T2-low; allergic versus non-allergic; eosinophilic versus non-eosinophilic).

(5) Our study showed higher plasma BDNF concentrations in asthma patients with nasal
polyps than in those without, as well as in patients with sensitivity to aspirin than in asthma
patients lacking aspirin sensitivity. Moreover, patients with AERD demonstrated nominally

higher plasma BDNF concentrations than those without AERD. These results suggest an
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association between plasma BDNF concentration and the combination of asthma, recurrent
nasal polyps and sensitivity to aspirin.

(6) Asthma patients versus healthy control subjects, as well as asthma patients subdivided
according to severity (severe vs non-severe) or phenotype (T2-high versus T2-low; allergic
versus non-allergic; eosinophilic versus non-eosinophilic; AERD versus non-AERD),
demonstrated no differences in the genotype or allele frequencies of BDNF rs6265 or NTRK2
rs1439050 polymorphisms. These results do not support our hypothesis that the rs6265
(Val66Met) polymorphism in the BDNF gene is strongly associated with risk of severe

asthma in Caucasian adults.

(7) We observed increased plasma BDNF concentrations in healthy subjects carrying the
BDNF Val66Met GG genotype versus A allele carriers, supporting the findings that BDNF
Val66Met polymorphism influences BDNF concentration in plasma. This result, however,
was not obtained in the asthma patients. It is possible that in patients with asthma, due to the
complex pathophysiology of this disease, other factors predominantly influence BDNF
plasma levels, masking the effect of the functional BDNF Val66Met polymorphism. In
addition, our findings demonstrated that NTRK2 rs1439050 polymorphism did not affect
plasma BDNF levels.

(8) There were no significant differences in plasma BDNF levels of healthy subjects or
asthma patients split into groups based on different NTRK2 rs1439050 genotypes, carrying the
G allele and TT genotype, or T allele and GG homozygous genotype. These findings suggest
that there was no influence of the NTRK2 polymorphism on the plasma concentration of
unbound BDNF protein in the plasma.

Taken together, our findings suggest that platelet 5-HT and plasma BDNF may be useful
peripheral blood biomarkers for asthma in general, or in particular, asthma with aspirin
sensitivity, but not asthma severity or the phenotypes examined here. However, further
research is needed to better understand the role of peripheral 5-HT and BDNF levels, and
MAO-B activity, as well as BDNF Val66Met and NTRK2 (TrkB) gene polymorphisms in
adult asthma. In addition, although interactions between 5-HT and BDNF systems in the CNS
have been described as synergistic in nature and vital for normal neurodevelopment [550],

their duality in the neuroinflammation of asthma remains to be further elucidated.
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8. ABSTRACT

Association of platelet serotonin, plasma brain-derived neurotrophic factor (BDNF) and
Val66Met BDNF gene polymorphism with asthma severity
(Katherina Bernadette Sreter, 2022)

Asthma is a common but complex chronic inflammatory disease of the respiratory airways.
Serotonin (5-HT) and brain-derived neurotrophic factor (BDNF) are associated with
regulation of lung function and immune responses; however, their exact involvement in the
pathophysiology of asthma remains unclear. We investigated platelet 5-HT and plasma BDNF
concentrations, platelet monoamine oxidase B (MAO-B) activity, and the distribution of
genetic variants of BDNF rs6265 (Val66Met) and neurotrophic receptor tyrosine kinase 2
(NTRK2) rs1439050 polymorphisms in 120 asthma patients and 120 healthy subjects, and
evaluated their relationship with asthma severity and phenotype. Platelet 5-HT concentrations
were lower, whereas platelet MAO-B activity and plasma BDNF concentrations were higher
in asthma patients. No differences were observed in these parameters between subjects with
asthma subdivided according to asthma severity or phenotype. However, asthma patients with
aspirin sensitivity and aspirin-exacerbated respiratory disease had higher plasma BDNF
levels. The distribution of BDNF Val66Met and NTRK2 rs1439050 genetic variants showed
no differences between subjects with asthma and healthy individuals, or between patients with
different asthma severity and phenotype. The BDNF Val66Met polymorphism, but not
NTRK2 rs1439050 polymorphism, influenced plasma BDNF levels in healthy subjects only.
These results suggest that 5-HT and MAO-B in platelets as well as BDNF in plasma may

serve as potential peripheral biomarkers for asthma but not asthma severity.

Keywords: asthma; plasma BDNF concentrations; platelet 5-HT levels; platelet MAO-B
activity; BDNF and NTRK2 polymorphisms; severity; phenotype
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9. SAZETAK

Povezanost trombocitnoga serotonina, mozdanoga neurotrofnoga ¢imbenika (BDNF) u
plazmi te Val66Met polimorfizma gena BDNF sa stupnjem teZine astme
(Katherina Bernadette Sreter, 2022.)

Astma je Cesta ali kompleksna kroni¢na upalna bolest disnih putova. Serotonin (5-HT) i
mozdani neurotrofni ¢imbenik (BDNF) su povezani s regulacijom funkcije pluéa i
imunoloskih odgovora; medutim, njihova to¢na uloga u patofiziologiji astme ostaje
nerazjasnjena. Istrazili Smo koncentracije trombocitnog 5-HT-a i BDNF-a u plazmi, aktivnost
trombocitne monoaminooksidaze B (MAO-B), i raspodjelu genskih varijanti BDNF rs6265
(Val66Met) polimorfizma i NTRK2 (gen za neurotrofni receptor tirozin kinaza 2) rs1439050
polimorfizma u 120 pacijenata s astmom i 120 zdravih osoba, te istrazili njihovu povezanost
sa stupnjem tezine i fenotipom astme. Koncentracije trombocitnog 5-HT-a bile su snizene,
dok su aktivnost trombocitne MAO-B i koncentracije BDNF-a u plazmi bile poviSene u
pacijenata s astmom. Nisu opazene razlike u ovim parametrima izmedu osoba oboljelih od
astme podijeljenih prema tezini bolesti ili fenotipu. Medutim, pacijenti s aspirin-osjetljivom
astmom i aspirin-pogorSanom respiratornom bole$¢u imali su poviSene razine BDNF-a u
plazmi. Raspodjela genskih varijanti BDNF Val66Met i NTRK2 rs1439050 polimorfizama
nije pokazala razliku niti izmedu pacijenata s astmom i zdravih osoba niti izmedu oboljelih
razli¢itih stupnjeva tezine i fenotipova astme. BDNF Val66Met polimorfizam, ali ne i NTRK2
rs1439050 polimorfizam, utjecao je na razine BDNF-a u plazmi samo zdravih ispitanika. Ovi
rezultati ukazuju da 5-HT i MAO-B u trombocitima, te BDNF u plazmi mogu posluziti kao

potencijalni periferni biomarkeri za astmu, ali ne i za tezinu astme.

Kljuéne rijeci: astma; koncentracija BDNF-a u plazmi; razina trombocitnog 5-HT-a;
trombocitna MAO-B aktivnost; polimorfizmi BDNF i NTRK2; tezina bolesti; fenotip
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