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Asthmais ... . what? A symptom, a condition, a disease? I have been speaking about
asthma and I have been hearing about asthma for the last 40 years. I have heard about
allergy and about phenotypes in children and in adults; I have also heard of endotypes
and even of “other-types”. I come from the time that having a space mask was a privilege
and now I have to decide what biological therapy is better for a specific child and to
“tailor” a treatment following the guidelines of the Lancet commission [1]. Things seem to
have changed very much, but, in essence, asthma remains a mystery. Maybe because, as
Fernando Martinez reminded us some time ago, asthma is now like fever was in the late
19th century, which was considered a disease [2].

Thus, it is also a good idea to dedicate some discussion to asthma and the new
achievements related to the disease, but also to the old paradigms of this condition ...
or should I have said symptom? The Journal of Clinical Medicine had the good idea of
launching a Special Issue on asthma, but the not so good one of asking me to organize it.
Anyhow, good friends (“that’s what friends are for”, as Dionne Warwick put it) decided to
accompany me in this task and contribute with their knowledge.

John Warner decided to revisit an old but never solved question about the commence-
ment of humanity—the egg or the chicken [3]—and, in masterful fashion, he led us from the
basics to personalized treatment, taking into account the so-called “allergic march”. Andy
Bush, always on the cutting edge of knowledge, explains to us what child is a good candi-
date for biological therapy and revisits the need to establish phenotypes (which maybe not
be as stable as we would like them) to make better decisions [4]. Phenotypes (in adults)
are also the topic of the paper by Sara Maio and the AGAVE Pisa group [5]. They very
elegantly show, through latent transition analysis, that some environmental factors are
crucial for defining some phenotypes and even that there may be specific forms of asthma
associated to tobacco smoke or air pollution.

Alan Kaplan and colleagues [6] suggest, with all of my support, that it is time to
shift to SABA-ICS reliever medication, and I would also add in Paediatrics. In this same
department of general treatment, Carlo Caffarelli and colleagues [7] update the usage of
sublingual immunotherapy in children. This somewhat different approach to immunother-
apy for asthma has still some detractors, but seems to be becoming adept as evidence
accumulates that it is a good option when the right patient is chosen ... or perhaps I
should put it the other way around: when the patient meets the criteria for its indication.

My good friend and colleague Manuel Sanchez-Solis continues the saga of lung devel-
opment in the early stages and later asthma with new data on children born prematurely [8]
and elegantly shows that a limited lung function during infancy is a risk of future wheezing
and of severe wheezing episodes. I think we forget about lung maturation when dealing
with asthma and it is quite probable that, in a totally separate path of the TH2 one, ill-
matured lungs are much more prone to asthma symptoms in childhood and even later on
than correctly matured lungs. Lung development and maturing is probably the reason why
preterm birth is a risk for asthma and, as showed by Vogt et al., every week (of gestation)
counts [9].

J. Clin. Med. 2021, 10, 1282. https:/ /doi.org/10.3390/jcm10061282
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In addition, what about the markers? We desperately need markers of asthma and
of asthma phenotypes. Especially, early markers of the condition which might point to
primary prevention measures. After the tailored treatments this is, in my opinion, the way
we should go if we want to really diminish the burden of asthma. In this Special Issue,
Giulia Scioscia and her Italian colleagues [10] add another brick to the wall and show that
estradiol in airways may well be a good marker of postmenopausal severe asthma and
help to phenotype severe asthmatic patients with neutrophil inflammation.

In the epidemiology arena, Carmen Frontela and colleagues [11] indirectly put the
focus on another forgotten road to asthma that has not been sufficiently insisted on: oxida-
tive stress. Yes, it is not a pathway as explored and consistent as the Th2 one, but there is
already enough evidence that mechanisms related to the handling of free radicals have a
role in asthma [12]. However, there is also obesity and its double adverse effects on lungs:
the low-level inflammation and the usually forgotten relationship with the lack of enough
exercise and the need to stretch bronchial muscles to have then well developed and “in
good shape” in order to avoid over-contraction [13]. Did I mention that this is part of the
Western lifestyle package?

This Special Issue has also the privilege and the honor of including the first results from
the Global Asthma Network (GAN) Phase I study [14]. Its predecessor, the International
Study of Asthma and Allergies in Childhood (ISAAC), made possible in great part by some
of the authors of this paper, namely, Innes Asher, Philippa Ellwood, Neil Pearce and David
Strachan, was an enormous breakthrough in asthma epidemiology in children. GAN also
includes the adult population. I am sure this paper is the starting gun of a new story which
promises to be fascinating.

This Special Issue is probably not going to solve the problem, but will be interesting
to read as it contains valuable information of almost every part of the asthma spectrum.
It is the job of the reader to try and put the pieces in the right place (if there is a right place)
to try and get a world envisioned by the Global Asthma Network where “no-one suffers
from asthma”.

Oops ... also, as warned by the Greek friends [15], please do not confound asthma
with bronchiectasis ... or have some patients with bronchiectasis symptoms of asthma?...
So, then ... what is asthma?
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Abstract: While allergy, asthma and rhinitis do not inevitably co-exist, there are strong associations.
Not all those with asthma are allergic, rhinitis may exist without asthma, and allergy commonly
exists in the absence of asthma and/or rhinitis. This is likely due to the separate gene/environment
interactions which influence susceptibility to allergic sensitization and allergic airway diseases.
Allergic sensitization, particularly to foods, and eczema commonly manifest early in infancy, and not
infrequently are followed by the development of allergic rhinitis and ultimately asthma. This has
become known as the “allergic march”. However, many infants with eczema never develop asthma or
rhinitis, and both the latter conditions can evolve without prior eczema or food allergy. Understanding
the mechanisms underlying the ontogeny of allergic sensitization and allergic disease will facilitate
rational approaches to the prevention and management of asthma and allergic rhinitis. Furthermore,
a range of new, so-called biological, therapeutic approaches, targeting specific allergy-promoting
and pro-inflammatory molecules, are now in clinical trials or have been recently approved for use
by regulatory authorities and could have a major impact on disease prevention and control in the
future. Understanding basic mechanisms will be essential to the employment of such medications.
This review will explain the concept of the united airway (rhinitis/asthma) and associations with
allergy. It will incorporate understanding of the role of genes and environment in relation to the
distinct but interacting origins of allergy and rhinitis/asthma. Understanding the patho-physiological
differences and varying therapeutic requirements in patients with asthma, with or without rhinitis,
and with or without associated allergy, will aid the planning of a personalized evidence-based
management strategy.

Keywords: asthma; rhinitis; allergy; allergic sensitization; genomics; epigenetics; hygiene hypothesis;
allergic march; gene/environment interactions; personalized medicine

1. Introduction

There is a compelling list of evidence to support the concept that allergy is fundamental to persistent
asthma. Allergy in the child and family is a risk factor for later rhinitis and asthma. Early onset allergy
is a poor prognostic factor for those who subsequently develop asthma. Direct allergen exposure into
the nose in allergically sensitized subjects will incite allergic rhinitis and inhaled into lower airways
an asthmatic reaction. The severity of asthma is directly associated with the degree of allergy and
with food allergy. Monoclonal anti-Immunoglobulin E (IgE) improves allergic asthma and allergen
immunotherapy is the only treatment which modifies long-term outcomes for rhinitis and asthma.
However, the attributable percentage of asthma due to allergy never reaches even 50%, and in some
environments is less than 10%. The overall attributable fraction throughout Europe from one study,
was 30%, but ranged between 4% and 61% between countries [1]. However, attribution varies with
age, with allergy being more strongly related to asthma in children compared to adults.

J. Clin. Med. 2020, 9, 1483; doi:10.3390/jcm9051483 5 www.mdpi.com/journal/jcm
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The histopathology of asthma, and to a lesser extent allergic rhinitis, is characterized by airway
inflammation, involving to a variable extent, neutrophils, eosinophils and mast-cells. However,
the component most associated with persistent and more severe disease is airway remodeling, with
increased collagen in the lamina reticularis (seen as apparent thickening of the basement membrane) and
submucosa. There is also hypertrophy of smooth muscle and associated bronchial hyper-responsiveness
(BHR). Many of these features sometimes manifest independent of allergy [2].

It is therefore necessary to re-evaluate the allergy/rhinitis/asthma relationships.

2. Gene/Environment Interactions

The genetics of rhinitis and asthma do not exhibit simple Mendelian inheritance. Many genes
are involved, each having very small phenotypic effects. Gene polymorphisms have variously been
associated with allergy, and/or asthma, and/or eczema, and/or rhinitis. It has therefore been suggested
that it is more fruitful to focus on gene/environment interactions, epigenetics, and pharmaco-genetics [3].

Airway inflammation and bronchospasm can occur because of gene and environmental interactions,
resulting in alterations in airway structure and function (airway dysmorphisms), independent of allergy
(Figure 1). Changes in structure can modify the behavior of inflammatory cells and susceptibility to
infection. Thus, polymorphisms in the A Disintegrin and Metalloprotease 33-ADAM 33 (20p13) and
OrmDL3 (17q21) genes increase susceptibility to wheezing in infancy and possibly later-life Chronic
Obstructive Pulmonary Disease—COPD, but not necessarily asthma. These genes are not expressed in
immunologically active cells but are associated with influences on airway structure and function [4,5].
There is evidence that ADAM 33 polymorphisms result in airway remodeling in the presence of
environmental triggers, and that this may even commence during fetal life [6]. A meta-analysis
of genome-wide association studies has shown linkage with several genes on chromosome 17q21,
including those coding for Thymic Stromal Lymphopoetin (TSLP) and Interleukin-33 (IL33), which
are expressed in epithelial cells. When these cells are damaged, TSLP, IL25 and IL33 are released
and stimulate release of IL4 from innate lymphocytic cells. This in turn facilitates the development
of an adaptive T-helper lymphocyte type 2 (Th2) allergy promoting hypersensitivity [7]. Implicit
from all the association studies is that asthma is heterogeneous with a range of genetic influences
on airway morphology, and on signals from damaged epithelial cells which switch on an adaptive
immune response leading to airway inflammation. These changes are not influenced by prior allergic
sensitization but may contribute to its subsequent development [8].

Ontogeny of asthma

Lung morphogenesis

Airway structure and anti-oxidant genes |
¥

l Pollution/ETS/paracetamol

+

Allergen
and

Al Pollution/ETS/paracetamol

Airway dysmorphism

| Th-2 airway inflammation |

Infant wheeze

[ |
ASTHMA -

Figure 1. A schematic representation of the impact of timing of environmental interactions with genetic

polymorphisms on the ontogeny of allergic sensitization and three wheeze phenotypes; infant wheeze,
asthma and Chronic Obstructive Pulmonary Disease (COPD). ETS is environmental tobacco smoke.
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Gene polymorphisms, which impair anti-oxidant activity, predispose to wheeze in the presence
of early life environmental tobacco smoke (ETS) and other pollutant exposures, as well as airway
infections, but are not necessarily associated with allergy [9]. Epidemiological studies have suggested
that both maternal pregnancy and infant paracetamol exposure increase the risk of asthma [10,11].
A paracetamol metabolite, n-acetylbenzoquinonimine, depletes anti-oxidant activity, and one intriguing
study suggests that there is an interaction, increasing the risk of wheeze at 5 years of age, between
the number of days that pregnant women take this analgesic and a polymorphism in the Glutathione
S-Transferase P-1 anti-oxidant gene [12]. Impairment of anti-oxidant activity will increase the risks of
persistent airway inflammation in response to infection or pollutant exposure.

Separate gene polymorphisms affecting immune modulation predispose to allergic sensitization
in the presence of allergen and adjuvant exposure. There are fewer genome-wide association studies of
allergic sensitization alone compared with those for allergic diseases such as asthma and eczema. They
have revealed a range of gene polymorphisms, associated with regulation of T-lymphocyte responses,
IgE (the allergy antibody) production, and the IgE receptor [13]. Some are common to those associated
with asthma, such as genes for TSLP and IL33, while others are independent, such as those in the
cytokine gene cluster on 5q31-33 [14].

Variations in the genome (nature) have only small effects on allergy and airway phenotypes, and
environment (nurture) clearly plays a greater part. Epigenetic phenomena explain much of the science
underlying gene/environment interactions. These are changes to DNA expression without modification
of DNA sequences. They occur by: methylation of DNA Cytosine-phosphodiesterase-Guanine CpG
motifs (30 million in the human genome), which impairs transcription; histone modification, around
which DNA is coiled, on 30 million nucleosomes by acetylation, methylation, phosphorylation, and
ubiquitination, which opens chromatin to aid transcription; and microRNAs in the cytoplasm, which
mostly block mRNA transcription. Many environmental factors have their influence through epigenetic
effects. This has been best studied for CpG methylation [15]. Most notable is the effect of ETS and
pollutant exposure, which have been shown to affect CpG methylation and histone modification [16].
While influences may occur at any age, epigenetic effects can be hereditable, and this has been
demonstrated in a study of grand—mother ETS exposure which independently increased the risk of
asthma in grand-children, irrespective of maternal smoking [17]. Even minor variations in diet can
have epigenetic effects. Thus, folic acid—a methyl donor—supplementation during pregnancy has
been associated with an increased risk of asthma in childhood [18].

Pharmaco-genetic studies have identified genetic variations which result in different responses
to medications. Beta-2 adrenergic receptor polymorphisms have been associated with beta-receptor
sub-sensitization if beta-2 agonists are administered continuously in the absence of cortico-steroids,
leading to increased BHR and deteriorating asthma control. Polymorphisms in the 5-lipoxigenase genes
result in lack of improvement when treated with the leukotriene receptor antagonist, Montelukast.
With the advent of personalized medicine, these pharmaco-genetic insights will aid decisions on
therapeutic approaches to asthma management [19].

3. Wheeze Phenotypes

Based on longitudinal birth cohort studies, several distinct wheezing phenotypes have been
characterized, each of which have different clinical courses [20]. The understanding emerging
from studies of gene environment interactions, as outlined above, begin to explain the underlying
mechanisms involved with each phenotype (Figure 2). Early life transient and more prolonged
pre-school wheezing is related to gene/environment interactions adversely affecting airway form,
function and susceptibility to infection. Indeed, infant wheeze is often preceded by airway function
deficits detectable at birth and commonly related to maternal pregnancy smoking [21]. The same
factors may be associated with adult onset non-allergic asthma and COPD [6]. More persistent wheeze
in childhood beyond 3-5 years of age is mostly associated with allergy.
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Wheezing pheno-types

(Henderson et al Thorax 2008;63:974-80)
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Figure 2. A graphic representation of data from the Avon longitudinal birth cohort study [20], showing
the distributions of five wheeze phenotypes over the first five years of life.

4. Early Life Origins of Allergy

Studies of the ontogeny of allergy have increasingly focused on the first 1000 days, from conception
to 2 years of age. There is a sequence of events which interact to affect the relative risk of allergy
development. The decidual tissues around the fetus promote a Th2 and T-cell regulatory environment
through the generation of IL4, IL13, and Transforming Growth Factor beta (TGFf3), which are normal
components of the mechanisms generating protection against a maternal Th1 response to fetal-paternal
antigens [22]. Absence of this regulation is associated with recurrent early miscarriage and intra-uterine
growth retardation, in both murine models and humans [23]. The fetus has the capacity to switch
on adaptive immune responses via lymphoid accumulations in the small bowel from the middle of
the second trimester of pregnancy [24]. Fetal allergen exposure, in association with Th2-promoting
cytokines, occurs via swallowed amniotic fluid in the second trimester, and antigen presentation
and sensitization can occur through the fetal gut. Consequently, all neonates have a Th2-biased
immune response, which is more entrenched when the mother is also allergic [25]. Balancing of
the response occurs in the third trimester, through allergen aggregated with IgG transported across
the placenta, which down-regulates sensitization through inhibitory IgG receptors. This has been
demonstrated by studies showing strong associations between raised IgG antibodies to both ingestant
and inhalant allergens in cord blood, and a lower subsequent risk of allergic sensitization [26,27].
One remarkable observational study showed that children of mothers who had undergone rye-grass
allergen immunotherapy during pregnancy, and consequently had high IgG antibody levels, compared
to children born to rye-grass allergic mothers not receiving immunotherapy, showed fewer positive
allergy skin tests to rye-grass 3-12 years later in the offspring [28].

Likely the most important post-natal influence balancing the immune response is diversification
of the neonatal microbiome. This explains the association between Caesarean section delivery, or
maternal pregnancy antibiotic exposure, and increased risks of food allergy in the offspring [29,30].
In both circumstances, the infant is not exposed to a normal maternal microbiome, by either avoiding
passage through the birth-canal or encountering one modified by the antibiotics. Additional and
potentially critical reinforcement of neonatal microbiome diversification is provided by a range of
factors, including pre-biotic oligosaccharides in human breast milk [31]. Rapid diversification of the
gut microbiome is associated with a lower risk of later allergic disease [32]. The post-natal gut and
liver in the presence of a normal microbiome, in the absence of co-stimulatory signals, induce tolerance
to swallowed antigens/allergens. Later in infancy, early admission to day care, or having an older
sibling, is associated with increased early minor respiratory infections, but reduced later risk of allergic
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disease. This was the origin of what became known as the “hygiene hypothesis”, now better described
as the “microbial exposure hypothesis” [33].

5. Prevention and Treatment of Allergy

Based on an understanding of the ontogeny of allergy, it is likely that allergen avoidance will
have no role in primary prevention of allergic sensitization. Indeed, several studies both in relation
to food and inhalant allergy have indicated that early high exposure, from conception through the
first months of life, may reduce the later risk of allergic sensitization and disease. Increased levels
of IgG-specific antibodies in cord blood, reflecting high maternal exposure to food and inhalant
allergens, are transferred across the placenta from mother to fetus in the last trimester of pregnancy,
and are associated with a lower risk of later allergic sensitization in infants [26-28]. There is not a
linear relationship between exposure and allergy. There is a bell-shaped curve, with low levels being
insufficient to switch on a response, while high levels induce immune tolerance by creating anergy
or deletion of sensitized T-lymphocytes. Intermediate exposure is more likely to be associated with
sensitization and the evolution of allergic disease [34].

Aero-allergen exposure, in those who have rhinitis and/or asthma and are already allergically
sensitized, induces immediate (within minutes) mast-cell degranulation, and thereby sneezing,
rhinorrhoea, coughing and wheezing. In those with more severe disease, a late inflammatory
reaction, dominated by first neutrophils and then eosinophils, evolves three to four hours later.
The immediate response is self-limiting, and can be completely reversed by antihistamines for rhinitis
and bronchodilators for asthma, while the late reaction is poorly anti-histamine/bronchodilator
responsive and is only abrogated by prior treatment with inhaled (or oral/parenteral) cortico-steroids
(ICS). The late reaction occurs more frequently in those with more severe airway disease [34].
This provides a basis for understanding the place of each medication in a therapeutic strategy.

Implicit to the knowledge that allergen exposure aggravates pre-existing allergic airway disease is
the concept that allergen avoidance will be of benefit. However, many trials have failed to demonstrate
consistent efficacy, particularly in relation to house dust mite (HDM) allergic asthma/rhinitis. This has
led to Cochrane systematic reviews, reaching the conclusion that allergen avoidance has no place
in therapeutic algorithms [35]. The difficulty is that exposures occur in many places, and strategies
to reduce aero-allergen levels, whether to HDM, animals, pollens or molds, have been insufficient.
There is evidence that perfect avoidance, such as in high altitude environments, as in the Alps, can
have considerable benefits [36]. Furthermore, recent trials of an effective environmental control
system, based on temperature controlled laminar airflow, employed overnight, have shown significant
improvements in quality of life and eosinophilic airway inflammation (represented by raised exhaled
nitric oxide levels) in severe asthma in children and adults [37,38]. While guidelines for asthma
management have tended to consider allergen avoidance as secondary to pharmaco-therapy [39], those
for rhinitis have given this approach a higher priority [40].

6. The Allergic March

The usual representation of the allergic march presents food allergy, followed in succession by
eczema, asthma, and finally hay fever. The implication is that one condition leads inexorably to
another. However, as our understanding of the genetic basis of eczema and asthma has increased, it
has become clear that there are independent influences on each. Nevertheless, there are mechanistic
explanations for progression through the march for a proportion of subjects. The genetic basis for
eczema is a defect in skin barrier function, of which the best known is polymorphisms in the gene
coding for filaggrin. Defects in this protein lead to increased fluid losses from the epidermis, and
greater susceptibility to inflammation induced by irritants and micro-organisms, thereby leading to
eczema. The defect also renders the skin more susceptible to allergen penetration into the dermis,
where antigen-presenting cells can pick up allergens and migrate to regional lymphoid accumulations
for sensitization to occur [41]. Thus, the sequence of the march is incorrect, with food allergy a
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consequence of the gene defect contributing to eczema, and more likely to follow rather than precede it.
Inhalant allergy may also evolve by the same route and increase the risk of rhinitis and asthma, though
likely only if there is also airway dysmorphism. This could be viewed as a true march, though it may
be better to view the overall allergic diseases” associations as a complex stop/start dance—Figure 3 [42].

Allergic march — more an
allergic tango
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Figure 3. Anillustration of the complex relationships between various allergic phenotypes. Constituting
not an allergic march but more a complex dance such as the tango.

The other discrepancy in the conventional representation of the march is that rhinitis is more
likely to precede rather than follow the development of asthma. This is very clear in the evolution
of occupational allergic airway disease. Sensitization to the occupational allergen is followed by
rhinitis and skin manifestations. Asthma develops after more sustained exposures. Provided
avoidance is instituted early, asthma can be prevented or completely resolved. However, if exposure
continues, eventually asthma becomes entrenched and will continue even if the occupational allergen
is avoided [43]. If this sequence occurs in allergic asthma, as is very likely, then early avoidance of
the primary allergic trigger could have much greater benefit than has been achieved once asthma
has reached a chronic stage, with structural (remodeling) changes to the airway wall. This approach
requires more research trials.

7. Pharmaco-Therapy for United Airway Diseases

The nose should be considered as the most accessible segment of the respiratory tract. The epithelial
lining is identical throughout the conducting airways, and the histo-pathology of allergic inflammation
is very similar. From a German longitudinal study, amongst those with allergic rhinitis before 5 years
of age, the relative risk for asthma from 5-13 years of age is increased at 3.82%, and 41.5% of children
aged 5-13 with new onset wheezing had preceding allergic rhinitis [44]. Conversely, allergic rhinitis
co-exists in at least 85% of those with asthma, but is commonly not detected. Perhaps more importantly,
treatment of the rhinitis significantly improves asthma control [45].

Mild intermittent airway disease can be treated with non-sedating antihistamines for rhinitis,
and bronchodilators as necessary for wheeze. Persistent disease must be treated with regular ICS
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to achieve control. For those with poor asthma control, long-acting beta agonists (LABAs) and/or
leukotriene receptor antagonists (LtRAs) can be added to ICS [39,40]. For the most severe disease, new
pharmacological and biological agents are beginning to gain regulatory approval (see following section).

8. Allergen Immunotherapy

While Cochrane systematic reviews have established that subcutaneous allergen immunotherapy
improves both rhinitis and asthma, the potential for life-threatening anaphylactic reactions in those
with severe asthma means that, at present, its only recommended use in the UK is for allergic rhinitis
and insect venom allergy [46]. Its use in allergic rhinitis is clearly established [40]. Furthermore, there
is increasing evidence that this approach to management is the only one which truly modifies the
natural history of allergic airway disease. Pollen immunotherapy, administered over three consecutive
years, had a prolonged carry-over effect for several years after stopping treatment [47]. Furthermore,
allergen immunotherapy for three years in children with allergic rhinitis alone reduced the subsequent
risk of developing new allergies and asthma [48,49]. The advent of sub-lingual and epidermal vaccines,
and modification of allergens, including immunogenic allergen peptides, is beginning to change
practice [50]. These beneficial effects of treatment directly addressing allergy demonstrate that allergy
has a major impact on asthma severity as an inciter, even if it is not the cause (inducer) of disease. With
increasing evidence of safety and efficacy, it is likely that allergen immunotherapy will be used much
more extensively in the future.

9. New Approaches to Management of Allergic Airway Diseases

The very worst allergic airway disease can be improved with monoclonal Anti-IgE, administered
by sub-cutaneous injections (Omalizumab) [51]. This is the first biological agent to be approved for
use in severe asthma. It binds circulating IgE, thereby preventing its attachment to IgE receptors,
which consequently down-regulate with long-term treatment. So far there is no evidence that this
therapy modifies long-term outcomes in the same way as allergen immunotherapy. It has also been
employed, with benefit, in allergic rhinitis, severe eczema, persistent urticaria, and as an adjunct to
allergen immunotherapy, however its high costs preclude use other than in the most severe forms of
allergic disease [52].

More recently, monoclonal antibodies have been developed which target Interleukin 5 (IL5)
or its receptor, which is a key cytokine in mediating eosinophilic inflammation. Amongst these,
Mepolizumab, Reslizumab and Benralizumab have been approved by the National Institute for Health
and Clinical Excellence for use in severe eosinophilic asthma [53].

Mono-clonal antibodies have been developed which block the activity of IL 4 and 13, which are
key cytokines inducing much of the pathology of allergic disease. One such product, Dupilumab,
blocks the alpha sub-unit of the IL4 receptor, thereby inhibiting the effects of both IL4 and IL13. It has
been shown to improve severe asthma and eczema [54].

Prostaglandin D2 receptors on Th2 lymphocytes mediate much of the allergic inflammatory
response. Fevipiprant is an orally active inhibitor of this receptor, which has had variable beneficial
effects for eczema and asthma [54].

These new developments make understanding of basic mechanisms an imperative to utilizing
novel biological agents, personalized to what has become known as the patient’s endo-type (combination
of clinical and immunological characteristics).

10. A Shared Misunderstanding between Patient and Physician

The mostimportant component of management is the development of an accord between physician,
patient and carer, to achieve concordance with the treatment plan. Patients and carers have first-hand
experience of the triggers of exacerbations of airway symptoms. They expect that clinicians will aid
identification and confirmation that such triggers are relevant. While it is incumbent on clinicians to
address the concerns of their patients, many do not believe that testing for allergic triggers is either
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necessary or likely to make a difference to treatment. This is often based on the negative Cochrane
review of HDM avoidance. The failure to even consider the patient’s perception of their disease is
likely to lead to a mutual misunderstanding, where an accord has not been reached and concordance
with therapeutic recommendations will not be achieved [55]. Furthermore, allergy, to foods and
inhalant allergens, is a common association with life-threatening and fatal asthma. Lack of attention to
allergic triggers will therefore not only affect concordance but could have severe adverse consequences.
My view is that all patients with rhinitis and asthma should have a full allergy-focused history and
should be tested for relevant allergy triggers.

Patient/carer education and training, particularly in the use of inhaler devices and monitoring
of disease control, is imperative. There must be clear guidance on how to recognize loss of disease
control and what action to take. A written, personalized, mutually agreed asthma action plan must
be formulated to aid on-going treatment and provide a strategy in event of deterioration in control.
Any exacerbation must be considered a failure of control, with the need for immediate review to
establish the cause and adjust management accordingly [56].

11. Conclusions

Asthma and rhinitis are commonly associated with allergy, particularly in younger age groups.
While allergy and subsequent allergen exposure exacerbates pre-existing airway disease, it is unclear
to what extent allergic sensitization is a disease-inducer. Recent insights into the gene-environment
interactions suggest that there are often independent influences on allergy and airway disease
susceptibility. In some circumstances, changes in airway morphology precede the development and
may even facilitate allergic sensitization. In other cases, allergy causes changes in airway morphology,
leading to rhinitis and asthma, most obviously with occupational allergen exposures. Therefore,
the analogy of which comes first—the chicken or egg—is a circuitous argument. Nevertheless,
understanding the early life origins and basic mechanisms will aid the employment of the most
appropriate management strategies. Evidence suggests that allergen avoidance to prevent allergic
sensitization, which constitutes primary prevention, is ineffective and based on immunological
insights is an inappropriate strategy. However, addressing allergy either by avoidance or allergen
immunotherapy is an important component of management of those already allergically sensitized,
and can be viewed as secondary prevention. Clinicians ignoring any one component of the triad
(rhinitis, asthma and allergy) do so at their own, and their patients’, peril.
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Abstract: Background—The Global Asthma Network (GAN) Phase I is surveying school pupils in
high-income and low- or middle-income countries using the International Study of Asthma and
Allergies in Childhood (ISAAC) methodology. Methods—Cross-sectional surveys of participants
in two age groups in randomly selected schools within each centre (2015-2020). The compulsory
age group is 13-14 years (adolescents), optionally including parents or guardians. Six to seven years
(children) and their parents are also optional. Adolescents completed questionnaires at school, and took
home adult questionnaires for parent/guardian completion. Children took home questionnaires
for parent/guardian completion about the child and also adult questionnaires. Questions related
to symptoms and risk factors for asthma and allergy, asthma management, school/work absence
and hospitalisation. Results—53 centres in 20 countries completed quality checks by 31 May 2020.
These included 21 centres that previously participated in ISAAC. There were 132,748 adolescents
(average response rate 88.8%), 91,802 children (average response rate 79.1%), and 177,622 adults,
with >97% answering risk factor questions and >98% answering questions on asthma management,
school/work absence and hospitalisation. Conclusion—The high response rates achieved in ISAAC
have generally been maintained in GAN. GAN Phase I surveys, partially overlapping with ISAAC
centres, will allow within-centre analyses of time-trends in prevalence.

Keywords: global; asthma; surveillance; responses; children; adults” epidemiology

1. Introduction

The Global Asthma Network (GAN) [1,2] was formed in 2012 as a joint initiative by members of
the International Study of Asthma and Allergies in Childhood (ISAAC) and the International Union
Against Tuberculosis and Lung Disease, following their co-production of the first Global Asthma Report
(GAR), launched in 2011 at the time of the United Nations high-level meeting on non-communicable
diseases [3]. Estimates of the worldwide burden of asthma in that report were based very largely on the
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ISAAC Phase III surveys (2001-2003) of 13-14-year-olds (adolescents) and 6-7-year-olds (children) [4],
with time trends from centres which also participated in ISAAC Phase I (1994-1995) [5], plus the World
Health Surveys of adults (2002-2003) [6]. The need for updated surveillance of asthma prevalence,
severity, diagnosis and management, highlighted in GAR 2011 [3], has become more pressing since
then [7], as very few studies anywhere in the world have evaluated trends in asthma prevalence and
related risk factors over the last decade [8].

GAN Phase I was developed to address this information gap, with these hypotheses:

(1) Globally, the burden of asthma is changing in adults and children;

(2) There is large variation in the diagnosis of asthma;

(3) Inmany locations, asthma is under-diagnosed and its management is suboptimal; and
(4) There are potentially modifiable risk factors for asthma.

Its aims were:

(1) To conduct asthma surveillance around the world in two age groups of school pupils, and their
parents, measuring prevalence, severity, management and risk factors, following the methods of
ISAAC Phase III;

(2) To examine time trends in prevalence, severity, management and risk factors from centres which
completed ISAAC Phase III; and

(3) To evaluate the appropriateness of asthma management, especially access to quality-assured
essential asthma medicines, as defined by WHO [9].

Although modelled closely on the study design and methodology of ISAAC Phase III, GAN
Phase I has extended its scope to include adults, for whom there are limited global data on asthma
prevalence [8], severity and risk factors, and to assess asthma management, which is commonly
suboptimal in low-income settings [7]. This paper summarises the progress of GAN Phase I at
31 May 2020, when the dataset was temporarily frozen for the first round of analyses including centres
which completed the quality checks by this date.

2. Methods

GAN has collaborators from 383 centres in 137 countries all of whom answered the call for an
Expression of Interest (EOI). Of the EOIs, 136 centres in 58 countries registered to participate in GAN
Phase I. Of these registered centres some have completed GAN Phase I and provided data to this study,
while some, because of timing, will be included in later publications. Other centres have been unable to
undertake Phase I at all because of unforeseen circumstances. Many centres in each of these categories
have contributed to other published GAN surveys [10-13].

GAN Phase I is a cross-sectional, multi-centre, multi-country study undertaken between 2015-2020.
Its methodology has been described and justified elsewhere [2] and detailed in an online manual [14].
Each centre was required to obtain approval from their local ethics committee prior to the start of
their study.

Briefly, each GAN centre is based on a defined geographical area, within which a minimum of
10 schools were selected at random (or all schools, if less than ten). All students of a specified age
within these schools were studied, selected by grade/level/year, or by chronological age. The sample
size estimates of 1000-3000 are stringent because of the number of hypotheses being tested, and high
response rates are sought. As in ISAAC, two age groups of school pupils participated: adolescents and
children. Centres that undertook ISAAC Phase III and/or ISAAC Phase I were expected to use the
same study design and sampling frame in GAN. As in ISAAC Phase III, translations into the local
language were required and centres followed the ISAAC protocol for translation, back translation to
English, and comparison between the two [15].

The compulsory age group was adolescents, who self-completed written questionnaires at school.
Additionally, in some centres, the ISAAC international video questionnaire showing different scenes of

18



J. Clin. Med. 2020, 9, 3688

asthma in children of a variety of ethnicities was shown [16]. A self-completed risk factor questionnaire,
developed for ISAAC Phase III, was strongly recommended in this age group. In ISAAC surveys,
there was no contact with the parents of the adolescent age group, but for GAN, it was recommended
(but not essential) that the parents/guardians of the adolescents were also surveyed.

This optional parental questionnaire obtained information on the prevalence of asthma, rhinitis
and eczema symptoms among adults, plus questions on asthma management and risk factors. The adult
symptoms questionnaire combined items from ISAAC and the European Community Respiratory
Health Survey (ECRHS) [17] to cover the range of chest symptoms and diagnoses that might be related
to asthma in young and middle-aged adults.

The inclusion of children was optional, as with ISAAC Phase III, who took written questionnaires
home to be completed by their parents. These included the ISAAC questionnaire on the child’s
symptoms used in Phases I and III, and the risk factor questionnaire used in Phase III. In GAN it
was recommended (but not essential) to add the parental questionnaire to ascertain the prevalence of
asthma, rhinitis and eczema symptoms among adults in the household.

Data from each centre were submitted to the GAN Global Centre (Auckland, New Zealand)
together with a descriptive centre report. Following initial quality control checks in Auckland, the data
were transferred to one of two designated GAN Phase I data centres for checking and analysis: Murcia
(Spain) for Spanish- and Portuguese-speaking centres, and London (United Kingdom), for centres
using all other languages. A harmonised approach to data processing, checking and analysis was
developed, using Stata versions 13-15.

Estimation of participation rates among children and adolescents followed the conventions
previously adopted in ISAAC Phase III. High levels of participation are sought as it is a concern
that absent school pupils may be away from school due to symptoms of asthma, rhinitis or eczema.
A participation rate of at least 80% for the adolescents and 70% for the children is desirable [2,14].
The denominator was the number of pupils in the cluster sample and the numerator was the number
of core symptom questionnaires returned with at least some symptom data.

We were unable to calculate a conventional response rate for the adults as it was not known
how many adults received questionnaires (because some schoolchildren have only one parent or
guardian). Therefore, a “per child” approach was taken to estimate adult response rate, as follows.
The denominator was the number of school-aged respondents (index schoolchildren) to whom one or
more adult questionnaires were distributed. The numerator was the number of index schoolchildren
for whom one or more adult questionnaires were returned. For centres which distributed adult
questionnaires to both age groups of schoolchildren, the numerators and denominators were combined
to derive a single estimate of “per child” adult response rate.

It was not possible to derive this measure of adult response rate for three centres (Costa Rica
(whole country study), Guatemala City, Guatemala; Tegucigalpa, Honduras) where adult responses
were not linked to the child identifier.

3. Results

By 31 May 2020, 53 centres in 20 countries had submitted and completed quality checks of data
and methodology. Figure 1 shows the location of these centres, also 84 centres in 38 countries which
formally registered an intention to complete GAN Phase I but were unable to do so, and the remaining
GAN collaborating centres. Most centres completed their fieldwork before the onset of the COVID-19
pandemic, but surveys were still active in Iran (Yazd and Karaj) and Greece (Athens) in spring 2020,
where fieldwork was truncated due to school closures in the pandemic lockdown.
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Twenty-one of the 53 centres had previously participated in ISAAC Phase III (including 17
contributing data on both age groups) and 12 had previously participated in ISAAC Phase I (including
9 with data on both age groups). All of the 12 ISAAC Phase I centres except for Athens also participated
in ISAAC Phase III. The geographical overlap between ISAAC and GAN centres is shown in Figure 2.
Forty of the 53 GAN centres also contributed data on adult symptoms, risk factors and disease
management, as summarised in Table 1.

Table 2 summarises the numbers of pupils and number of schools for which responses were
received in GAN Phase I, by age group and questionnaire section (symptoms, risk factors, management
and morbidity). When deriving the number of valid responses to the asthma management and
asthma-related morbidity questions, respondents who legitimately skipped these sections because
they had answered negatively to asthma symptoms were included in the count of responders.

Overall, responses were received for 132,748 adolescents attending 1260 schools (with risk factor
information on 99.3% and management/morbidity information on 98.8%) and 91,802 children attending
1506 schools (with risk factor information on 99.3% and management/morbidity information on 99.5%).
Additionally, there were responses for 177,622 adults, with risk factor information on 97.7% and 98.2%
providing information on asthma management, work absence, or hospitalisation. These 177,622 adults
relate to 100,011 school pupils that returned adult questionnaires, comprising 50,416 adolescents and
49,595 children.

The stringent response criteria were able to be met by 45 (85%) of the 53 GAN Phase I centres
for adolescents, 33 (80%) of the 41 GAN Phase I centres for children and by 24 (65%) of the 37 GAN
Phase I centres for adults. Lower rates in some centres occurred due to schools closing because of the
COVID-19 pandemic. Table 3 compares the response rates for the core symptom questionnaires by age
group for each GAN Phase I centre and the corresponding response rates in earlier ISAAC surveys,
where relevant. Across all GAN centres, the mean participation rate was 88.8% for adolescents and
79.1% for children (compared to 88.0% and 84.5%, respectively, in ISAAC Phase III). For GAN Phase I
centres which were also ISAAC Phase III centres, mean response rates were 90.0% for adolescents and
79.0% for children in GAN compared with 89.3% and 84.4%, respectively, in ISAAC Phase III. One
or more responses to the adult symptom questionnaire were received from an average of 73.2% of
households contacted.
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4. Discussion

GAN Phase I has completed fieldwork with data and methodology quality checks in a large
number of centres in both high-income and low- or middle-income countries including representation
from all inhabited continents. This broad geographical coverage is expected to expand as a number of
centres have commenced fieldwork but not yet submitted completed data. However, four countries
(India, Kosovo, Mexico and Spain) account for two-thirds of the datasets received by 31 May 2020
which may limit the international generalisability of the findings.

Overlap between ISAAC and GAN is less extensive than anticipated, but 21 diverse centres will
provide local time-trends in disease prevalence. These within-centre trends can be used, with caution,
to inform projections of trends in prevalence among the remaining centres in ISAAC Phase III,
which offer a much more widespread international representation than has been achieved so far
in GAN.

Careful checks of the methodology used (centre report and data checks), as with ISAAC, ensured
clarity on how the study was actually done and any variations encountered. The high levels of
responses achieved in ISAAC have generally been maintained in GAN, suggesting that estimates of
prevalence and severity of asthma will be representative of the populations surveyed. Sample sizes
in most centres achieved the recommended target of 3000 children per age group, leading to precise
estimates of disease prevalence, but in a few centres the numbers of respondents are substantially
lower (Table 2).

The response rate in both age groups in Guatemala was unusually low (Table 3) and we explored
the possible reasons for this. In both age groups, questionnaires were sent home for completion
by the parents, whereas in other centres, the adolescents self-completed the questionnaires in class.
This probably explains the exceptionally low response rate among 13-14-year-olds in Guatemala.

Extension of ISAAC methodology to include questions about parental symptoms was an attempt
to fill gaps in knowledge about the prevalence, severity, diagnosis and management of asthma and
related risk factors among young and middle-aged adults. Parents of schoolchildren are not a random
or representative sample of the adult population, but the high response rates achieved in many of the
study centres suggest that useful results could be obtained in this manner. The total number of adult
respondents in GAN (177,622) is comparable with two previous international studies of young and
middle-aged adults, discussed below.

The ECRHS, (1991-1993) recruited 137,619 participants aged 20-44 years in 48 centres in 22
countries (including 5 non-European countries: Algeria, Australia, India, New Zealand, USA) [17].
The GAN adult questionnaire incorporates core ECRHS items, but the geographical overlap with
ECRHS countries is limited. The World Health Survey (WHS, 2002-2003) interviewed 178,215 adults
aged 18-45 years from 70 countries and included a few questions about asthma and related symptoms
among a general health questionnaire [6]. Although there is better geographical overlap with GAN,
at least at the country level, the WHS questionnaire lacks detail which limits the scope for historical
comparisons with GAN data on asthma severity.

Among adolescents and children, ISAAC offered a global perspective on time trends in asthma
prevalence from the mid-1990s to the early 2000s [5,18] but very few ISAAC centres have repeated their
local surveys subsequently, prior to GAN. In Brazil, adolescents in Curitiba, Recife and Sao Paulo were
studied in ISAAC Phases I (1994) and III (2003) and again in 2012 [19] and in South Santiago, Chile,
ISAAC Phases I and III were completed, and a further survey of asthma in adolescents completed in
2015 [20]. Three GAN Phase I studies with previous ISAAC data have been published: in Bangkok,
Thailand, [21] and four Mexican centres [22,23]. Time trends in these centres have been summarised
elsewhere [8].

With the closure of this first round of data in GAN Phase I, these temporal and geographical
comparisons can now be extended to a wider and more diverse range of study centres. These results
will form the basis of analyses for journal publications in the near future. However, GAN centres that
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were unable to meet the criteria for this first data compilation can still contribute results to future
analyses and publications. The GAN Phase I Study Group is listed at the Appendix A.

In summary, GAN Phase I offers, for the first time in nearly two decades, new standardised
worldwide data on prevalence and severity of asthma in adolescents, children and adults. This will
enable comparisons to be made over time, and contribute a new picture of the global burden of asthma,
rhinoconjunctivitis and eczema. Not only will risk factors be examined, but also time trends in these,
and global variation, shedding light on causation. The methodology which ISAAC started has a proven
track record of over nearly 30 years, and now extends to adults (parents) as well as adolescents and
children. The high response rates achieved in a range of settings are testimony to the feasibility of the
approach and give confidence in the estimates obtained.
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Appendix A
GAN Phase I Study Group

Global Asthma Network Steering Group: I Asher, University of Auckland, Auckland, New Zealand;
N Billo, Joensuu, Finland; K Bissell, School of Population Health, University of Auckland, Auckland,
New Zealand; Chiang C-Y, Division of Pulmonary Medicine, Department of Internal Medicine,
Wan Fang Hospital, Taipei Medical University, Taipei, Taiwan; A El Sony, The Epidemiological
Laboratory for Public Health and Research, Khartoum, Sudan; P Ellwood, University of Auckland,
Auckland, New Zealand; L Garcia-Marcos, Virgen de la Arrixaca University Children’s Hospital,
Murcia, Spain; ] Mallol, University of Santiago de Chile (USACH), Santiago, Chile; G Marks, University
of New South Wales, Sydney, Australia; K Mortimer, Liverpool School of Tropical Medicine and Aintree
University Hospital NHS Foundation Trust, Liverpool, United Kingdom; N Pearce, London School
of Hygiene and Tropical Medicine, London, United Kingdom; D Strachan, St George’s, University of
London, London, United Kingdom.

Global Asthma Network International Data Centres: Auckland: P Ellwood, E Ellwood, I Asher,
University of Auckland, Auckland, New Zealand; Murcia: V Pérez-Fernandez, E Morales, University
of Murcia, Murcia, Spain; L Garcia-Marcos, Pediatric Allergy and Pulmonology Units, ‘Virgen de la
Arrixaca’ University Children’s Hospital, University of Murcia, ARADyAL network and Biomedical
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Research Institute of Murcia (IMIB-Arrixaca), Murcia, Spain; London: C Rutter, R Silverwood,
S Robertson, Neil Pearce, London School of Hygiene & Tropical Medicine, London, United Kingdom;
D Strachan, St George’s, University of London, London, United Kingdom.

Global Asthma Network Principal Investigators: Brazil: M Urrutia-Pereira, Federal University of
Pampa, UNIPAMPA (Uruguaiana); Cameroon: AE Ndikum, The University of Yaounde 1 (Yaounde);
Costa Rica: ME Soto-Quirds, University of Costa Rica (Costa Rica); Greece: K Douros, National and
Kapodistrian University of Athens (Athens); Guatemala: L Pérez-Martini, Asociacion Guatemalteca
de Neumologia y Cirugia de Térax (Guatemala City); Honduras: SM Sosa Ferrari, Instituto Nacional
Cardiopulmonar (Tegucigalpa); India: M Sabir, Maharaja Agrasen Medical College Agroha (Bikaner);
M Singh, Postgraduate Institute of Medical Education and Research (Chandigarh); V Singh*,
Asthma Bhawan (Jaipur); AG Ghoshal, National Allergy Asthma Bronchitis Institute (Kolkata (19));
TU Sukumaran, PIMS Thiruvalla (Kottayam); S Awasthi, King George’s Medical University (Lucknow);
PA Mahesh, JSS University (Mysuru); SK Kabra, All India Institute of Medical Sciences (New Delhi);
S Salvi, Chest Research Foundation (Pune); Iran: M Tavakol, Alborz University of Medical Sciences
(Karaj); N Behniafard, Shahid Sadoughi University of Medical Sciences (Yazd); Kosovo: I Bucaliu-Ismajli,
The principal center of family care (Ferizaj); L Pajaziti, (Gjakova); V Gashi, American Hospital in Kosovo
(Gjilan); LN Ahmetaj*, University Hospital of Prishtina (Prishtina); V Zhjeqi, University of Prishtina
(Prizren); Mexico: MG Sanchez Coronel, COMPEDIA (Colegio Mexicano de Pediatras (Aguascalientes);
HL Moreno Gardea, Hospital Angeles Chihuahua (Chihuahua); G Ochoa-Lopez, Department of
Pediatric Allergology (Ciudad Judrez); R Garcia-Almaraz, Hospital Infantil de Tamaulipas (Ciudad
Victoria); JA Sacre Hazouri, Instituto Privado de Alergia, (Cérdoba); DD Hernandez-Colin, Hospital
Civil De Guadalajara Juan I Menchaca (Guadalajara); N Rodriguez-Perez, Instituto de Ciencias y
Estudios Superiores de Tamaulipas (Matamoros); JV Mérida-Palacio, Centro de Investigacion de
Enfermedades Alergicas y Respiratorias (Mexicali); BE Del Rio Navarro*, Service of Allergy and
Clinical immunology, Hospital Infantil de México (Mexico City North); LO Herndndez-Mondragoén,
CRIT de Michoacan (Michoacén); Md Juan Pineda, Universidad de Guadalajara (Puerto Vallarta);
Bd Ramos Garcia, Instituto Mexicano del Seguro Social (San Luis Potosi); A] Escalante-Dominguez,
Hospital General Tijuana [Isesalud] (Tijuana); EM Navarrete-Rodriguez, Hospital Infantil de Mexico
Federico Gomez (Toluca Urban); FJ Linares-Zapién, Centro De Enfermedades Alergicas Y Asma
de Toluca (Toluca Rural); J Santos Lozano, Medica san Angel (Xalapa); New Zealand: I Asher,
University of Auckland (Auckland); Nicaragua: JF Sanchez, Hospital Infantil Manuel de Jests Rivera
(Managua); Nigeria: AG Falade, University of Ibadan and University College Hospital (Ibadan);
Poland: G Brozek, Medical University of Silesia (Katowice); South Africa: HJ Zar, SA MRC Unit
on Child & Adolescent Health (Cape Town); Spain: A Bercedo Sanz, Cantabrian Health Service
(Cantabria); L Garcia-Marcos*, Pediatric Allergy and Pulmonology Units, ‘Virgen de la Arrixaca’
University Children’s Hospital, University of Murcia, ARADyAL network and Biomedical Research
Institute of Murcia (IMIB-Arrixaca), Murcia, Spain (Cartagena); A Lopez-Silvarrey Varela, Fundacion
Maria Jose Jove (La Coruia); ] Pellegrini Belinchon, Universidad de Salamanca (Salamanca); Sri Lanka:
JC Ranasinghe, Teaching Hospital Peradeniya (Anuradhapura); ST Kudagammana, University of
Peradeniya (Peradeniya); Syrian Arab Republic: G Alkhayer, Damascus Private University (Damascus);
G Dib, Lattakia University (Lattakia 13-14); Y Mohammad?*, National Center for research and training
for chronic respiratory disease and co_morbidities (Lattakia 6-7); Taiwan: J-L Huang, Chang Gung
University (Taipei); Thailand: P Vichyanond*, Mahidol University (Bangkok).

* National Coordinators

Global Asthma Network Adult Age Group Principal Investigators not named above:

Cameroon: GA Ajeagah, The University of Yaounde 1 (Yaounde); Costa Rica: M Soto-Martinez,
University of Costa Rica (Costa Rica); Greece: K Priftis, National and Kapodistrian University of
Athens (Athens); Guatemala: M Cohen-Todd, Asociacion Guatemalteca De Neumologia Y Cirugia De
Torax (Guatemala City); Honduras: ] Sanchez, Instituto Nacional Cardiopulmonar (Tegucigalpa); India:
SK Kochar, Sardar Patel Medical College (Bikaner); N Singh, Asthma Bhawan (Jaipur); N Sit, National
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Allergy Asthma Bronchitis Institute (Kolkata (19)); S Sinha, All India Institute of Medical Sciences
(New Delhi); M Barne, Chest Research Foundation (Pune); Kosovo: B Ajeti, The Principal center of
Family Care (Ferizaj); LH Lleshi, (Gjakova); V Lokaj-Berisha, University of Prishtina (Prizren); Mexico:
Md Ambriz-Moreno, (Matamoros); O] Saucedo-Ramirez, Hospital Angeles Pedregal (Mexico City
North); CA Jiménez Gonzalez, Universidad Autonoma of San Luis Potosi (San Luis Potosi); Taiwan:
K-W Yeh, (Taipei); Thailand: S Chinratanapisit, Bhumibol Adulyadej Hospital (Bangkok).

Global Asthma Network National Co-ordinators not named above: Brasil: D Solé, Escola Paulista
de Medicina, Federal University of Sao Paulo, Sao Paulo.

ISAAC Phase III Principal Investigators: Costa Rica: ME Soto-Quirds*, University of Costa Rica
(Costa Rica); India: M Sabir, Maharaja Agrasen Medical College Agroha (Bikaner); L Kumart,
Department of Pediatrics (Chandigarh); V Singh, Asthma Bhawan (Jaipur); T Sukumaran, PIMS
Thiruvalla (Kottayam); S Awasthi, King George’s Medical University (Lucknow); SK Sharma, All India
Institute of Medical Sciences (New Delhi (7)); NM Hanumante, Ruby Hall Clinic (Pune); Mexico:
R Garcia-Almaraz, Hospital Infantil de Tamaulipas (Ciudad Victoria); JV Merida-Palacio, Centro
de Investigacion de Enfermedades Alergicas y Respiratorias (Mexicali Valley); BE Del-Rio-Navarro,
Service of Allergy and Clinical immunology, Hospital Infantil de México (Ciudad de México (1));
FJ Linares-Zapién, Centro De Enfermedades Alergicas Y Asma de Toluca (Toluca); New Zealand:
MI Asher*, University of Auckland (Auckland); Nicaragua: JF Sanchez*, Hospital Infantil Manuel de
Jests Rivera (Managua); Nigeria: BO Onadeko, (Ibadan); South Africa: HJ Zar*, University of Cape
Town (Cape Town); Spain: L Garcia-Marcos*, Pediatric Allergy and Pulmonology Units, ‘Virgen de la
Arrixaca’ University Children’s Hospital, University of Murcia, ARADyAL network and Biomedical
Research Institute of Murcia (IMIB-Arrixaca), Murcia, Spain (Cartagena); A Lépez-Silvarrey Varela,
Fundacion Maria Jose Jove (A Corufa); Syria: Y Mohammad, National Center for Research and Training
in Chronic Respiratory Diseases—Tishreen University (Lattakia); Taiwan: J-L Huang*, Chang Gung
University (Taipei); Thailand: P Vichyanond*, Mahidol University (Bangkok).

* National Coordinators

T Deceased

ISAAC Phase III National Co-ordinators not named above: Mexico: M Baeza-Bacab, University
Auténoma de Yucatan, Yucatan; Syrian Arab Republic: S Mohammad, Tishreen University, Lattakia.

ISAAC Phase I Principal Investigators: Costa Rica: ME Soto-Quirds*, University of Costa Rica
(Costa Rica); Greece: CH Gratziou*, National Kapodistrian University of Athens (Athens); India:
L Kumar, Department of Pediatrics (Chandigarh); T Sukumaran, PIMS Thiruvalla (Kottayam);
K Chopra, Maulana Azad Medical College (New Delhi (7)); NM Hanumante, Ruby Hall Clinic
(Pune); New Zealand: MI Asher*, University of Auckland (Auckland); Nigeria: BO Onadeko, (Ibadan);
Spain: L Garcia-Marcos*, Pediatric Allergy and Pulmonology Units, ‘Virgen de la Arrixaca’ University
Children’s Hospital, University of Murcia, ARADyAL network and Biomedical Research Institute of
Murcia (IMIB-Arrixaca), Murcia, Spain (Cartagena); Taiwan: K-H Hsieh?, Chang Gung Children’s
Hospital (Taipei); Thailand: P Vichyanond*, Mahidol University (Bangkok); South Africa: R Erlich,
University of Cape Town (Cape Town);

* National Coordinators

T Deceased

ISAAC Phase I National Co-ordinators not named above: India: ] Shah, Jaslok Hospital & Research
Centre, Mumbai.
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Abstract: Background: Asthma patterns are not well established in epidemiological studies. Aim:
To assess asthma patterns and risk factors in an adult general population sample. Methods: In total,
452 individuals reporting asthma symptoms/diagnosis in previous surveys participated in the
AGAVE survey (2011-2014). Latent transition analysis (LTA) was performed to detect baseline and
12-month follow-up asthma phenotypes and longitudinal patterns. Risk factors associated with
longitudinal patterns were assessed through multinomial logistic regression. Results: LTA detected
four longitudinal patterns: persistent asthma diagnosis with symptoms, 27.2%; persistent asthma
diagnosis without symptoms, 4.6%; persistent asthma symptoms without diagnosis, 44.0%; and ex
-asthma, 24.1%. The longitudinal patterns were differently associated with asthma comorbidities.
Persistent asthma diagnosis with symptoms showed associations with passive smoke (OR 2.64, 95%
CI 1.10-6.33) and traffic exposure (OR 1.86, 95% CI 1.02-3.38), while persistent asthma symptoms
(without diagnosis) with passive smoke (OR 3.28, 95% CI 1.41-7.66) and active smoke (OR 6.24,
95% CI 2.68-14.51). Conclusions: LTA identified three cross-sectional phenotypes and their four
longitudinal patterns in a real-life setting. The results highlight the necessity of a careful monitoring
of exposure to active/passive smoke and vehicular traffic, possible determinants of occurrence of
asthma symptoms (with or without diagnosis). Such information could help affected patients and
physicians in prevention and management strategies.

Keywords: asthma; epidemiology; cohort; latent transition analysis; comorbidities; smoke;
vehicular traffic

1. Introduction

Asthma prevalence has reached epidemic proportions (1-18%) [1] due to host and environmental
risk factors [2,3].

According to the Global Burden of Disease Study, in 2017, total deaths from asthma were
495,000 globally [4]; all-age prevalent cases of asthma were 273 million and all-age incident cases were
43 million (about 50% and 70% of all the chronic respiratory diseases, respectively) [5].
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Asthma may begin at any age (mainly in children). It may clinically persist, conclusively remit,
or present combination of remissions and relapses over time [6-8]; as a result, its course is difficult
to characterize and its prognosis difficult to predict [7]. In adults, asthma that has persisted from
childhood is potentially difficult to treat and it is a distinct clinical phenotype; however, characteristics
of these patients are not well documented [9]. A thorough characterization of adult patients with
persistent asthma and their risk factors may help clinicians in establishing treatment plans and applying
preventive interventions [9,10]. Indeed, from a clinical perspective, it is essential to elucidate the
asthma natural history and long-term outcomes; studies on asthmatic cohorts can help [6].

Moreover, although asthma control can be achieved in the majority of patients participating in
controlled trials, available data show that this is not the case in real-life [11]; thus, it becomes important
to deepen the knowledge in this setting.

Disentangling respiratory diseases phenotypes is a current research challenge [8,12,13],
and “unsupervised” or “data-driven” approaches have been proposed. These approaches may
allow defining objective, novel, or previously unrecognized phenotypes, by using clustering algorithms
accounting for multiple disease features [14,15]. In particular, latent transition analysis (LTA) is a
statistical method that can incorporate the longitudinal patterns of several disease manifestations into
a comprehensive statistical model, which simultaneously defines phenotypes and their changes over
time [12,14]. When disease prevalence changes over time, transition probabilities can help explain
the dynamics of such change [14]. However, most studies on asthma phenotyping using data-driven
methods involve patients with moderate to severe asthma and/or clinical settings, which limits the
possibility of generalizing the findings to the general population [15].

In this framework, data of the AGAVE survey (“Severe Asthma: epidemiological and clinical
cohorts follow up by registry and questionnaires; therapeutic appropriateness and outcome assessment,
according to GINA guidelines”) were analyzed.

The AGAVE survey, funded by the Italian Medicines Agency (AIFA), was carried out during
2011-2014 to assess asthma modifiable risk factors and the effectiveness of therapeutic strategies,
in epidemiological and clinical samples, through the implementation of an online registry [16].

This manuscript focuses on the AGAVE epidemiological sample, with the aim of assessing
cross-sectional asthma phenotypes, their longitudinal patterns, and the associated risk factors.

2. Materials and Methods

2.1. Study Population

A randomized general population sample, living in the rural Po Delta area, North Italy,
was involved in two subsequent cross-sectional surveys: first survey (1980-1982), 3284 subjects,
and second survey (1988-1991), 2841 subjects. In total, 2136 subjects participated in both surveys [17].

The same protocol and selection method were used to enroll a random general population sample
living in the urban and suburban area of Pisa, Central Italy, involved in three subsequent cross-sectional
surveys: first survey (1985-1988), 3865 subjects; second survey (1991-1993), 2841 subjects; and third
survey (2009-2011), 1620 subjects [18]. Overall, 2257 subjects participated in both the first and the
second surveys, 1107 subjects in both the second and the third surveys, and 849 in all three Pisa
surveys [18].

In the AGAVE survey (2011-2014), all subjects reporting asthma diagnosis or asthma symptoms
(asthma attacks or wheezing) in any of the previous epidemiological surveys were invited: 68% agreed
to participate (n = 668). In total, 454 subjects were investigated at both AGAVE baseline and follow-up.
In this manuscript, only subjects having a baseline age of >16 years were taken into account (n = 452)
(Figure 1).
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with AGAVE with AGAVE
selection criteria® selection criteria®
n=314 n=285 n=693 n=547
died/moved contacted contacted died'moved
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total AGAVE baseline participation
(68% of 978 contacted)

[2011-2013]
¥
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AGAVE follow-up participation — AGAVE baseline age
(68% of 668 contacted) > 16 yrs
[2012-2014] .

Figure 1. Flow-chart of subjects participation. 1PD1, Po Delta first survey; 2PD2, Po Delta second
survey; 3PI1, Pisa first survey; 4PI2, Pisa second survey; 5PI3, Pisa third survey; 6 AGAVE selection
criteria: subjects reporting asthma diagnosis or asthma symptoms (asthma attacks or wheezing) in at
least one of the previous epidemiological surveys.

2.2. Data Collection Tool

Each subject underwent a telephone interview lasting about 20 min, based on a questionnaire
covering the main items of the GINA guidelines [1], which include asthma symptoms, treatment,
exacerbation, symptom control, comorbidity, and exposure to risk factors. The questions were derived
from different validated questionnaires such as the European Community Respiratory Health Survey
(ECRHS) questionnaire [19] and those used by our research group in other surveys about respiratory
health [20-22]. The latter were derived from the National Heart Lung and Blood Institute (NHLBI,
Bethesda, MD, USA) questionnaire. The AGAVE questionnaire was reviewed and approved by an
interdisciplinary internal board, comprised of pulmonologists, allergists, and epidemiologists.

The AGAVE epidemiological questionnaire investigates: asthma clinical history, asthma diagnosis,
and use of health services due to asthma throughout life; asthma symptoms, comorbidities,
exacerbations, and use of health services due to asthma in the last 12-months; asthma symptoms,
asthma control, and asthma treatment in the last month; and current exposure to risk factors.

The same questionnaire was used in the first and second interviews allowing to collect the answers
to repeated questions in a longitudinal fashion.

An extract of the AGAVE epidemiological questionnaire, reporting the questions used to define
the variables in this manuscript, is available in the Supplementary Materials.

The AGAVE study protocol, patient information sheet, and consent form were approved by the
Ethics Committee of the Pisa University Hospital (Prot. No. 17658, 21 March 2011).
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2.3. Statistical Analyses

Statistical analyses were carried out using the Statistical Package for the Social Sciences
(SPSS version 26.0) and the R software (version 3.5.1). Comparisons among groups were performed
by Chi-square test for categorical variables and analysis of variance for continuous variables.
The significance level was set at 0.05.

Post-hoc analyses were run to assess the sources of statistically significant results, using adjusted
standardized residuals for contingency tables larger than the 2 x 2.

LTA was performed using the R package CAT_LVM (Version 0.9.0 alpha, available at https:
//msu.edu/~chunghw/downloads.html). The main advantage of LTA, over other clustering techniques,
is its ability to incorporate into a comprehensive statistical model information about possible changes in
the disease characteristics over time, in a longitudinal fashion. Indeed, differently from cross-sectional
analytical approaches such as latent class analysis [23], LTA requires temporal variability in all
the variables and is much more indicated for characterizing transitions over time [24]. LTA detects
unobservable (latent) subgroups (“classes” or “phenotypes”) of subjects based on the values of multiple
observed (or “manifest”) variables. The latent classes are exhaustive and mutually exclusive, and they
are not assumed to be stable over time. Indeed, LTA also estimates the probabilities of transitions from
one latent class to another between different time points [25].

The characterization of asthma (cross-sectional) phenotypes was based on the presence/absence
of asthma outcomes, measured at AGAVE baseline and 12-month follow-up (manifest variables),
defined as follows: previous physician diagnosed asthma, if the subject answered “YES, but I no
longer have it” to the question “Has your doctor ever told you that you have bronchial asthma?”;
current physician diagnosed asthma, if the subject answered “YES, I still have it” to the question “Has
your doctor ever told you that you have bronchial asthma?”; current asthma attacks if the subject
answered “YES” to the question “During the past 12 months, have you had attacks of shortness of
breath with wheezing or whistling, apart from common colds?”; and current wheeze if the subject
answered “YES” to the question “During the past 12 months, have you had wheezing or whistling,
apart from common colds?”.

The model with the lowest Bayesian Information Criterion (BIC), i.e., associated with the best
balance of model fit and parsimony, was selected; at each time point, the subjects were assigned to the
phenotype associated with the maximum posterior probability of latent class membership [25]. Thus,
the longitudinal patterns were defined based on the observed phenotype transitions.

Host and environmental risk factors associated with the longitudinal asthma patterns were
assessed through multinomial logistic regression. Only significant variables were retained in the
regression analysis to obtain a parsimonious model and improve the statistical power.

Sensitivity analyses were performed comparing AGAVE asthma phenotypes to those of the
previous epidemiological surveys from which AGAVE subjects were selected.

3. Results

3.1. Baseline Subject Characteristics

In total, 452 subjects aged >16 years, and participating in both the interviews, were included in
the analyses (Table 1). As regards the time frame, the target was 12 months between the first and
second questionnaires within a study period of 24 months. The actual result was a mean interval of
15 + 4 months between the two interviews.

The mean age was 56.7 years; most subjects were females (52.7%), with a middle-low educational
level. Fifty-one percent of subjects were overweight-obese (Table 1).

About 75% of the subjects reported skin prick test positivity and about 40% family history of
asthma (Table 2).
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Table 1. Baseline descriptive characteristics of the investigated subjects (n = 452).

Gender (%):
Males 47.3
Females 52.7
Age (mean + SD 1) (years) 56.7 £ 15.5
Age range (min-max) 17-91
BMI 2 (kg/m?) groups 2 (%):
obese (BMI > 30 kg/m?) 15.7
overweight (BMI 25.0-29.9 353
kg/m?) :
normal weight (BMI 18.5-24.9 466
kg/m?) :
underweight (BMI < 18.5 kg/m?) 24
Educational level (%):
elementary/junior high school 45.2
high school 35.9
university 18.9

1 SD, standard deviation; 2 BMI, body mass index; ® threshold values recommended by WHO.

Table 2. Baseline host and environmental risk factors of the investigated subjects (1 = 452).

Host Risk Factors
Reported SPT ! positivity (%) 74.9
Family history of asthma (%) 40.7
Allergic rhinitis (%) 40.8
GERD 2 (%) 29.6
Sleep apnea (%) 14.7
Recurrent respiratory infections (%) 13.5
COPD 3 (%) 12.5
Nasal polyps (%) 3.4
Environmental Risk Factors
Traffic exposure at home address (%) 58.4
Smoking habits (%):
current smokers 194
ex-smokers 40.3
Pack-years in current smokers (mean + SD 4, n 23.6 +17.7
Pack-years in ex-smokers (mean + SD %), n 272279
Secondhand smoke exposure (%) 174

1 SPT, skin prick test (only subjects performing skin prick test n = 211); 2 GERD, Gastroesophageal reflux disease;
3 COPD, chronic obstructive pulmonary disease; * SD, standard deviation.

The most frequent asthma comorbidity was allergic rhinitis (40.8%), followed by gastroesophageal
reflux disease (GERD) (29.6%), sleep apnea, recurrent respiratory infections, and chronic obstructive
pulmonary disease (COPD) (about 13-14%); very few reported nasal polyps (Table 2).

Over 50% of subjects were exposed to vehicular traffic near home, 40.3% were ex-smokers,
and 19.4% current smokers. Less than 20% of subjects were exposed to secondhand smoke (Table 2).

3.2. Asthma Phenotypes

Three cross-sectional phenotypes were detected by LTA and labeled as: “asthma diagnosis and
current asthma symptoms” due to the very high probability of asthma symptoms (from 50.4% to 73.8%)
and diagnosis (about 100%) in the model; “current asthma symptoms” due to the high probability
of asthma symptoms (from 10% to 32%) and very low probability of asthma diagnosis (0-1.5%);
and “previous asthma diagnosis” due to the low probability of symptoms (0-12%) and very high
probability of previous asthma diagnosis (about 100%). The most frequent phenotype was “current
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asthma symptoms” at both baseline and follow-up (about 45%), followed by “asthma diagnosis and
current asthma symptoms” at baseline and “previous asthma diagnosis” at follow-up (Table 3).

Table 3. Asthma symptoms/diagnosis frequency (%) within each cross-sectional phenotype.

Baseline Follow-Up
Asthma Current Previous Asthma Current Previous
Diagnosis Asthma Asthma Diagnosis Asthma Asthma
and Current Asthma Symptoms Diagnosis and Current Asthma Symptoms Diagnosis
Symptoms (28.5%) (45.6%) (25.9%) Symptoms (27.0%) (44.2%) (28.8%)
Current wheeze 64.8 30.2 12 73.8 32 9.2
Current asthma 57.4 102 0 50.4 135 3.1
attacks
Current asthma 85.3 0 0 86.1 15 08
diagnosis
Previous asthma 147 0 100 11.5 0 99.2

diagnosis

The transition plot showed a high stability of phenotypes from baseline to follow-up, ranging from
86.8% for “asthma diagnosis and current asthma symptoms” to 96.6% for “current asthma symptoms”.
In addition, 93.2% of subjects showed a long-term asthma remission, reporting no more asthma
symptoms or diagnosis with respect to the previous epidemiological studies: this indicates an elevated
stability of “previous asthma diagnosis” cross-sectional phenotype (Figure 2).

Baseline _ Follow-up
{\sthm? 86.8% f\sthm?
diagnosis diagnosis
& current 1.5% & current
asthma asthma
6.0%
symptoms symptoms
~—————
—_—
S
G 96.6% Current
url:ent asthma
CElIiE symptoms
symptoms 0.9%
|
|
C—
)
13:2% .
Previous Previous
asthma 1.9% asthma
diagnosis diagnosis
93.2%
— | —

Figure 2. AGAVE phenotype transition plot.

Indeed, 13.2% of subjects showed an improvement of asthma status (from “asthma diagnosis
and current asthma symptoms” to “previous asthma diagnosis”) and 6% a worsening of asthma
status in the last 12 months (from “previous asthma diagnosis” to “asthma diagnosis and current
asthma symptoms”). At last, 1.5% of subjects reported a new asthma diagnosis in the last 12 months
(from “current asthma symptoms” to “asthma diagnosis and current asthma symptoms”) (Figure 2).

Based on the transition plot (Figure 2), the following longitudinal patterns were defined: “persistent
asthma diagnosis with persistent/incident asthma symptoms”, i.e., subjects with asthma diagnosis
reporting asthma symptoms (wheeze or asthma attacks) at both baseline and follow-up or reporting
new asthma symptoms at follow-up (27.2%); “persistent asthma diagnosis with remittent asthma
symptoms”, i.e., subjects with asthma diagnosis reporting asthma symptoms at baseline but not at
follow-up (4.6%); “persistent asthma symptoms without asthma diagnosis”, i.e., subjects reporting
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only asthma symptoms, without lifetime asthma diagnosis, at both baseline and follow-up (44.0%);
and “ex-asthma”, i.e., subjects reporting “previous asthma diagnosis” at both baseline and follow-up
(24.1%) (Figure 3).

m Persistent asthma diagnosis
with persistent/incident
asthma symptoms

OPersistent asthma diagnosis
with remittent asthma
symptoms

& Persistent asthma symptoms
without asthma diagnosis

OEx-asthma

Figure 3. Longitudinal asthma patterns.
3.3. Subject Characteristics by Asthma Patterns

Table 4 summarizes the percentage distribution of subject characteristics by longitudinal asthma
patterns. Only statistically significant results according to the post-hoc analysis are described.

Table 4. Baseline descriptive characteristics by longitudinal asthma patterns.

Persistent Asthma Diagnosis Persistent Asthma Persistent Asthma
with Persistent/Incident Diagnosis with Remittent ~ Symptoms without  Ex-Asthma Value
Asthma Symptoms Asthma Symptoms Asthma Diagnosis (n=109) P
(n=123) (n=21) (n=199)
Sex (%):
males 39.0 524 528 459 0.108
females 61.0 47.6 47.2 54.1
Age (years) (mean + SD 1) 55.6 +16.8 47.9 +14.8 61.6 +14.1 50.6 + 13.7 0.000
BMI 2 groups (%):
obese 15.4 4.86 19.1 12.0 0.000
overweight 317 47.6 43.2 222 :
underwelght/normal 528 476 377 65.7
weight
Educational level (%):
clementary/junior high 433 238 55.8 321 0.000
school
high school 37.5 33.3 30.7 44.0
university 19.2 42.9 13.6 23.9

18D, standard deviation; 2 BMI, body mass index. Statistically significant values are reported in bold.

Subjects in the pattern “persistent asthma diagnosis with remittent asthma symptoms” showed a
younger age and a high educational level; subjects in the pattern “persistent asthma symptoms without
asthma diagnosis” exhibited older age, a low educational level and overweight; and “ex-asthma”
subjects had a medium educational level and normal weight (Table 4).

3.4. Asthma-Related Indicators by Longitudinal Asthma Patterns

Subjects in the pattern “persistent asthma diagnosis with persistent/incident asthma symptoms”
had their first diagnosis and first asthma symptoms at older age with respect to the other asthma
patterns (about 26 years of age vs. 9-13 years) and a higher percentage of family history of asthma
with respect to those in the pattern “persistent asthma symptoms without asthma diagnosis” (56.1%
vs. 32.6%); in addition, subjects in the pattern “persistent asthma diagnosis with persistent/incident
asthma symptoms” more frequently reported last 12-month exacerbations (15.6%) (Table 5).
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Table 5. Baseline asthma-related indicators by longitudinal asthma patterns.

Persistent Asthma Diagnosis Persistent Asthma Persistent Asthma
with Persistent/Incident Diagnosis with Remittent ~ Symptoms without  Ex-Asthma Value
Asthma Symptoms Asthma Symptoms Asthma Diagnosis (n=109) P
(n=123) (n=21) (n=199)
Age atasthma diagnosis 27.1%20.6 9.9 +11.6 — 13.8 +12.7 0.000
(mean +SD ')
Ageat firstasthma | 25.3 +20.3 8.0+7.6 — 131+ 126 0.000
symptoms (mean + SD )
Family history of 56.1 524 326 352 0.000
asthma (%)
Last 12-month asthma
exacerbations % (%) 15.6 59 49 0.0 0.002
Last 12-month asthma
hospitalizations 3 (%) 50 59 00 16 0144
Last n;‘:;‘;é‘“;"(?fh)ma ED 42 59 12 16 0473
o
5
Reported SPT 835 300 655 705 0.081

positivity (%)

18D, standard deviation; 2 performed only on subjects reporting lifetime asthma diagnosis; > performed only on
subjects reporting lifetime asthma diagnosis or symptoms in the last 12 months; # ED, emergency department; ° skin
prick test (only subjects performing skin prick test n = 211). Statistically significant values are reported in bold;
borderline values are reported in italic.

3.5. Baseline Host and Environmental Risk Factors for Longitudinal Asthma Patterns

Subjects in the pattern “persistent asthma diagnosis with persistent/incident asthma symptoms”
showed a higher percentage of asthma comorbidities with respect to the other asthma patterns,
except for allergic rhinitis that was higher in the pattern “persistent asthma diagnosis with remittent
asthma symptoms” (Table 6).

Table 6. Baseline host and environmental risk factors by longitudinal asthma patterns.

Persistent Asthma Diagnosis Persistent Asthma Persistent Asthma
with Persistent/Incident Diagnosis with Remittent ~ Symptoms without  Ex-Asthma Value
Asthma Symptoms Asthma Symptoms Asthma Diagnosis (n=109) P
(n=123) (n=21) (n=199)
Asthma comorbidities
Allergic rhinitis (%) 61.0 66.7 28.3 35.8 0.000
GERD ! (%) 30.1 23.8 34.8 20.6 0.067
Sleep apnea (%) 20.3 10.0 18.3 2.8 0.000
Recurrent respiratory 231 48 113 8.3 0.003
infections (%)
COPD 2 (%) 21.1 9.5 11.9 4.6 0.002
Nasal polyps 57 0.0 4.1 0.0 0.074
Environmental risk factors
Traffic exposure at home 69.1 381 56.3 541 0.015
address (%)
Smoking habits (%):
smokers 15.4 14.3 27.1 11.0 0.000
ex-smokers 34.1 28.6 47.2 36.7 .
nonsmokers 50.4 57.1 25.6 523
Secondhand smoke 18.9 9.5 214 10.2 0.066

exposure (%)

! GERD, Gastroesophageal reflux disease; 2 COPD, chronic obstructive pulmonary disease. Statistically significant
values are reported in bold; borderline values are reported in italic.

Subjects in the pattern “persistent asthma diagnosis with persistent/incident asthma symptoms”
showed a higher percentage of traffic exposure at home address and subjects in the pattern “persistent
asthma symptoms without asthma diagnosis” a higher percentage of active and passive smoke exposure
(Table 6).
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Table 7 describes the results of the multinomial logistic regression analysis for the associations
among exposures to host and environmental risk factors and longitudinal asthma patterns (with “ex
-asthma” as reference category).

Table 7. Factors associated with longitudinal asthma patterns: Odds Ratio and 95% confidence intervals.

Persistent Asthma Diagnosis Persistent Asthma Persistent Asthma
with Persistent/Incident Diagnosis with Remittent ~ Symptoms without Asthma
Asthma Symptoms Asthma Symptoms Diagnosis
Host factors

Allergic rhinitis 3.12 (1.72-5.69) 3.38 (1.17-9.76) 0.99 (0.56-1.78)
(ref: no) 1.00 1.00 1.00

CcopPD ! 4.76 (1.60-4.16) 3.48 (0.55-21.94) 1.32 (0.44-3.97)
(ref: no) 1.00 1.00 1.00

Sleep apnea 5.99 (1.67-21.39) 3.49 (0.50-24.44) 5.32 (1.52-18.58)
(ref: no) 1.00 1.00 1.00

Environmental factors

Traffic exposure at

home address 1.86 (1.02-3.38) 0.48 (0.17-1.35) 1.31 (0.75-2.28)
(ref: no) 1.00 1.00 1.00
Smoking habits:
smokers 1.59 (0.64-3.96) 1.19 (0.26-5.47) 6.24 (2.68-14.51)
ex-smokers 0.71 (0.36-1.40) 0.45 (0.13-1.60) 1.71 (0.90-3.25)
(ref: non smokers) 1.00 1.00 1.00
e 2.64 (1.10-6.33) 0.93 (0.17-4.94) 3.28 (1.41-7.66)
exposure
(ref: no) 1.00 1.00 1.00
Adjustment factors
Age (unit increase) 1.02 (1.00-1.04) 0.98 (0.94-1.02) 1.05 (1.03-1.07)
8¢ crease 1.00 1.00 1.00
Males 0.84 (0.44-1.59) 1.49 (0.47-4.70) 0.84 (0.47-1.53)
(ref: females) 1.00 1.00 1.00
BMI categories:
obese 1.46 (0.60-3.51) 0.63 (0.07-5.85) 1.79 (0.80-4.03)
overweight 1.77 (0.84-3.72) 4.58 (1.33-15.72) 2.37 (1.20-4.68)
(ref:
underweight/normal 1.00 1.00 1.00
weight)
Family history of 2.15 (1.18-3.92) 2.60 (0.91-7.45) 091 (0.51-1.62)
asthma
(ref: no) 1.00 1.00 1.00

1 COPD, chronic obstructive pulmonary disease; reference category, ex-asthma; in italic, borderline values; in bold,
statistically significant values. Adjusted for sex, age, BMI, and family history of asthma.

Allergic rhinitis was significantly associated with a three-fold higher risk of having persistent
asthma diagnosis with respect to ex-asthma. COPD was significantly associated with “persistent
asthma diagnosis with persistent/incident asthma symptoms” (OR 4.76). Sleep apnea was significantly
related to “persistent asthma diagnosis with persistent/incident asthma symptoms” and “persistent
asthma symptoms without asthma diagnosis” with a 5-6-fold higher risk (Table 7).

Concerning the environmental factors, traffic exposure near home was significantly related
to “persistent asthma diagnosis with persistent/incident asthma symptoms” (OR 1.86) and active
smoke to “persistent asthma symptoms without asthma diagnosis” (OR 6.24). Passive smoke was
significantly associated with “persistent asthma diagnosis with persistent/incident asthma symptoms”
and “persistent asthma symptoms without asthma diagnosis” with a 2.6-3.3-fold higher risk (Table 7).

Finally, significant associations were found among: increasing age and higher risk of having
asthma symptoms (with/without diagnosis); overweight and a 4.6- and 2.4-fold higher risk of having
“persistent asthma diagnosis with remittent asthma symptoms” and “persistent asthma symptoms
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without asthma diagnosis”, respectively; and family history of asthma and higher risk of “persistent
asthma diagnosis with persistent/incident asthma symptoms” (OR 2.15) (Table 7).

4. Discussion

Using an unsupervised approach (LTA), we detected four main longitudinal asthma patterns
in a sample of adult general population: “persistent asthma diagnosis with persistent/incident
asthma symptoms” (27.2%), “persistent asthma diagnosis with remittent asthma symptoms”
(4.6%), “persistent asthma symptoms without asthma diagnosis” (44.0%), and “ex-asthma” (24.1%).
These patterns were related to different host and environmental risk factors.

4.1. Comorbidities

Subjects with allergic rhinitis had a three-fold significantly higher risk of having persistent asthma
diagnosis with respect to “exasthma”, highlighting the importance of active management of allergic
comorbidities in asthma patients because they may contribute to symptoms burden and poor asthma
control, as reported by the international guidelines [1]. Asthma and allergic rhinitis share a similar
inflammatory process and nasal allergen exposure in patients with allergic rhinitis yields a generalized
airway inflammation including lower airways [1,10].

“Persistent asthma diagnosis with persistent/incident asthma symptoms” was significantly related
to COPD (OR 4.76). Asthma and COPD are strongly related, even if they are heterogeneous diseases
with various underlying mechanisms. There is broad agreement that patients with features of both
diseases have frequent exacerbations, poor quality of life and a more rapid decline in lung function
and high mortality [1]. In a US general adult population sample (>65 years) with active asthma,
patients with COPD had a four-fold higher risk of having asthma-related hospitalizations in the last
12 months [26]. A similar result was found in a Canadian study, using health administrative databases:
higher rates of asthma claims were found in patients with than in those without COPD [27]. Moreover,
active asthma was significantly associated with an increased risk for chronic bronchitis, emphysema,
and COPD over a 20-year follow-up [28].

Sleep apnea was significantly related to “persistent asthma diagnosis with persistent/incident
asthma symptoms” and “persistent asthma symptoms without asthma diagnosis” with a 5-6-fold
higher risk (OR 5.99 and OR 5.32, respectively). Asthma and sleep apnea share many predisposing
and aggravating factors; asthma is often accompanied by snoring and apnea, and sleep apnea often
combines with asthma. The two diseases present many similar features [29,30] and recent studies have
shown that asthma and sleep apnea share a bidirectional relationship where each disorder adversely
influences the other one [30,31]. As reported in a US study, unrecognized sleep apnea could be a reason
for persistent asthma symptoms during the day and the night [32]. On the other side, the presence of
a diagnosed disease with similar clinical manifestations, such as sleep apnea, might lead to lack of
recognition or misinterpretation of asthma symptoms, justifying the strong relationship found with
persistent asthma symptoms without lifetime asthma diagnosis [29].

4.2. Environmental Risk Factors

Reported traffic exposure near home was significantly associated with “persistent asthma diagnosis
with persistent/incident asthma symptoms” (OR 1.86 vs. “ex-asthma”). Urban living, characterized
by high concentration of air pollutants emitted by vehicular traffic, is an important risk factor for
asthma onset and exacerbations [33-35]. Recent studies showed a higher risk of persistent asthma in
>45-year-old subjects living <200 m from a major road (OR 5.21) [36] and a higher risk of last 12-month
asthma attacks (OR 1.35) or wheezing (OR 1.24) in adult subjects exposed to moderate/heavy traffic
near home [37]. Moreover, the current data are in line with our previous observations that urban
living, with respect to rural living, is associated with several adverse effects: e.g., larger prevalence of
respiratory symptoms/diseases [17] and higher bronchial hyper-responsiveness, which is an important
marker of active asthma [38].



J. Clin. Med. 2020, 9, 3632

A significantly higher risk of “persistent asthma symptoms without asthma diagnosis” was found
in current smokers (OR 6.24), which might indicate underdiagnosis of asthma in this group [39,40].

This relationship emerged also in UK and US studies where active smoke was a risk factor for
undiagnosed wheeze at 18 years old (OR 2.54 and OR 2.60, respectively) [39,41]. In a recent paper
about the same UK sample, subjects identified as “undiagnosed-wheezers” phenotype had the highest
prevalence of smoking habit (74.6%) with respect to the other “wheezers” phenotypes [42]. A possible
explanation is that respiratory symptoms, such as wheeze or breathlessness, are misinterpreted as
due to smoking, rather than referred to asthmatic condition and, thus, not reported to the physician.
On the other hand, asthma-like symptoms are also common in subjects with COPD, which is often
smoke-related, making it difficult to disentangle the relationship between smoking and asthma-like
symptoms. Smoking plays an important role in asthma management, since asthmatic smokers
have worse clinical outcomes compared with nonsmokers, i.e., increased morbidity and mortality,
higher frequency of exacerbations, reduced lung function, and worse quality of life [43,44].

Finally, in our study, a strong relationship was found between “persistent asthma diagnosis with
persistent/incident asthma symptoms” or “persistent asthma symptoms without asthma diagnosis”
and secondhand smoke (OR 2.64 and OR 3.28, respectively). Respiratory health effects of involuntary
smoking among children/adolescents are well documented, but fewer studies took into account adult
subjects. A study performed on an Italian sample of nonsmoker women showed that passive smoke
exposure both to husband and at work resulted a significant risk factor for asthma symptoms (OR 1.71
for recent wheeze and OR 1.85 for recent attacks of shortness of breath with wheeze) [45]. Similar results
were found in a Danish study on an adult sample showing that persons exposed to passive smoke
were at increased risk of wheeze (OR 1.69) and decreased lung function [46].

4.3. Limitations and Strengths

A limitation of this study is the use of a questionnaire for collecting data on respiratory
symptoms/diseases, potentially affected by a reporting bias, as it relies upon individual memory. Thus,
the estimates of “underdiagnosed” asthma (persistent asthma symptoms without lifetime diagnosis)
might be biased, particularly in older subjects, because elderly people with an early onset of the disease
may more frequently forget that they had a physician diagnosis, differently from younger people with
a more reliable recall. As a consequence, this differential recall bias might have affected the estimates
of the time trends and the assessment of the determinants of asthma patterns [47]. Nevertheless,
the standardized questionnaire is one of the main investigation tools in respiratory epidemiology [48]
and our questions were derived from validated international questionnaires, which already had passed
the scrutiny of independent reviewers.

A participation rate of 68% was obtained in the AGAVE study. Comparing the characteristics of
subjects included in the AGAVE survey vs. those lost to follow-up, few differences were found, with a
lower mean age and more females in the AGAVE sample. No difference was found when considering
the enrollment criteria (percentage of asthma symptoms and/or diagnosis in the previous surveys).
Moreover, the same cross-sectional asthma phenotypes that emerged in the AGAVE survey were found
in the previous surveys, although with different proportions (Table S1). Thus, the AGAVE sample can
be considered representative of the previous samples from which it was extracted according to the
enrollment criteria.

The strength of our study is to have analyzed risk factors related to adult asthma patterns in
a real-life setting using a multidimensional and unsupervised data analysis approach (the latent
transition analysis) which has the advantage of being free from a priori assumptions. Indeed, the choice
of the variables to be included in the model was warranted by their clinical relevance, representing the
main dimensions of asthma, even if the choice is subjective and may condition the obtained classes [49].

LTA provides innovative perspectives to epidemiological studies. Indeed, while the standard
approaches focus on true dichotomous outcomes (disease present or absent), LTA focus on the concept
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of phenotype, i.e., a combination of several clinical presentations that may occur or not with a given
probability. Moreover, LTA is able to describe phenotype changes over time [14].

Finally, it is worth mentioning that a follow-up of these patients will be performed in a new
project, starting in the next months, in order to assess the clinical meaning of the detected phenotypes
and their relevance for disease prognosis, with special focus on the multimorbidity condition.

5. Conclusions

This study about adult asthmatic cohort showed that asthma patterns were differently associated
with comorbidities and environmental risk factors exposure. It highlights the necessity of a careful
monitoring of exposure to active and passive smoke and to vehicular traffic near the house of residence
in the general population, which are possible determinants of occurrence of asthma symptoms (with or
without lifetime diagnosis). The increased awareness of these relevant factors and the inclusion of such
information in current guidelines could be useful to patients and healthcare providers in prevention
and management strategies.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/11/3632/s1,
Table S1: Comparison among AGAVE and previous-surveys cross-sectional phenotypes (%); Supplementary S1:
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Abstract: The Western lifestyle is a complex concept that includes the diet as the main axis of
different factors which contribute to a detrimental effect on health, lower life expectancy and low
quality-of-life. This type of diet is characterized by being high in calories, mainly provided by
saturated fats, and rich in sugars that can lead to changes in immune cells and their responsiveness,
by different mechanisms that have yet to be totally clarified. Inflammatory processes are perpetuated
through different pathways, in which adipose tissue is a major factor. High fat stores in overweight
and obesity accumulate energy but the endocrine function is also producing and releasing different
bioactive compounds, adipokines, known to be pro-inflammatory and which play an important
role in the pathogenesis of asthma. This review therefore explores the latest evidence regarding
the adverse effect of the Western diet on adipose tissue inflammation and its causative effect on the
asthma epidemic.

Keywords: Western lifestyle; saturated fats; simple carbohydrates; obesity; adipose tissue;
inflammation; asthma

1. Introduction

Inflammatory diseases are increasing worldwide to epidemic proportions and are considered
lifestyle-associated diseases, similar to obesity [1]. These pathologies have a multifactorial cause in
which diet is a well-known environmental factor involved in obesity, whilst in the etiology of other
inflammatory diseases, diet is gaining increasing attention as a risk factor. With regard to this, the
Western diet is characterized, broadly speaking, by a high content of saturated fats and simple sugars
and a low content of plant-origin foods, and is associated with an increased risk of inflammatory
diseases, including asthma.

This kind of diet usually includes foods rich in calories and their regular consumption can lead
to overweight and obesity, which basically consists of an excess of body-fat stores. This adipose
tissue seems to be an important factor in systemic inflammation, including airway inflammation
(asthma), and especially in the case of obesity, which is characterized by excessive accumulation of
fat [2]. From this perspective, this review examines the evidence for the association between asthma
and nutrition, and specifically addresses the effect of Western diets on the inflammatory processes,
reviewing the causative relationships with the adipose tissue.

2. Diet and the Parallel Epidemics of Obesity and Asthma

There is a growing body of evidence on the association between asthma and nutrition. Although the
exact mechanisms of this association are far from clear, the epidemiological data suggest that this is
indeed the case.
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From the most elemental point of view, there has been a parallel increase between the asthma and
the obesity epidemics [3], with the latter being closely related to changes in nutrition [4]. According to
the epidemiological data on asthma tracking back to the 1960s and 1970s [5-7], in the Nordic and
English-speaking countries, there has been an increase in asthma prevalence in all age groups. Thatsame
trend has been found in Mediterranean countries [8]. Those regional reports were later supported,
albeit partially, by the findings from the International Study of Asthma and Allergies in Childhood
(ISAAC), which compared prevalence data from its Phases One (carried out between 1994 and 1995)
and Three (performed between 2002 and 2003) [9]. There was, however, a different note here as the
authors suggested that the prevalence had increased among both schoolchildren as well as adolescents
in those countries where the asthma prevalence had previously been lower, while it was stable or even
reduced in countries with a formerly higher prevalence.

The obesity epidemic, which relates to nutrition and sedentarism, tracks back to similar years
to that of asthma and shows a parallel increasing trend starting at a higher prevalence [3]. This does
not necessarily mean that the two epidemics really started at the same time, but the epidemiological
data available track back in an interesting parallel way. Curiously, a similar behavior to the asthma
epidemic seems to be happening at least in some populations: both in adults and adolescents, the rise
in prevalence occurring from the 1970s seems to have slowed down or even halted [10,11].

Taking this phenomenon into consideration, whether nutrition disorders lead to obesity and
this to asthma (through altering lung mechanics, for instance), or asthma favors obesity (through
sedentarism, for example), or asthma and obesity are effects of common parallel causes (including
nutrition) is a matter of certain debate and is probably dependent upon each individual.

There are certain facts that relate obesity to asthma, starting from a common genetic predisposition,
as shown by studies in twins. The study by Hallstrand et al., including 1001 monozygotic and
383 dizygotic twin pairs of the same sex, arrived at the conclusion that apart from there being
a strong association between asthma and body mass index (BMI), there was also an important
heritability for asthma (53%) and obesity (77%) with additive genetic influences in each condition [12].
However, a second study from the Danish Twin Registry [13], including 29,183 twin individuals, found
that the heritability of obesity was higher (81% in males and 92% in females) as was that of asthma
(78% and 68%, respectively). However, their analyses of age-adjusted genetic liabilities to asthma and
obesity were significantly correlated only in females, and this was related to common genes.

Nevertheless, diet has been shown to be independently associated to asthma at the epidemiological
level. For instance, in cross-sectional studies, a Mediterranean diet has been shown to be associated to
a lower prevalence of asthma, independently of BMI [14,15], whilst frequent fast-food consumption
seems to be a risk factor for asthma [16]. Furthermore, the frequent consumption of anti-oxidant
foods has been associated to lower asthma prevalence [17,18]. Those dietary profiles (Mediterranean
diet versus fast food) also have important implications for obesity. On the other hand, the frequent
consumption (three or more times per week versus never or occasionally) of individual foods such as
fruit and vegetables have been related to lower BMI and to lower asthma prevalence in adolescents
worldwide [16,19].

More interestingly, the influence of certain factors related to both asthma and obesity seem
to be important during pregnancy or during the first weeks of life. For instance, adherence to a
Mediterranean diet by the mother in pregnancy seems to have implications for both asthma and
obesity [20]. Moreover, maternal obesity in pregnancy is associated to both asthma and obesity in the
offspring [21,22].

Thus, it is quite probable that nutrition influences obesity and asthma in parallel, independently
of the interaction of the two conditions on each other, no matter whether the mechanisms of this
interaction are purely mechanic, inflammatory, or others, and this influence occurs more easily in
genetically predisposed individuals. The purpose of this review is to summarize the current evidence
on the connections between nutrients highly present in the Western diet and asthma, as well as the
possible mechanisms involved.
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2.1. Role of Micronutrients and Macronutrients

The relationship between environmental factors, such as diet, and asthma risk is very complex and
thus not fully understood [23]. The effects of individual nutrients on health have been widely studied in
order to better understand the effects of isolated compounds on different diseases. However, nowadays,
the study of specific dietary patterns and foods as complex matrices and their effect on health and
disease prevention is gaining attention [24]. Regarding this, diets rich in vegetables are clearly related
with valuable effects in preventing different diseases, whilst diets rich in calories, and overall when that
energy is mainly provided by fat-rich foods, are strongly linked with chronic inflammatory processes,
such as asthma, among others [25]. These fat-rich foods, usually consumed as part of the Western-style
dietary patterns which are also considered as obesogenic, are often associated to an increased access to
highly processed foods that are related with high contents of simple sugars and saturated fats and
low contents of minerals and vitamins [26]. It is clear that this change in dietary patterns modifies
general diet quality, which is involved in the development of different diseases, mainly those related
with inflammation, cardiovascular risk, aging process [27], and also with the increasing burden of
asthma [28], mainly through the control of various immune pathways; specifically, with the role of
macro- and micro-nutrients on them being clearly different.

This type of pattern (Western diet) also includes reduced intake of micronutrients (vitamins
and minerals), dietary fiber, unsaturated fatty acids and a low consumption of a wide variety of
bioactive compounds that, in isolation, have been reported as having different interesting beneficial
properties [29], and when they are consumed as part of a diet, may act together with more favorable
effects on health status and disease management, including asthma [30]. Furthermore, typical Western
foods are usually poor in fiber, providing daily amounts below the recommended 30 g, which is
correlated with a higher risk of respiratory diseases related with an increase in short chain fatty acids’
(SCFA) production in the colon, which are systemically distributed [31].

Within the dietary foodstuffs included in the Mediterranean diet, fish consumption is highly
recommended and implies the intake of fatty acids with a predominance of the w-3 profile that are
able to partly inhibit a number of aspects of inflammation [32] and have been proposed as protective
metabolites for asthma. However, this effect has been demonstrated when marine oil is abundantly
consumed in the diet, provided by one serving of fish per day. This, although it can be obtained through
the diet, is not a usual habit. Based on this, including 2-3 portions per week of sardines, mackerel,
herring, tuna or salmon in addition to foods rich in different compounds with anti-inflammatory
activity, such as those included in the Mediterranean diet, would help to achieve sufficient amounts of
bioactive compounds to reduce inflammatory pathways.

The increased distance from this dietary pattern has alarmingly increased overweight and
obesity, as well as related diseases, in recent years [33]. In obesity, excessive weight gain leads to
adipose tissue remodeling, adipocyte hypertrophy, hypoxia, stress and apoptosis/necrosis, including
a prolonged production of inflammatory mediators, with the subsequent release of adipose-derived
pro-inflammatory cytokines and free fatty acids into the circulation. This can lead to systemic
disturbances in metabolism and tissue health, promoting chronic low-grade inflammation and
an increased risk for chronic diseases [34]. With regard to this, it has recently been reported
that fat mass loss compared to BMI or weight can further improve different risk profiles and
inflammation-related biomarkers and also shows a high capability for predicting the cardiometabolic
profile [35]. This highlights the importance of body fat in the inflammatory response and how the
accumulation of excessive fat, as in the case of obesity, may interfere with the maintenance of an
optimal state of health [2]. Inflammatory mediators are stimulated by macronutrients in the adipose
tissues that are mainly incorporated as flux through the diet as carbohydrates and fats that, after
absorption, are stored in adipose tissue. It is important to highlight that not only the total amount of
calories consumed but also their distribution, mainly across fats and/or carbohydrates, have a different
impact on adipose tissue and thus on the incidence/severity of asthma [2,36].
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Overconsumption of macronutrients in the diet stimulates the adipose tissue to release
inflammatory mediators, predisposing the pro-inflammatory state in addition to increasing the
risk and severity of infections [37,38]; moreover, micronutrient deficiencies (especially regarding those
which are lipophilic: vitamins A, D, E, K and carotenoids) have a negative impact on the regulation of
adipose tissue biology with respect to the modulation of adipogenesis or inflammatory status that gain
importance related with obesity and associated pathologies. Regarding this, there is also information
indicating that diet composition (the type of dietary macro- and micro-nutrients), independently of its
caloric content, can influence the function of adipose tissue in different ways and the expression and
secretion of inflammatory biomarkers [37].

In this way, complex dietary carbohydrates (starches, glucans, fructans and cellulose), and
especially those from whole-grain products, have demonstrated an inverse association with
inflammation and adipose tissue deposition but also depending on the gut microbiota population [38].
Meanwhile, elevated simple carbohydrates’ (sugars mainly used as sweeteners, such as glucose
and fructose) consumption promotes the inflammatory state and acts on adipose tissue, inducing
lipogenesis, because, in excess, they are converted into fatty acids, mainly palmitate, and promote lipid
synthesis. Simple carbohydrates are highly consumed in the Western diet, and based on their effects on
health, we can affirm that limiting the consumption of simple/refined grains and increasing the intake
of whole grains is highly recommended [39]. Moreover, the high consumption of simple sugars used
as sweeteners in different sugary beverages, that are widely consumed in this kind of diet, has been
associated with asthma being more evident in case of beverages containing a high fructose:glucose
ratio that can cause fructose malabsorption, resulting in the intestinal formation of pro-inflammatory
products between unabsorbed fructose and some dietary proteins that, after intestinal absorption, are
associated with asthma [40].

Focusing on dietary fats, they are mainly consumed as triglycerides and great differences and
biological effects on tissues can be found, depending on the type of fatty acid after lipolysis. An increase
in the intake of monounsaturated fatty acids (MUFAs) (mainly oleic acid, abundant in olive oil),
omega-3 polyunsaturated fatty acids (PUFAs) (alpha linolenic acid, abundant in seeds and vegetables,
and eicosapentanoic (EPA) and docosahexanoic (DHA) acids, present in fish), and omega-6 (linoleic
acid) present in nuts and seeds, particularly as a replacement for saturated fats, have demonstrated
beneficial effects on health and a reduction in disease risk and in the case of asthma exerting benefits
mainly related with the development and resolution of airway inflammation [41]. Furthermore, the
saturated fats, which are highly consumed as part of the Western diet, have pro-inflammatory abilities
involved in asthma, amongst other detrimental effects on health. Moreover, the weight loss usually
associated to dietary saturated fats’ restriction, and the subsequent reduction of adipose tissue, also
contributes to a reduction of neutrophilic airway inflammation. This has been recently described in
the postprandial period after the intake of foods rich in saturated fatty acids, and also describing that
dietary fat is more pro-inflammatory than simple carbohydrates in the case of asthma [42].

It has been reported that individual macronutrients exert a different impact on adipose tissue and
inflammatory response [34,43] so that simple sugars and saturated fats, individually and/or combined
in the diet, have the ability to induce cytotoxicity and oxidative stress, favoring inflammatory processes
and even epigenetically reprogramming the immune response to more severe diseases, as occurs when
the Western diet is regularly consumed [44]. Evidences on the negative effect of an unhealthy diet
on respiratory health are robust, with dietary components of this type of diet being suggested as
pro-inflammatory, inducing to low-grade systemic inflammation and influencing asthma development
and severity. Regarding this, studies on the use of the Dietary Inflammatory Index (DII) [45] to predict
the anti-inflammatory capacity of the whole diet in the case of asthma are still scarce and warrant
further investigation but, they indicate that DII is higher in subjects with asthma and also indicate
worse clinical asthma outcomes, indicating that an improvement in this index as an indicator of an
adequate diet might be a useful strategy for improving clinical outcomes in asthma [45].
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2.2. Role of Food Groups and Dietary Patterns

In this context, the Mediterranean diet reflects a complex concept which includes specific dietary
patterns of a high consumption of olive oil as the main source of dietary fats, fruits, green vegetables,
nuts, whole cereals, lean protein such as fish, moderate consumption of fermented dairy products and
a limited use of meat, meat products and refined sugars [46]. This dietary pattern also includes high
consumption of different compounds such as flavonoids, resveratrol or turmeric, among others [43],
which are mainly present in vegetables, fruits, olive oil and nuts, and are very powerful against oxidative
and inflammatory processes that are highly connected to pathways of the immune system. It is well
known that a stable inclusion of this kind of diet, including a wide variety of foods, predominately
of plant origin, provides solid health benefits in the prevention and also therapeutic approach of
cardiovascular diseases, obesity, type 2 diabetes, metabolic syndrome, cancer and neurodegenerative
diseases [47]. Antioxidant and anti-inflammatory properties of compounds present in foods consumed
as part of the Mediterranean diet have also demonstrated effectiveness against inflammatory processes
and it must be considered that moving away from these dietary patterns usually involves a high intake
of processed foods rich in refined starches, sugar and saturated fatty acids that is often accompanied by
a lower intake of fish, vegetables, fruits, nuts, legumes and whole grains. Antioxidants are molecules
that scavenge free radicals, preventing oxidative damage. If the antioxidant defense system of lungs
is unbalanced by oxidants, it can result in pulmonary dysfunction that could be buffered by dietary
antioxidants present at high values in plant foods (vitamins C and E, carotene, flavonoids, selenium,
etc.). These compounds have been shown to confer a protective effect on neutrophil membranes against
oxidants exposure, improving immune cell function and contributing to the positive effect of plant
foods’ consumption on asthma [48].

However, in the case of the Western diet, it is usually linked to a high consumption of processed
foods and also supposes a high presence of saturated fatty acids in addition to a high intake of fat.
This kind of dietary fat is strongly linked to inflammation in the adult stage. However, during infancy
and childhood, high consumption of these saturated fats may also cause an activation of the innate
immune system by excessive production of pro-inflammatory cytokines associated with a reduced
production of anti-inflammatory cytokines [49]. This situation must be taken seriously because a
gradual shift away from traditional diets to those higher in saturated fats, refined carbohydrates and
animal-sourced foods, with increased processed food consumption and also changing culinary practices,
has been confirmed [50]. Regarding this, the World Health Organization (WHO) [51] has established a
global strategy on diet and health with the aim of reducing unhealthy diets and preventing different
diseases, mainly those related to overweight and obesity, including asthma. This improvement of
diets includes focusing on promoting fruits, vegetables, legumes, whole grains and nuts, and limiting
saturated fats in favor of unsaturated fats, as well as promoting the consumption of foods rich in
micronutrients that could reduce associated diseases and mortality.

Processed meats and red meats are also included in the Western dietary pattern and, interestingly,
there are studies indicating that a high consumption of these meats has been positively associated with
obesity [52]. Regarding this, despite the fact that consumption of cured meats, known for its high
nitrite content, may favor airway inflammation and lung damage by nitrosative stress, few studies
have been conducted on the association between processed meat and asthma. However, in the case
of cured meats, that are an important component of the Western diet, a high intake of this kind of
processed meat has been associated with worsening asthma symptoms, probably non-mediated by
BMI [53,54], but is important to consider that this Westernized diet includes the consumption of
complex meals that might interact with each other and that previous studies [55] have suggested
that cured meat may adversely affect lung health, but the magnitude of the cured meat-asthma
association may depend on other factors, including obesity or smoking, and must be considered within
a broader context, also including dietary patterns and not only cured meat intake. Dietary patterns
included in the Mediterranean diet involve a high consumption of fruits and vegetables containing
antioxidant compounds that are capable of reducing nitrite levels with an anti-inflammatory effect
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in lung epithelial cells [55] and probably dampening the effects of high cured meat consumption on
asthma symptoms. Moreover, epidemiological studies indicate an increased risk of inflammatory
processes when a Mediterranean-style eating pattern is taken away, associated with a high consumption
of processed meat, dietary saturated fats and low levels of vitamin D, that can reduce a tolerogenic
mucosal immune state locally at the gut but also systemically, and particularly in the lung. In the case of
vitamin D, that can be obtained from the diet or by dermal synthesis, its deficiency has been associated
with a greater disease activity and extended disease duration in patients with different inflammatory
processes, including protection against infections and regulatory effect on the gut microbiota, and has
also been linked to beneficial effects in asthma [56].

3. Obesity-Related Asthma and Interrelations with Diet, Inflammation and Adipose Tissue

The parallel trend between the obesity epidemic and asthma makes it necessary to understand
mechanisms involved in this association and how different components of foods included in the Western
diet can be involved in the regulation of mechanisms in obesity-related asthma. In this regard, there
are contradictory studies indicating that obese asthma is poorly controlled by conventional therapies,
including corticosteroids, and it shows an increase in neutrophilic airway inflammation; however, there
is a growing consensus on the important implication of fatty acids, inducing modifications on lipid
metabolism and its immune regulators in obesity-related asthma [57,58]. Obesity has been linked to
increased systemic leukotriene inflammation in patients with asthma and the excess of adipose tissue
might contribute to airway inflammation, exacerbating asthma symptoms [59]. The inflammatory
effect of obese asthma appears to occur through innate immune pathways, with a significant increase in
the proportion of neutrophils in the airways of obese asthmatics [57]. In obese asthma, it is important to
highlight that body composition and fat distribution affect systemic inflammation, airway inflammation
and lung function, and this can explain important differences found between obese males and females
with asthma, suggesting that the worsened lung function known to be associated with the obese-asthma
phenotype is multifactorial and involves the body composition [60]. Western diet it is usually linked to
a high consumption of foods containing important amounts of calories, mainly provided by fats and
carbohydrates. In the case of fats, processed foods included in this type of diet provide high amounts
of saturated fatty acids in addition to a high intake of fat and calories, increasing the risk of overweight
and obesity, that contribute to immune dysfunction as well as altered airway structure and function [61].
The disturbed lipid metabolism and immune modulators of lipid metabolism in obesity, in addition
to several immune factors, potentially contributing to the pathogenesis of obesity-related asthma,
including intestinal microbiota and inflammation, could indicate that controlled modifications in the
diet, in addition to a medical intervention, could be a promising strategy in controlling obesity-related
asthma. These modifications in diet (mainly on fats and fiber types and contents) can also exert an
important impact on human gut and its microbiome, leading to the selection of a high variety of bacteria
interacting both for defense and nutritional advantages. Gut dysbacteriosis might result in altered
immune response and chronic inflammatory respiratory disorders, particularly asthma (gut-lung
axis), with an important role of the microbiome in inflammation and its influence on important risk
factors for asthma being reported. Due to its high content in saturated fats and low fiber content,
the Westernized diet can be a major contributor that can trigger factors regulating the development
and/or progression of inflammatory conditions, including asthma. Increasing evidence indicates that
there is a link between the gut and airways in disease development, reinforcing the evidence on the
impact of the Western diet and associated nutrients on immune response and microbiota diversity, and
how these can influence the pathology of asthma. Differences found on the lung microbiome between
asthmatic and healthy people suggest that bacteria can contribute to the development of asthma, also
indicating a possible important role in influencing the immune responses for gut microbiota [62].

Chronic inflammatory diseases are now considered epidemic and highly related with overweight
and obesity. All these non-communicable diseases are considered a pandemic of lifestyle-associated
pathologies [1]. As findings linking a chronic consumption of Western diet with inflammatory diseases
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such as asthma are consistent, efforts are now being focused on the study of how diets and combined
components of foods can modify immune cell responsiveness. Different microbial metabolites produced
after the digestion of foods seem to shed light on how immune cells are shaped in different ways
depending on the type of diet. In the case of the Western diet—high in simple sugars and saturated
fats—it can alter immune cell responsiveness, inducing systemic inflammation, which plays a key role
in asthma patients.

Apart from lipid storage, other biological functions have been attributed to adipose tissue, such as
hormones and protein factors” production. These products are known as adipokines, playing different
local and systemic roles with the main purpose of the integration of metabolism and immune systems.
Pro-inflammatory cytokines such as leptin or resistin are included among them. In the same way,
anti-inflammatory adipokines such as adiponectin have also been identified [63-65].

3.1. Anti-Inflammatory Adipokines: Adiponectin

Adiponectin is the best known and most abundant anti-inflammatory adipokine. It is secreted as
a monomet, assembling and forming oligomers of different molecular weights. As a result, low, middle
and high molecular weight (LMW, MMW and HMW) isoforms have been identified in serum [66]
and their receptors, T-cadherin, adipoR1 and adipoR2, are widely distributed. The interaction
between adiponectin and Adiponectin receptor 1 (AdipoR) receptors increases intracellular Adenosine
monophosphate (AMP) concentration via AMP-activated protein kinase (AMPK) in different tissues
and immune cells, with anti-inflammatory effects and AdipoR activation by HMW isoform, and seems
capable of reducing tumor necrosis factor-alpha (TNF-«), transforming growth factor beta (TGF-§3),
interleukin-6 (IL-6) and interleukin-8 (IL-8) cytokines [67]. Adiponectin plasmatic concentration has
been mainly associated with adipose tissue repletion, in the way that low calorie intake increases,
whereas obesity decreases adiponectin levels [68-70].

Different studies have analyzed the relationship between serum levels of adiponectin and metabolic
diseases. In this regard, Zhu et al. [69] and Iwata et al. [70] reported that a high HMW/total adiponectin
ratio is positively associated to peripheric insulin resistance, whereas the association with other
isoforms still seems to be unclear. According to the meta-analysis performed by Liu et al. [71],
plasmatic levels of adiponectin can be considered as an adequate biomarker for prediction of metabolic
syndrome risk. With regard to T-cadherin receptors, they have been related to a protective effect of
adiponectin in heart and lung diseases [72]. In fact, different studies based on mice models pointed to
the possibility that deficiencies in adiponectin and T-cadherin receptor could be related to myocardial
ischemia-hypertrophy and high blood pressure [73-75].

At the bronchio-alveolar epithelium, T-cadherin seems to act as a binding protein, translocating
adiponectin from serum to epithelial cells through the capillary barrier, playing an important role in
inflammatory response regulation [74,76]. However, this mechanism still remains unclear. On the one
hand, Otero et al. [77] proposed that adiponectin could have a pro-inflammatory effect, stimulating
epithelial IL-8 secretion. Regarding this, Jaswal et al. [76] recently conducted a cross-sectional
observational study comparing adiponectin levels between a group of 60 patients with chronic
obstructive pulmonary disease, and 30 healthy people. That study concluded that a high level of
adiponectin could have a pro-inflammatory effect, being positively correlated with airway inflammation
and inflammatory biomarkers such as IL-8, whereas it was inversely correlated with forced expiratory
volume and pulmonary function. On the other hand, Kirdar et al. [78] reported that the presence
of a high level of adiponectin could be an attempt to reduce pro-inflammatory cytokines in chronic
obstructive pulmonary disease, leading to a downregulation of TNF-« production by macrophages at
the bronchio-alveolar epithelium. With regard to asthma, there are no conclusive results about the role
of adiponectin on airway inflammation regulation in humans. It seems that serum adiponectin levels
would be related to asthma severity, especially in children [79]. Ma et al. [80] analyzed serum adiponectin
levels and BMI in 122 asthmatic children, concluding that asthma severity was negatively correlated
with adiponectin levels, and positively correlated with BMI. These results are in concordance with
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previous studies showing that obese and asthmatic children presented an inadequate asthma control
and lower serum levels of adiponectin when compared with non-obese asthmatic children [81,82].
The effect of low levels of adiponectin in obese-related asthma could be associated to an increase in
TNF-a secretion by macrophages, favoring a Th2-predominant reaction and an eosinophilic-mediated
inflammation (type I hyper-sensitivity) [74,82]. Recently, Zhu et al. [83] analyzed the effect of venous
adiponectin administration in a murine model of obesity-related asthma, at a cellular and molecular
level. According to the results they obtained, obese and asthmatic mice show low levels of serum
adiponectin, as well as low levels of lung AdipoR1 and AdipoR2 receptors. Venous administration
of adiponectin resulted in a reduction of eosinophils and pulmonary inflammation signs through
apoptosis promotion of inflammatory cells, mainly mediated by two mechanisms: downregulation of
the inhibitory apoptosis gene Bcl-2, and inhibition of TNF-« secretion. In the same way, administration
of adiponectin increased activation of AMPK via AdipoR1 receptors, and inhibited nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB). Both the activation of AMPK and the inhibition
of NF-kB were related to a significant reduction in nitric oxide (NO) species and inducible NO synthase
(iNOS), as well as to a significant increment in total antioxidant capacity reported in serum and lung
tissue from obese and asthmatic mice.

3.2. Pro-Inflammatory Adipokines: Leptin and Resistin

Leptin was the first adipokine described, being originally defined as a satiety hormone due to
its effect on the satiety center in the hypothalamus. Its secretion is mainly regulated by adipocytes’
repletion, with its plasmatic levels positively correlating with adipose tissue. When the adipocytes’
lipid storage increases, leptin is released in order to stimulate anorexigenic peptides secretion by
the hypothalamus [84,85]. However, a pro-inflammatory and immuno-modulatory effect has also
been proposed [86,87]. Leptin is a 16 kDa non-glycosylated protein encoded by the ob-gene and it is
recognized by cell receptors Leptin receptors (LEPRs), which belong to the type I cytokines superfamily.
The leptin-LEPR complex activates different intracellular signaling pathways, mainly mediated by four
tyrosine Janus Kinases (JAK;, JAK;, JAK3 and tyrosine kinase (TYK3)) and seven signal transducers
and activators of transcription (STAT;-STAT?). Other intracellular pathways activated by leptin are
the mitogen-activated protein kinase (MAPK) cascade, the phosphoinositide 3-kinase (PI3K) pathway
or the 5'-AMP-activated protein kinase (AMPK) cascade [88]. LEPRs are expressed by the majority of
immune cells, where the JAK;, STAT3, MAPK and PI3K pathways are activated in order to modulate
both innate as well as adaptive immune response [44,89]. With regard to innate immune response,
leptin promotes cell proliferation and decreases apoptosis, as well as stimulating the activity of
NK-cells, activating chemotaxis and the oxidative function of neutrophils, activating the proliferation
and pro-inflammatory cytokines release by eosinophils and basophils, or inducing proliferation,
activation and pro-inflammatory cytokines production (such as IL-1, IL-2, IL-6, IL-8 or TNF-«) by
monocytes, macrophages and dendritic cells. Among leptin’s effects on the adaptive immune response,
the following have been described: induction of T cell proliferation, polarization to a pro-inflammatory
TH;-IFNYy predominant phenotype instead of to an anti-inflammatory TH,-IL-4 phenotype, reduction
of regulatory T cells and an increment of TH;7 population favoring the maintenance of inflammatory
and auto-immune response, proliferation and activation of B cells’ population [90].

Resistin is another adipocyte signaling molecule synthesized not only by adipose tissue, but also
by monocytes and macrophages. Its secretion is induced by high glucose levels and inflammatory
mediators (lipopolysaccharides, IL-6 or TNFx) [91]. Resistin has been mainly associated to insulin
resistance in mice; however, in humans, it seems to actively regulate inflammation. This regulatory
effect is mediated by adenylyl cyclase-associated protein-1 (CAP-1) receptors, presented in monocytes
and macrophages. Resistin-CAP-1 complex increases intracellular AMP concentration and protein
kinase A (PKA) activity, as well as activating DNA transcription regulated by nuclear transcription
factor NF-kB. In this way, resistin upregulates the production of pro-inflammatory cytokines such as
IL-6, IL-12 or TNFo [90,91].
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Based on the above, leptin and resistin have been related to metabolic syndrome- and chronic
inflammation-associated diseases. In this way, elevated circulating adipokines levels seem to be
involved in the regulation of inflammation and allergic response, affecting the risk of asthma, especially
in the case of obesity when adipose tissue is expanded and altered.

As previously explained, obesity has been associated to an increased risk of obstructive airway
diseases and severe forms of asthma. In the same way, leptin serum levels are related to obesity and
adipocytes’ repletion. For these reasons, different studies have tried to elucidate the possible role of
leptin in airway inflammation and asthma. Regarding this, Sood et al. [92] performed a cross-sectional
study which included 5876 participants (>20 years old), in order to measure basal morning serum
levels of leptin, and to establish a possible correlation with clinical asthma status. The results obtained
showed that high serum levels of leptin were associated with asthma, and that the association
was stronger in women than in men. However, the relationship between BMI, leptin levels and
asthma was not corroborated referring to the possible intervention of other factors. In the case
of children, Guler et al. [93] also found a positive relationship between asthma and leptin serum
levels. Bodini et al. [94] measured the level of leptin in serum and exhaled breath condensate (EBC) in
61 asthmatic and non-asthmatic children from 6 to 14 years old. Those authors also considered the
obese and non-obese status based on the BMI. According to the obtained results, although no significant
differences were found between obese and obese asthmatic children, they presented significantly
higher levels of leptin in EBC and serum than non-obese asthmatic and non-asthmatic children. In the
same way, leptin in EBC was significantly higher in non-obese asthmatic children than in non-obese
and non-asthmatic children, without differences in serum levels of leptin. From this study, it can be
deduced that leptin is able to translocate from serum to the respiratory epithelium, where it could play
a crucial role in airway inflammation. This role seems to be more noticeable in non-obese asthmatic
children as the systemic pro-inflammatory status and high level of serum leptin in obese children could
mask the local airway inflammation.

Less is known about leptin-mediated molecular mechanisms in human airway inflammation
and asthma. However, in recent years, different studies conducted on human bronchial cells [95,96]
or mice models of obese asthma [97] have shed some light on this mechanism. Hao et al. [95]
and Watanabe et al. [96] analyzed the effect of leptin on human bronchial epithelial cells’ cultures
(HBE16) and human lung fibroblasts, respectively (NHLFs). According to those studies, when HBE16
cells line are exposed to IL-13, mucus secretion would be increased by the upregulation of MUC5AC
encoding gene transcription, with this process being mediated by leptin. This mechanism seems to
be modulated by leptin activation of the JAK,-STATj3 intracellular signaling pathway. In parallel,
when Normal Human Lung Fibroblasts (NHLFs) cells are cultured under high concentrations of
leptin, the production of inflammatory cytokines and myofibroblast differentiation and proliferation is
enhanced by the interaction of leptin with LEPR, which is widely expressed by fibroblasts. According to
the reported studies, NHLFs stimulation resulted in an induction of chemo-attractants production,
including eotaxin, IL-8 or monocyte chemoattractant protein-1 (MCP-1). These cytokines would recruit
inflammatory cells, induce cells’ degranulation and myofibroblasts differentiation, contributing to
asthma exacerbation and epithelial remodeling. With regard to animal models, Chong et al. [97]
designed a mice model of obese asthma and after sensitization with intra-parenteral ovalbumin, the
animals were sacrificed and bronchoalveolar lavage fluid was collected in order to analyze leptin levels
and expression of cellular transcriptional and translational factors. According to their results, leptin
levels were higher in Bronchoalveolar lavage (BALF) from obese and asthma-induced animals when
compared with non-obese asthmatic and non-asthmatic mice. What is more, when the role of leptin on
pulmonary inflammation was analyzed, it was associated to JAK/STAT; upregulation. As can be seen,
studies based on cell cultures and mice models are in concordance, constituting a possible explanation
for the mechanism involved in airway inflammation and asthma in humans.

Although the role of resistin in asthma pathogenesis is less known, it has been proposed that
resistin serum levels and the resistin:adiponectin ratio could be a predictor of asthma risk and lung
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function in asthma. Ballantyne et al. [98] conducted a cross-sectional observational study, including
96 asthmatic adults and 46 healthy controls. According to their results, plasmatic resistin levels
and the resistin:adiponectin ratio were higher in asthmatic patients than in controls, presenting an
inverse correlation with respiratory functional parameters: FEV1% and FEV1/FVC (Forced expiratory
volume: FEV; Forced vital capacity: FVC). In the case of the resistin:adiponectin ratio, these differences
where higher for obese asthmatic patients, as serum adiponectin levels decrease in obese subjects.
However, in contrast to adiponectin, resistin levels were not affected by BMI, which agrees with
the previously exposed studies, according to which, resistin secretion is mainly induced by high
glucose levels and inflammatory mediators [91]. Different studies have analyzed the resistin-mediated
mechanisms in obstructive airway diseases, including asthma. In this respect, Fang et al. [99]
analyzed the expression of resistin-like molecule 3 (p bronchial biopsies from allergic patients, and
Resistin-like molecule-beta (RELM-f3) effect on both human lung fibroblast cell cultures (MRC5)), and
mice previously sensitized and exposed against Aspergillus fumigatus. Those authors concluded that
RELM-B was highly expressed in airway epithelium from asthmatic patients. Its high expression was
associated to the increment of TGF-f local production, which seems to promote proliferation of lung
fibroblasts and their differentiation to myofibroblasts. This mechanism would increase subepithelial
matrix deposition and would contribute to airway fibrosis, which are crucial for obstructive airway
diseases’ evolution, such as asthma, since it comprises the reversibility of obstruction. In the same
way, Kwak et al. [100] demonstrated that, similar to leptin, resistin increases mucin secretion in
human airway epithelial cells through the expression of MUC5AC and MUCS5B encoding genes.
This mechanism seems to be mediated by NF-Kf3. For that reason, the over-presence of resistin in
respiratory epithelium and the over-transcription of MUC encoding genes could be associated to severe
asthma, as mucus hypersecretion contributes to airway-obstructive diseases’ pathogenesis [101].

In summary, both obesity and adipocytes’ repletion have been associated with an imbalance in
adipokines’ serum concentration, increasing pro-inflammatory adipokines such as leptin or resistin,
and decreasing anti-inflammatory cytokines such as adiponectin. In recent years, this imbalance
has been related to different inflammatory-related chronic diseases, including asthma. In the case of
asthma and obstructive pulmonary disease, pro-inflammatory cytokines seem to increase the risk of
asthma and its severity. More specifically, according to the bibliography reviewed, leptin and resistin
would lead to an induction of airway inflammation and epithelial proliferation and fibrosis through
fibroblast differentiation stimulation and pro-inflammatory cytokines secretion. On the contrary, caloric
restriction and adipocytes’ depletion are associated to high adiponectin levels in serum, which would
decrease local airway inflammation and increase local antioxidant capacity. The previously described
mechanisms have been summarized in Figure 1.

60



J. Clin. Med. 2020, 9, 2063

L ]
-

Adipocyte depletion b e ® - Adipocyte repletion
............................................ e ® rszassssEEsssssEENEERRatER R RN R R a e
' Anti-inflammatory adipokines a® L4 b t Inflammatory adipokines

1 Inflammatory adipokines adl e l Anti-nflammatory adipokines

i ol
t Mucine secretion “—IMUCMC gene expression

.+ Inflammatory cells Elbroblast-LER

Bel-2 gene exp ' pEale recruitment and degranulatio

TNF-a secration Eosinophilic infiltration ‘IEmmn. IL-8 MCP-1
+ Myofibroblast differenciation

Resistin
AdipoR 1= [ AMPK tﬂﬂﬂoﬂﬂ‘mt capacity Jifiammurian

'ﬂu\ﬂno secretion .__'

1 NF-kB Oxidative stress mediators MUCS5AC/MUCSB gene expression
(NO, INO'S]
(NO, ) Fibroblast prolifferation _{'TGF-ﬁ

Myofibroblast differenciation 57

Bronchic-alveolar epithelium | [ Airway ithelial p ]

Figure 1. Role of pro-inflammatory and anti-inflammatory adipokines in airway inflammation scheme.
Adipocyte depletion is associated with high levels of adiponectin, favoring airway anti-inflammatory
status by increasing inflammatory cells” apoptosis and antioxidant capacity, but decreasing eosinophilic
infiltration and reducing the production of oxidative stress mediators. This anti-inflammatory status
would be mediated by a downregulation of the inhibitory apoptosis gene Bcl-2, inhibition of TNF-«
secretion by airway macrophages and the increment of intracellular AMP-kinase activity through
activation of AdipoR1 receptors. A pro-inflammatory cytokine such as leptin is related to obesity and
adipocytes’ repletion, whereas resistin levels are increased under high glycaemia and the influence
of inflammatory factors. Both leptin and resistin high levels would increase airway mucin secretion
through MUC-gene expression, as well as favoring fibroblast proliferation, myofibroblast differentiation
and local inflammatory cells” recruitment through the secretion of pro-inflammatory cytokines (Eotaxin,
IL-8, MCP-1 or TGEF-f). In this way, high plasmatic levels of leptin and resistin could favor airway
inflammation and epithelial remodeling, which are crucial for pulmonary obstructive diseases’ severity
and their evolution. Abbreviations: TNF, tumor necrosis factor; NO, nitric oxide; iNOS, inducible nitric
oxide synthase isoforms; AmpK, AMP-activated protein kinase; Bcl-2, B-cell lymphoma type 2 gene;
NEF-kB, nuclear factor kappa-light-chain-enhancer of activated cells; IL, interleukin; MUC5AC Mucin
5AC precursor gene; TGF-3, Tumor growth factor b; MCP-1, Monocyte chemoattractant protein-1.

4. Concluding Remarks and Future Directions

Dietary patterns play a main role in the risk and development of many diseases, including asthma.
Western lifestyle implies a regular intake of foods containing high amounts of saturated fats and simple
sugars that also suppose a reduced intake of complex carbohydrates, unsaturated fats and antioxidant
compounds present in plant-origin food. In this frame, the obesity epidemic is highly related with
Western/unhealthy dietary patterns and with the alarming and simultaneous growth of inflammatory
diseases such as asthma. Related to this, more information about the risk associated with Westernized
lifestyles should be managed in order to avoid a detrimental reprogramming of the immune response
to be more inflammatory, which can lead to more severe diseases, as occurs when a Western diet is
regularly consumed. Dietary management, encouraging the consumption of unsaturated fats rather
than foods rich in saturated fats, and promoting the consumption of whole grain-derived foods and
plant-origin foods, will provide a diet with anti-inflammatory properties and, probably, with a positive
effect on adipose tissue and airway inflammatory processes. Thus, incorporating adequate dietary
patterns promoting the Mediterranean diet and insisting on the importance of reducing the intake of
sugar-sweetened beverages and highly processed foods into the clinical management of asthma is to
be highly recommended.
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Abstract: Background: The aim of the study is to assess whether lung function of infants born
preterm predicts wheezing in pre-school age. Methods: A survey of the core wheezing questionnaire
of the International Study on Asthma and Allergy in Children was administered to parents of preterm
newborns, to whom lung function tests were performed at a corrected age of six months, and who,
at the time of the survey, were between three and nine years of age. Results: Low values of all lung
function parameters measured, except FVC, were predictors of wheezing at some time in life, (FEV0.5
OR: 0.62 (95%CI 0.39; 0.995); FEV0.5/FVC OR: 0.73 (0.54; 0.99)) FEF75 OR: 0.60 [0.37; 0.93]; FEF25-75
OR: 0.57 (0.37; 0.89)); and of wheezing in the past year (FEV0.5 OR: 0.36 (0.17; 0.76); FEV0.5/FVC OR:
0.59 (0.38; 0.93); FEF75 OR: 0.38 [0.19; 0.76]; FEF25-75 OR: 0.35 (0.17; 0.70). In addition, FEV0.5/FVC
values lower than the lowest limit of normality, were predictive of hospital admissions due to
wheezing (OR: 3.07; (1.02; 9.25)). Conclusions: Limited lung function in infancy is predictive of both
future wheezing and hospitalization for a wheezing episode.

Keywords: pre-school asthma; preterm newborn; infant lung function

1. Introduction

According to previous studies, children born preterm have an increased risk of wheeze and
asthma as compared to children born at term. This risk is higher when gestational age is lower [1]
and is independent of a family history of atopy [2]. Additionally, preterm children have lower lung
function during their infancy than their counterparts born at term [3,4] and this low lung function
persists until school age [5,6] and even into adulthood [7,8].

Different perinatal factors have also been related with subsequent respiratory morbidity in
children born preterm; including bronchopulmonary dysplasia (BPD) [5,6,8-10], intrauterine growth
restriction [10,11], male sex [10] and Afro-American ethnicity [10], as well as non-perinatal factors:
mainly, lower lung function, generally expressed in lower values of forced expiratory volume in the
first second (FEV1), at the age when the study was performed [6].

One study [12] on the differences in lung function between infants with BPD and healthy ones,
showed that the infants with BDP who presented recurrent wheeze had significant reductions in
forced expiratory flow at 25% of the forced vital capacity (FEF25), and increased residual volume (RV),
as compared to the normal infants. Furthermore, even when they were compared to their counterparts
without wheeze, those infants who had suffered BPD and wheeze had both RV as well as the ratio
between RV and the total lung capacity (TLC) significantly higher.
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On the other hand, at least three cohorts that recruited healthy newborns to study risk factors
for asthma inception have found that low lung function in infants is a risk factor for subsequent
asthma [13-15], which suggests a very early origin of the condition; and that pre- and peri-natal factors
must play an important role.

To the best of our knowledge, the relationship between lung function in preterm infants and
respiratory morbidity at later ages has not been previously studied. Our objective is to study if,
among children born prematurely, low values of different lung function parameters measured in
infancy are risk factors for wheezing at pre-school age.

2. Experimental Section

Methods

Study population: This is a retrospective study, carried out on ex-preterm newborns, (gestational
age under 32 weeks), to whom lung function tests were administered at a corrected age of six months
and who, at the time of a telephone survey were between three and nine years of age. Children were
born between 2010 and 2016. The initial sample included 167 patients, of whom a total of 142 accepted
to participate. Patients who required oxygen beyond postmenstrual week 36 were diagnosed.

Telephone survey: Parents of the patients answered, over the telephone, the core wheezing
questionnaire of the International Study on Asthma and Allergy in Children (ISAAC) http://isaac.
auckland.ac.nz/resources/tools.php?menu=tools1), validated internationally.

Infant lung function: The forced vital capacity (FVC), the forced expiratory volume at 0.5 sec
(FEV(5), the forced expiratory flows at 75% and between 25%-75% of the FVC (FEF75 and FEFps5.75,
respectively) and the ratio of FEV( 5/FVC were measured at a corrected mean age of 27.7 + 1.94 weeks,
from the maximum expiratory curves obtained by means of the Rapid Chest Compression with
Pre-insufflation technique in accordance with the American Thoracic Society and the European
Respiratory Society (ATS-ERS) recommendations [16]. The tests were performed with Master-Screen
Baby Body Plethysmograph equipment (]aéger®, Germany) and the pre-insufflation was by means
of coupling the Neopuff neonatal resuscitator (Fisher & Paykel Healthcare®, New Zealand) with the
face mask. All the infants were sedated with chloral hydrate at a dose of 80-100 mg/Kg and oxygen
saturation was continually controlled using pulse oximetry.

Rehospitalizations due to respiratory causes: the number of admissions to hospital due to
respiratory causes was obtained from review of the “Agora” computer register of the Health Authority
of Murcia, which records all admissions and their causes for all the population of the Region of
Murcia, Spain. The policy regarding the use of Palivizumab, in our medium, is to administer it on the
first day of life to all patients with BPD and to all the preterm newborns below 29 weeks of gestational
age; thus, almost all the sample (96%) was treated.

Statistical study: To calculate the power of the study, a variance in the z-score of FEV( 5 (0.76)
found in this study has been considered. For a difference in the mean FEV 5 z-score of 0.5, a 95%
confidence interval, and a power of >80%, required a total of 48 patients per group.

The association between qualitative variables was tested by means of the analysis of the contingency
tables using Pearson’s Chi-squared statistic. Student’s t-test was used to compare the means of the
quantitative variables.

Additionally, multivariate regression logistic analyses were carried out, with the presence of
wheezing in the past (yes/no) being the dependent variable and including the following independent
variables: age at time of survey; sex; attending day-care/school (yes/no); presence of BPD; gestational
age (weeks); birthweight z-score; allergic mother (yes/no); and z-score of each of the lung function
parameters (FVC, FEVj 5, FEV( 5/FVC, FEF;5 and FEF;5.75) in different models: one model for each
lung function parameter. The same analyses were performed considering exclusively wheeze in the
past year (yes/no) as the dependent variable and with the same independent variables.
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On the other hand, linear regression analyses were carried out, using the number of wheezing
episodes as the dependent variable. The following were used as independent variables: age at time
of survey; sex; attending day-care/school (yes/no); presence of BPD; gestational age (weeks); birthweight
z-score; and allergic mother (yes/no). As in the previous case, the analyses were repeated including,
as the independent variable, each of the results of the z-score of the lung function parameters, with a
different model for each one.

The study was approved by the Ethics Committee of the Virgen de la Arrixaca University Hospital
from Murcia (ethical approval code: 2007-1-1-HCUVA).

3. Results
From the initial sample, which included 167 patients, a total of 142 (85.03%) accepted to participate.
3.1. Wheezing Ever

Some 50% of the children studied presented wheeze at some point on their life (Table 1).

Table 1. Demographic characteristics, risk factors and lung function values and their differences
between the children with or without ever wheezing.

Total Wheezing: No Wheezing: Yes "
(142) (72) (70)

Age (years) 5.37 (1.64) 5.22 (1.65) 5.53 (1.63) 0.27

Number of episodes - - 1.37 (0.65) -
Gestational age (weeks) 27.7 (1.94) 27.76 (2.04) 27.77 (1.84) 0.98
Birthweight (g) 1034.3 (309) 1021.4 (287.6) 1047.6 (331.1) 0.62
Birthweight (z-score) —-0.33 (0.73) —-0.37 (0.79) —0.28 (0.65) 0.47
Corrected age at test (months) 25.8 (15.7) 24.2 (16.4) 27.4 (14.8) 0.23
BPD 88 (62.0%) 38 (52.8%) 50 (71.4%) 0.022
Invasive ventilation 95 (66.9%) 48 (66.7%) 47 (67.1) 0.95
Day-care attendance in the first year 97(68.3%) 46 (63.9%) 51 (72.9%) 0.25
Male sex 84 (59.2%) 44 (61.1%) 40 (57.1%) 0.63
Smoking during pregnancy 27 (19.3%) 11 (15.5%) 16 (23.2%) 0.25
FVC (z-score) -1.12 (0.57) ~1.10 (0.63) ~1.14 (0.51) 0.72
FEV 5 (z-score) —-2.09 (0.87) —-1.94 (0.93) —2.24 (0.79) 0.044
FEV,5/FVC (z-score) —0.45 (1.29) -0.27 (1.36) —0.62 (1.20) 0.11
FEF75 (z-score) —-1.47 (0.91) —-1.34 (0.93) -1.61(0.87) 0.07
FEF;5.75 (z-score) —1.54 (0.95) -1.35(0.97) —-1.73 (0.90) 0.02
Allergic mother 21(15.2%) 5 (7%) 16 (23.9%) 0.008
Rehospitalisation due to respiratory 37 (18.4%) 13 (13.3%) 24 (233%) 0.06

causes

Indicates number of cases (percentage) or mean (SD). * Difference between the proportion of children with wheezing

according to each risk factor.

The univariate analysis showed that the presence of wheezing is associated with the z-score of
different lung function measurements (FEV0.5, FEF75 and FEF25-75). The diagnosis of BPD constituted
a consistent risk factor in all the multivariate analyses, independently of the lung function parameter
included in it, with the OR value ranging from 2.45 (95% CI 1.07-5.63), p = 0.03 to 2.32 (95% CI
1.01-5.35), p = 0.047. Likewise, the mother having allergy also constituted a consistent risk factor in all
the multivariate analyses, independently of the lung function parameter included in it, with the OR
value ranging from 5.51 (95% CI 1.70-17.88), p = 0.005 to 4.94 (1.53-15.96), p = 0.008. The multivariate
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analysis showed that all the low lung function values analyzed, except FVC, were risk factors for
wheezing at some time in their life (Figure 1).

3

aOR

0,5)

0,3

Figure 1. Risk of wheezing ever per z-score unit decrease of lung function. Adjusted odds ratios
corrected for age, gender, daycare attendance, gestational age, birth weight (z-score), bronchopulmonary
dysplasia, and allergic mother.

3.2. Wheezing in the Past Year

A total of 14.8% of the children studied presented wheezing in the past year (Table 2). There were
statistically significant differences (p = 0.013) in the prevalence of wheezing between the patients with
BPD (24.6%) and no-BPD (10.4%). The univariate analysis showed that the presence of wheezing in the
past year was associated with the FEF25-75 z-score (—1.47 + 0.95 vs. —=1.93 + 0.91; p = 0.04) (Table 2).

The multivariate analysis showed that all the lung function measurements analyzed, except FVC,
were risk factors for wheezing in the past year (Figure 2), but suffering from BPD, although it showed
a clear trend, was no longer a risk factor for wheezing in the past year (OR 2.46 (95% CI 1.07-5.63),
p = 0.03 for the model that included FVC, but OR 3.16 (95% CI 0.89; 11.18) p = 0.074 in the model that
included FEV05/FVC). The mother having an allergy also constituted a consistent risk factor in all the
multivariate analyses, independently of the lung function parameter included therein, with the OR
ranging from 7.66 (95% CI 1.67-35.04), p = 0.009 to 5.61 (1.39-22.67), p = 0.015.
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Figure 2. Risk of wheezing during the last year per z-score unit decrease of lung function. Adjusted
odds ratios corrected for age, gender, daycare attendance, gestational age, birth weight (z-score),
bronchopulmonary dysplasia, and allergic mother.
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Table 2. Demographic characteristics, risk factors and lung function values and their differences
between the children with or without wheezing in the last year.

Wheezing in Last Wheezing in Last

;l;);;)l Year: No Year: Yes p*
(121) 1
Age (years) 5.37 (1.64) 5.47 (1.66) 481 (1.47) 0.09
Number of episodes 0.68 (0.82) 0.41 (0.51) 2.19 (0.6) <0.001
Gestational age 27.77 (1.94) 27.75 (1.94) 27.86 (1.98) 0.82
Birthweight (g) 1034.3 (309) 1014.3 (295) 1149.9 (366) 0.06
Birthweight (z-score) —-0.33 (0.73) —0.37 (0.74) -0.07 (0.62) 0.07
Corrected age at test (sem.) 25.8 (15.7) 25.6 (16.4) 26.7 (11.1) 0.77
BPD (yes) 88 (62%) 72 (59.5%) 16 (76.2%) 0.15
Invasive ventilation (yes) 95 (66.9%) 15 (71.4%) 80 (66.1%) 0.80
Day-care attendance in first year 71 (72.5%) 54 (68.9%) 17 (89.5%) 0.06
Male sex 62 (63.3%) 52 (65.8%) 10 (52.6%) 0.28
Smoking during pregnancy 15 (15.8%) 11 (14.5%) 4 (21.1%) 0.49
FVC (z-score) -1.12 (0.57) —-1.11 (0.60) -1.18 (0.39) 0.6
FEV 5 (z-score) —2.09 (0.87) —2.04 (0.89) -2.36 (0.72) 0.12
FEV5/FCV (z-score) -0.45 (1.29) —0.37 (1.30) —0.89 (1.15) 0.09
FEF5 (z-score) —1.47 (0.91) ~1.42 (0.90) -1.79 (0.91) 0.08
FEF5.75 (z-score) —1.54 (0.95) ~1.47 (0.95) -1.93 (0.91) 0.04
Allergic mother (yes) 15 (16.3) 11 (14.9%) 4 (22.2%) 0.48
Rehospitalisation due to 36 (18.4%) 29 (17.9%) 8 (20.5%) 0.71

respiratory causes

Indicates number of cases (percentage) or mean media (SD). * Difference between the proportion of children with
wheezing according to each risk factor.

3.3. Number of Wheezing Episodes

On the other hand, the number of wheezing episodes referred by the parents was significantly
greater in those children who still presented wheezing in the past year (2.19 + 0.6 vs. 0.41 + 0.51;
p < 0.001). However, the multivariate analysis showed that the number of exacerbations was related
with all of the lung function parameters analyzed, except FVC, and having an allergic mother (Table 3),
but attending day-care in the first year of life was not (3 coef.: 0.18; 95% CI -0.11 to 0.47; p = 0.227).

Table 3. List of number of episodes, referred by the parents, with different independent variables.

Variable 8 Coef. (95% CI) p
FVC (z-score) —-0.073 (-0.33; 0.18) 0.575
FEV 5 (z-score) —0.20 (-0.37; —0.04) 0.015
FEV( 5/FVC (z-score) —0.13 (-0.23; —0.03) 0.015
FEF;5 (z-score) —0.21 (-0.36; —0.06) 0.007
FEF;5.75 (z-score) —-0.22 (-0.36; —0.07) 0.003

3.4. Rehospitalisation Due to Respiratory Causes

The number of patients admitted to hospital for respiratory reasons was 27/140, which amounted
to 19.29% (in two cases we do not have the data as the patients left the Region of Murcia). Of the
children diagnosed with BPD, 20.9% were admitted to hospital on at least one occasion, compared
to 16.7% of the preterm children without BPD (p = 0.534). No relationship was found between the
variables studied and hospital admission or not due to respiratory causes. However, the multivariate
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analysis showed that a FEV0.5/FVC value lower than the lower limit of normality, was a risk factor for
hospital admission (OR: 3.07; 95% CI 1.02 to 9.25; p = 0.046)

4. Discussion

In this study on the prevalence of wheezing in pre-school age children who had been born preterm,
with or without BPD, almost half of them presented wheeze ever; however, only 21 out of 142 (14.8%)
still presented wheeze in the past year, with the prevalence in children with BPD being slightly more
than double as compared to those without BPD (18.2% vs. 9.2%). This prevalence is somewhat
lower than the data published from the EPICURE study [6] on wheezing at 11 years of age in former
very preterm children who, in the past year, 21% still had wheeze; although an additional 25% were
diagnosed with asthma or were under treatment with asthma medication for respiratory symptoms.
The children in that study had a mean age of 10.9 + 0.38 years, significantly older than those in our
sample (5.37 + 1.64 years) and the percentage of patients with BPD was also higher in the EPICURE
study (71% vs. 62%). In children between three and five years of age, the prevalence of wheezing
was reported as 32% and 39%, respectively, in BDP and non-BDP patients (p = 0.51) [17]; however,
the children in that study were born between 1998 and 2001, and our cohort were born between 2010
and 2016, which may explain the difference in prevalence. One study carried out in Germany [18], in a
group of nine-year-old children who had been born preterm with a very similar gestational age to that
of the present study, found a prevalence of wheezing of 14% and 4% in BDP and non-BDP patients,
respectively, albeit without statistical significance, although this was probably due to the reduced size
of the sample, which included only 28 patients in each group. It also corresponded to children born
between 1994 and 2002; much earlier than our sample.

The respiratory morbidity of these former preterm infants is not only frequent, but also shows
a potential severity, since almost 20% have been admitted to hospital, at least once in their lives,
due to respiratory causes. We have found no significant differences in hospital admissions among
those children diagnosed with BPD (20.9%) compared to those without (16.7%). The survey carried
out by Vrijlandt et al. [17] referred to hospital admissions only in the first three months of life and
found differences between BPD and non-BPD patients (54% vs. 14%; p < 0.001). The figures of
rehospitalization in our study are, likewise, lower than those published by vom Hobe et al. [18]
(36% and 21%, respectively). It is possible that the birth year of the children in each of the studies
(the present one is later), as well as the use of palivizumab, systematic in our case and which is not
reported in these two studies, can explain the lower number of patients admitted to hospital in our
sample. Independently of the presence of BPD, in the total group, we found no association between
hospital admittance and wheezing in the past year (18.9% vs. 21.6%; p = 0.706); although it almost
reaches significance if we consider ever wheezing as opposed to never (64.9% vs. 35.1%; p = 0.06),
probably as a consequence of those admitted due to bronchiolitis in the first year of life.

We have described for the first time, to the best of our knowledge, that infant lung function,
essentially the obstructive pattern (FEV0.5/FVC) is a risk factor for respiratory morbidity: ever wheezing
(Figure 1), wheezing in the past year (Figure 2) and also rehospitalization due to respiratory causes
(FEV0.5/FVC < LLN: OR = 3.07; 95% CI 1.02 to 9.25; p = 0.046) in schoolchildren who were born preterm.
It has been described that lung function in preterm children is lower with respect to their counterparts
born at term, already in the infant stage [3] and that that alteration persists into school age [6] and even
into adulthood [1]. Moreover, the preterm children who suffer BPD have a worse lung function than
those born at term, during infancy [3,4], and even than the non-BPD preterm newborns [19], and this
lost lung function, with regard to the healthy population, persists until school age [5,6] and even into
adulthood [7,8]. The association of respiratory morbidity and alterations in lung function present at the
moment of the survey or evaluation [7] has likewise been described, although not in all studies [2,6,18].
This would suggest that it is not only a structural reason which explains the respiratory morbidity, and
that there must be other yet to be identified factors. For instance, in our case having an allergic mother
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is an independent risk factor for wheezing, although not for rehospitalization, which contradicts other
publications that showed that family atopy is not a risk factor for wheezing among preterm children [2].

This study presents several limitations: firstly, the assessment of wheezing was carried out by
means of a questionnaire and, although widely used throughout the world, this technique is always
more subject to bias than if the assessment had been prospective. However, we believe that this
bias cannot occur in the case of rehospitalization, given that the method used is the regional registry
in which the clinical records of each patients are kept. Another limitation of the study is that no
study of atopy had been performed in the patients; even more so if we consider that a relationship
has been observed between maternal atopy and risk of wheeze. We do not really know how this
information may have affected the results modifying the relationship between early lung function
and subsequent wheezing, but it is probable that—as occurs with maternal allergy—this factor could
have been independent of the best or worst early lung function. It would probably have modified the
relationship between allergy in the mother and the higher prevalence of wheezing.

5. Conclusions

In conclusion, and apart from corroborating prior studies regarding the high prevalence of
respiratory morbidity among children who were preterm newborns, we have found that the limitation
in lung function at an infant age is a predictive factor both for subsequent wheezing and also
for rehospitalisation.
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Abstract: Background: Asthma severity differs according to gender; in adult women, there is higher
prevalence and severity of asthma than in men, and it coincides with changes in sex hormones.
Recently, a new phonotype of asthma has been identified that appears after menopause, and it
may be associated with decreased estrogen levels. Our goal was to study the 17f3-estradiol (E2)
concentrations in the blood and airways of women affected by asthma onset after menopause,
evaluating its possible role in the severity of the disease. Methods: We enrolled 33 consecutive
women with a diagnosis of postmenopausal asthma, recruited from the outpatient pulmonary clinic:
18 with severe (SA) and 15 with mild-to-moderate (MMA) asthma. We also included 30 age-matched
healthy menopausal women as controls (HS). All subjects enrolled underwent blood and sputum
collection (IS), and E2 concentrations were determined in plasma and sputum supernatant samples
using an enzyme-linked immunosorbent assay (ELISA) kit. Results: Significantly higher serum
concentrations of E2 were found in postmenopausal SA compared to MMA and HS, respectively
(33+5.5vs. 24 +6.63vs. 7.79 + 1.54 pg/mL, p < 0.05). Similar results were found in the IS: significantly
higher levels of E2 were detected in patients with postmenopausal SA compared with MMA and
HS, respectively (0.34 + 0.17 vs. 0.26 + 0.13 vs. 0.07 + 0.06 pg/mL, p < 0.05). We found positive
correlations between IS E2 concentrations and sputum neutrophil levels in SA group (p = 0.52,
p < 0.05). Conclusions: Our findings showed the possibility to measure E2 in the airways, and it
has increased in postmenopausal asthmatic patients, especially in those with SA. Airways E2 levels
may serve as a suitable biomarker of postmenopausal SA to help to phenotype SA patients with
neutrophil inflammation.

Keywords: estradiol; severe asthma; postmenopausal asthma; sputum

1. Introduction

Gender differences in the incidence, prevalence and severity of asthma are reported by
epidemiological data. These differences also change throughout life. During childhood, the prevalence
of asthma shows a higher risk in boys compared to girls. Otherwise, after puberty, there is an increase
of asthma incidence in women until menopause [1,2]. The causes of gender differences are unknown;
however, the hypothesis of the possible link between the higher incidence of asthma in women and
changes in sex hormones was evaluated.
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Three types of estrogen molecules are produced in human females: estradiol, estrone and
estriol. Estradiol is the major female sex hormone, and its levels are predominant during a woman'’s
reproductive years. Conversely, during the menopausal period, the amount of estradiol declines
to very low levels. Moreover, in pregnant women, there is a large amount of estriol, while estrone
becomes predominant in menopause.

Recent studies proved that estrogen increases the T helper (Th) 2 response in the presence of
allergens, likely by stimulating the proliferation and differentiation of Th cells into Th2 cells [3].

Another mechanism is that the presence of physiologic concentrations of 173-estradiol seem to
induce mast cells” degranulation and to enhance allergen crosslinking with surface IgE [4,5]. On the
other hand, testosterone has been shown to attenuate type 2 innate lymphoid cells’ (ILC2) function
and proliferation [6].

Estradiol may increase the release of IL-13 and TNF-« and, at the same time, decrease the release
of IL-10, promoting inflammation [7]. Instead, progesterone may cause eosinophilia, as it significantly
increases the IL-10, IL1-$ and TNF-a amounts in the lungs and the release of IL-4 by bone marrow
cells [8].

Women with severe asthma also showed a higher IL-23R expression and IL-17A production
by Th17-differentiated cells when compared with severely asthmatic men [9]. A similar molecular
environment was reproduced in ovariectomized mice receiving 173-estradiol [9].

A new phenotype of asthma with onset after menopause has been recently described for a subset
of women [10,11], but the mechanisms that initiate and regulate postmenopausal asthma remain largely
unknown. Among women over 50 years of age, menopause can either coincide with the onset of
asthma or be associated with the deterioration of a preexisting asthma condition [11]. After menopause,
estrogen levels decrease to the levels observed in patients with surgical oophorectomy, who also
show extremely low progesterone levels. The incidence of asthma may be associated with the abrupt
decrease in estrogen levels and the consequent impairment in the hypothalamic-pituitary-gonadal axis
that occurs during the menopausal transition.

Menopausal-onset asthma affects 18% of the total female asthma population, and frequently,
it is characterized by the absence of atopy; recurrent sinusitis; aspirin sensitivity and/or intolerance
to angiotensin-converting enzyme inhibitors, greater severity (use of systemic steroids to control
symptoms and frequent hospitalizations) and an altered perception of asthmatic symptoms [11,12].

All sex steroid hormone receptors were found in the lungs: estrogen receptor (ER-a or ER-f),
progesterone receptor (PR-A or PR-B) and an androgen receptor (AR). The activation of steroid
hormones occurs as a result of the link with their own unique receptors. Among different estrogens,
estradiol is the one having the greatest affinity for estrogen receptors and the same binding affinity for
both ER-« and ER-f3 [8].

Sex hormone-binding globulin (SHBG) is an important steroid hormone binding protein in
human plasma and regulates sex hormone delivery to tissues and cells by binding them and keeping
them inactive.

Under normal conditions, in the blood stream, testosterone (T) and 173-estradiol (E2) are largely
bound to SHBG. Instead, a smaller part (~2%) is dissociated from SHBG, and the nonbound hormone
is the biologically active fraction [13].

The aim of our study was to analyze the blood and airways” E2 concentrations of women affected
by asthma onset after menopause, evaluating its possible role in the severity of the disease and
comparing it with other inflammatory biomarkers.

2. Methods

2.1. Patients

Thirty-three consecutive women with postmenopausal asthma, 18 with severe and 15 with
mild-to-moderate asthma, were recruited in this study from the outpatient facility of the Institute
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of Respiratory Disease of the University of Foggia, Italy. We also enrolled 30 age-matched healthy
menopausal women as controls. Written informed consent was obtained from all subjects, and the
study was approved by the institutional ethics committee of the University of Foggia (institutional
review board approval No. 17/CE/2014).

All women were classified as postmenopausal on the basis of a completed questionnaire to confirm
whether or not they had entered menopause (cessation of menstruation for 12 months). They were
considered to be postmenopausal asthmatics if their asthma had started at menopause, i.e., in the
period between 1 year before and 1 year after their last menstrual period. All patients with asthma were
assessed within a period of stability and at least 4 weeks after an upper respiratory tract infection and
were classified and treated according to Global Initiative for Asthma (GINA) guidelines [14]. Smokers,
women on postmenopausal hormone replacement therapy (HRT) and asthmatics randomized in a
controlled trial and/or with biologic therapy were excluded from the study.

At the first visit, a complete baseline questionnaire requesting information on medical history,
menopausal status, hormone use and other reproductive and lifestyle variables was administered to
all subjects. Subsequently, they received a physical examination, including body mass index (BMI)
measurement, atopy assessment, exhaled nitric oxide (FENO) measurement and spirometry with a
bronchial obstruction reversibility test. During the second visit, subjects underwent blood analysis for
serum levels of E2 and cells count and, finally, sputum induction (IS). Hormones were dosed after a
standardized rest, at the same time of day for all subjects, as they are known to be extremely dependent
on circadian rhythm, stress, treatments, etc.

2.2. Menopausal Assessment

The menopausal status was assessed by a standardized self-administered questionnaire. All the
participants were asked to indicate their putative mean menopause age and whether it was natural or
surgical. In the case of physiological menopause, they were asked to enlist the date of their last period;
otherwise, they were asked to indicate type, reason and date of surgical intervention. The women were
also inquired about their medical history, with specific questions investigating about any concomitant
state and relative treatment of conditions that may mimic menopausal symptoms, including depression,
anemia, hypothyroidism, diabetes, previous contraceptives uses and concurrent hormone replacement
therapy (HRT). As an exclusion criterion, women in concurrent HRT were not enrolled in the study.
The last item of the questionnaire concerned the onset of asthma symptoms, also investigating if any
respiratory symptoms had ever been previously experimented in conjunction with the menstrual cycle
or eventual pregnancies. In the case of doubts about a preexisting asthma worsened at menopause,
patients were excluded from the study too.

2.3. Atopic Status

All the enrolled subjects were skin prick-tested, and the atopic status was assessed as SPOT
positiveness. Skin prick tests (SPTs) were performed using a standard panel for common aeroallergens
(Lofarma, Italy) [15].

2.4. Lung Function

Pulmonary function tests were performed. Forced expiratory volume in one second (FEV1),
forced vital capacity (FVC) and plethysmographic lung volumes were measured using a spirometer
(Sensormedics, Milan, Italy) following international standards in all subjects [16,17]. The best value
of three maneuvers was expressed as a percentage of the predicted normal value. After the baseline
evaluation, spirometry was repeated 15 min after the subjects had inhaled 400 mg of salbutamol,
as previously reported. The reversibility of airways obstruction was expressed in terms of the percent
changes from the baseline of FEV1.
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2.5. Measurement of FENO

The Medisoft FENO+ device (Medisoft Belgium, Sorinnes, Belgium), which is a semiportable for
repeatable multiflow measurements of exhaled NO with offline measurements, was used. It has a
software package that provides step-by-step online quality control. The measurement range is 0-600 ppb.
FENO was measured using a previously described restricted breath technique, which employed
expiratory resistance and positive mouth pressure to close the velum and exclude nasal NO; expiratory
flow measurements at 50 mL/s and a 350 mL/s have been evaluated. Repeated exhalations were
performed until three plateaus agreed within 5% [18].

2.6. IS Collection and Processing

According to the method described by Toungoussova et al. [19], sputum was induced through
the inhalation of hypertonic saline solution (4.5%) with an ultrasonic nebulizer (DeVilbiss Healthcare
GmbH, Mannheim, Germany) and analyzed after the selection of mucus plugs. In patients with severe
asthma, we used spontaneous sputum when they were particularly uncontrolled. Ten healthy subjects,
9 patients with severe asthma and 5 with mild-to-moderate asthma, were not able to produce adequate
sputum samples (defined as containing at least 500 non-squamous cells), and their samples were
discarded. The sputum (spontaneous or induced) was used for cytologic analysis, and the supernatant
was used for E2 analysis.

2.7. 17-B-estradiol (E2) Analysis

A venous blood sample was drawn from each participant between 8 a.m. and 10 a.m., and the
serum was obtained by centrifugation. Serum aliquots were then stored at —80 °C until analysis. The E2
concentration was determined in plasma and sputum supernatant samples using an enzyme-linked
immunosorbent assay kit (Estradiol Serum EIA KIT, catalog number KB30-H1, Arbor Assays, Ann Arbor,
MI, USA) as described in the manufacturer’s instructions. Intra and interassay coefficients of variation
were 4.1% and 9.6%, respectively.

2.8. Statistical Analysis

Descriptive statistics (i.e., means, standard deviations and percentages) were applied to summarize
the continuous and categorical variables. One-way ANOVA and Kruskal-Wallis rank tests were used
to compare groups. Correlation between variables was measured using the Spearman rank correlation
test. Significance was defined as a p-value of <0.05. SPSS 22.0 (II INC, Chicago, IL, USA) was used to
store and analyze the data.

3. Results

Anthropometric, clinical, functional and biologic data of subjects enrolled are reported in Table 1.

Table 1. Baseline characteristics of the study population.

Number of Patients HS 30 MMA 15 SA 18
Demographic and clinical characteristics
Age, years (mean + SD) 62 +545 55+ 18 58 £ 11
BMI, Kg/m?, (mean + SD) 27+5 26+5 28+5
Age of onset, years (mean + SD) 45+8 40+ 15
Postmenopausal status (%) 25 (83%) 12 (80%) 14 (78%)
Surgical menopause (%) 5 (17%) 3 (20%) 4 (22%)
Exacerbations/year, (mean + SD) 1+1* 3+1*
Atopy (SPT+), n (%) 0 (0%) 5(33.3%) 7 (38.8%)
Aspirin-sensitivity, 1 (%) 8 (53.3%) 10 (55.5%)
ICS low to medium dose, 1 (%) 12 (80%) 0
ICS high dose/LABA, 1 (%) 3 (20%) * 7 (38.8%) *
ICS high dose/LABA/TIOTROPIUM, 1 (%) 0 11 (61.1%)
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Table 1. Cont.

Number of Patients HS 30 MMA 15 SA 18
OCS, 1 (%) 0 10 (55.5%)
ACT 19+3* 14+£4*
ACQ 1+£0.7* 3+2%
Lung function
FEV1 preBD, % predicted 85+ 51¥ 78 + 14 ¥ 67 +19 T+
FEV;/FVC preBD, % s2x121¥ 68+10¥ 62121
Reversibility, % 5+45H¥ 13+9% 1+6"F
TLC, % predicted 104 + 13 98 + 14 96 + 14
RV, % predicted 89 + 20 97 +25 110 + 26
Biomarkers
FENOs, ppb 156t 22 +28% 25 + 211
Blood eosinophil count, cells/mL 0.05 +0.22 ¥ 0.21+024%¥ 025+025%
Blood neutrophil level, cells/mL 224171 2.7 £14% 5.6+27 "
Eosinophil IS count, % total cells 1+1%¥ 242% 3+2%
Neutrophil IS level, % total cells 38+18" 37+12* 68 + 15 T+
Serum 17p-estradiol, pg/mL 7.79 + 1.54 V¥ 24 + 6.63 *¥ 33 +55 %
SEI 17B-estradiol, pg/mL 0.07 + 0.06 +¥ 0.26 +0.13 *¥ 0.34 +0.17 ¥

Abbreviations. HS: healthy subjects, MMA: mild-moderate asthma, SA: severe asthma, BMI: body mass
index, SPT+: SPOT positiveness, ICS: inhaled corticosteroids, ICS/LABA: inhaled corticosteroids/long-acting
beta-adrenoceptor agonists, OCS: Oral Corticosteroids, ACT: asthma control test, ACQ: asthma control questionnaire,
FEV1: forced expiratory volume, FEV1/FVC: forced expiratory volume/forced vital capacity, BD: Bronchodilator,
FEF: forced expiratory flow, Raw: airway resistance, TLC: total lung capacity, RV: residual volume, RV/TLC: residual
volumeytotal lung capacity, IS: induced sputum and SEI: induced sputum supernatant. ¥ p < 0.05 between HS and
SA, *p < 0.05 between SA and MMA and ¥ p < 0.05 between HS and MMA.

Higher serum concentrations of E2 were found in postmenopausal SA compared to MMA ones
and healthy women (33 + 5.5 vs. 24 + 6.63 vs. 7.79 + 1.54 pg/mL, p < 0.05) (Figure 1).

50- oA

40+

30+

20+

10-

Serum 17 p-estradiol, pg/ml

T T T
HS MMA SA
Figure 1. Serum concentrations of 173-estradiol in healthy subjects (HS), mild-to-moderate asthma

(MMA) and severe asthma (SA) groups. * p < 0.05 HS vs. MMA, " p < 0.05 HS vs. SA and ° p < 0.05
MMA vs. SA.

We found that E2 was detectable in all IS supernatant samples collected: 9 patients with SA,
10 patients with MMA and 20 HS. Similar results were found in the IS; i.e., significantly higher levels of
E2 were found in patients with postmenopausal SA compared to MMA and HS, respectively (0.34 +0.17
vs. 0.26 + 0.13 vs. 0.07 + 0.06 pg/mL, p < 0.05) (Figure 2).
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Figure 2. Induced sputum supernatant (SEI) concentrations of 17f3-estradiol in HS, MMA and SA
groups. *p < 0.05 HS vs. MMA, " p < 0.05 HS vs. SA and ° p < 0.05 MMA vs. SA.

In patients with postmenopausal SA, we found a positive correlation between IS E2 and neutrophil
IS levels (p = 0.52, p < 0.05).

We did not find a significant correlation between serum and IS E2 levels and any correlations
between serum and IS E2 with other clinical variables, such as BMI, ACT and ACQ scores, FEV1
and FENO.

4. Discussion

The main findings of this study were (1) the identification of higher serum concentrations of E2 in
postmenopausal SA patients than in MMA and healthy menopausal ones, (2) for the first time, to our
knowledge, the detection of E2 free levels in IS supernatants with higher concentrations in SA patients
than MMA and HS, like in the serum samples and (3) the presence of a positive correlation of IS levels
of E2 with IS neutrophils counted in the SA group.

Several studies aimed to understand the role of sex hormones in lung inflammatory processes [20].
Asthma is a chronic inflammatory disease characterized by a sexual dimorphism. In older adults,
two phenotypes are usually observed: patients with long-standing asthma who develop additional
airflow limitations and those who develop late-onset asthma [21].

During the menopausal period, the decline in sex hormones synthesis causes a loss of the
hypothalamic feedback inhibition and a marked increase in gonadotropin-releasing hormone (GnRH)
levels. However, data from a research study showed lower serum FSH and LH levels in menopausal
women with new-onset asthma or preexisting lung disease compared to nonasthmatic postmenopausal
women [22]. Furthermore, patients with secretion dysfunctions of cortical hormones have shown a
more severe asthmatic phenotype characterized by repeated asthma attacks; these patients become
more dependent on exogenous glucocorticoids [23].

These findings could justify the higher serum levels of E2 in postmenopausal SA patients than in
MMA and healthy menopausal ones.

Under normal conditions, in the blood stream, testosterone (T) and 17(3-estradiol (E2) are largely
bound to SHBG. Instead, a smaller part (~2%) is dissociate from SHBG [13].

The 20-40% of circulating E2 is bound to SHBG that controls the sex hormone transport to tissues
and cells. According to the free hormone hypothesis, the unbound quota is biologically active and
freely diffuses across the cell surface membranes [24]. For the first time, in our pilot study, we detected
E2 free levels in the IS supernatants, and the preliminary results confirm that menopausal SA shows
higher concentrations than MMA and healthy menopausal subjects, regardless of the sputum collection
method (spontaneous or induced). Indeed, the difference between the spontaneous or induced sputum
is only in the collection’s method, the latter being conducted by the help of the inhalation of a nebulized
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sterile saline solution (isotonic or hypertonic). Sputum cellular compositions and protein marker
detections are not influenced by the method of collection, as previously reported by other studies in
the literature [25].

We did not find a correlation between the serum and IS samples, probably due to the small number
of patients.

Studies have shown that sex hormones can regulate airway inflammations, and estrogen increased
Th2-mediated airway inflammations, although these effects are still under investigation.

Type 2 inflammation in asthma occurs in many patients but not all. In some patients with asthma
is found an increase of IL-17A that seems associated with more severe forms of asthma [26]. CD4+ T
helper, 17 (Th17) cells, v T cells, neutrophils and innate lymphoid cells are able to produce IL-17A in
the lungs.

Newcomb DC et al. [9] found an increased production of IL-17A from Th17 cells in severe
asthmatics women compared to men. Moreover, using a mouse model, the same authors showed
that a rise of IL-17A is associated with an increased neutrophilic airway inflammation in female mice
compared to male mice when stimulated by E2.

Consistent with the literature, we demonstrated a positive correlation between IS E2 and neutrophil
IS levels in patients with postmenopausal SA, and our results confirm that neutrophils are considered
to be central to the pathogenesis of most forms of severe late-onset asthma.

Nevertheless, more studies are needed to better understand the role of sex hormones in
IL-17A-mediated airway inflammation and neutrophilic asthma.

Estrogens are shown to possess the ability to inhibit the chemotactic activity of polymorphonuclear
leukocytes; on the contrary, progesterone increases it [27]. Furthermore, progesterone and testosterone
may reduce the ROS and NO generation driven by estradiol [28,29]. Therefore, increased levels of
E2 in the respiratory tract might fix neutrophils to the lower airway epithelium and give rise to local
oxidative stress.

Additionally, in studies on human leukocytes, it has been shown that estrogens reduce the process
of programmed cell death (i.e., apoptosis), while testosterone seems to favor it. This could allow the
survival of self-reactive cells and, at least in part, explain the greater predisposition of women for
Th17 and Th1-driven autoimmune diseases, such as rheumatoid arthritis (RA) and systemic lupus
erythematosus (SLE) [30].

Gender-specific asthma pathogenesis may also be confounded by other comorbidities. The Severe
Asthma Research Program (SARP) and the European Network for Understanding Mechanisms of
Severe Asthma showed a higher body mass index (BMI) and neutrophilic inflammation among women
with severe asthma compared to nonsevere asthma but not in men [31,32]. Additionally, in our
study, female patients with severe asthma showed a slightly higher, if not statistically significant,
BMI compared to those with mild-moderate asthma. Additionally, whether or not gender dimorphism
is related to female hormones remains unclear. One possible explanation for the obese-asthma
neutrophilic phenotype may be related to serum levels of leptin, a key player in body weight regulation,
which increases helper T cell type 1 (Th1) inflammation [33]. However, several studies have shown a
strong correlation between BMI and nonatopic asthma only in women of childbearing age and not in
men. On the contrary, no gender difference has been reported in the incidence of atopic asthma [34,35].
Taken together, these data suggest the possibility of an interaction between gender, age, BMI and
asthma type (atopic vs. nonatopic) in the pathogenesis of severe asthma in females.

The strengths of our preliminary study are the detection of E2 free levels in the IS supernatants of
asthmatic patients and healthy controls and the study of clinical and inflammatory characteristics of a
well-described phenotype that is postmenopausal asthma.

However, the study also has key limitations, such as the small number of subjects enrolled and
the absence of a validation of E2 free levels detection technique in the sputum.
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5. Conclusions

In conclusion, this preliminary study suggests that E2 plays a role in postmenopausal severe
asthma. This hormone is detectable directly in the airways, and it may be a noninvasive marker to
phenotype SA patients not eligible for actual biologic treatments with neutrophilic inflammation.
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Abstract: For years, standard asthma treatment has included short acting beta agonists (SABA),
including as monotherapy in patients with mild asthma symptoms. In the Global Initiative for Asthma
2019 strategy for the management of asthma, the authors recommended a significant departure
from the traditional treatments. Short acting beta agonists (SABAs) are no longer recommended
as the preferred reliever for patients when they are symptomatic and should not be used at all as
monotherapy because of significant safety concerns and poor outcomes. Instead, the more appropriate
course is the use of a combined inhaled corticosteroid—fast acting beta agonist as a reliever. This
paper discusses the issues associated with the use of SABA, the reasons that patients over-use SABA,
difficulties that can be expected in overcoming SABA over-reliance in patients, and our evolving
understanding of the use of “anti-inflammatory relievers” in our patients with asthma.

Keywords: SABA overuse; systemic steroid overuse; asthma control; mild asthma; ICS adherence;
treatment; exacerbation

1. Introduction

In 2019, the Global Initiate for Asthma (GINA) changed their strategy for the management of step
1 and step 2 (mild) asthma: Short acting beta agonists (SABAs) as a monotherapy should not be used
in patients with mild asthma; rather, patients should be prescribed a combination inhaled corticoid
steroid (ICS)-fast acting reliever instead [1]. This change was made because of the recognition that
SABA overuse and subsequent ICS underuse are responsible for safety concerns and poor outcomes,
including hospitalization and possibly death. This change mostly impacts primary care physicians as
they are most frequently providing care for these patients with mild asthma.

The Problem

For many years, the standard asthma treatment has included the use of SABAs, either alone or as
part of a therapy including inhaled corticoid steroids (ICSs), to provide rapid relief of symptoms in
patients at the time when they are symptomatic, with the administration of oral corticosteroids (OCSs)
to manage patients during moderate or severe acute exacerbations. However, with recent evolution in
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our understanding of the impacts of this reliance of SABA use on patient outcomes, the central role
that these agents play in the treatment of asthma has been drawn into question.

While the use of as needed (PRN) SABA provides rapid relief of asthma symptoms, it does not
address the underlying inflammatory process and does not protect the patient from exacerbations [2].
Patients that are treated with SABA alone are at higher risk for asthma related death [3] and urgent
asthma-related healthcare [4] even if they have good symptom control [5]. Asthma patients treated
with SABA monotherapy also have worse long-term outcomes and lower lung function than patients
that are treated with low dose maintenance ICSs from the time of diagnosis [6]. Differences between
patient and physician views of control and poor communication between patients and physicians
about asthma status have been cited as a paradox of asthma management contributing to over-reliance
on SABAs and underuse of ICSs [7].

All patients with asthma are at risk of exacerbation, regardless of the severity of the underlying
disease [1]. Risk factors or indicators for exacerbation include high SABA use, environmental exposures
(smoke, air pollution, or allergens), history of exacerbation, and poor adherence to therapy [1]. The rate
of exacerbation is not trivial, even for patients with mild asthma. Clinical trial data show that patients
with mild asthma treated with PRN SABAs still have a greater than 20% risk of a moderate to severe
exacerbation over the course of one year [8]. In 2011, asthma was the leading cause for hospitalization
in Canada, with emergency rooms dealing with more than 64,000 asthma related events [9]. Almost
one third of asthma patients have reported having at least one emergency department visit each
year [10]. The costs to society are profound; estimates of the direct costs to the health system (including
hospitals, drugs, and physician fees) are $1.35 billion for 2020 with indirect costs (long term disability
and mortality) adding a further $1.7 billion, for a total of over $3 billion [11]. Costs are expected to rise
to $4.2 billion in the next decade [11].

Patients who are treated with SABA monotherapy have a greater risk of severe exacerbation
than patients treated with ICSs; these exacerbations are routinely managed through the use of OCSs,
typically in short courses or bursts [12]. However, there are very real concerns associated with the
prescription of OCSs, particularly with adverse effects of these agents. These effects include increased
risk of herpes zoster, cardiovascular events, type 2 diabetes, bone related conditions and fractures,
cataracts, obesity, and hypertension [9,13]. The risk is strongly associated with cumulative OCS
dose, rather than the maximum dose from a single course. Patients who receive even one to three
prescriptions in a year have a 4% increased risk for adverse effects, while patients receiving four or
more have a 29% increased risk [13]. However, the risk does not appear to return to baseline; patients
who received four or more OCS prescriptions for any 3 years in the prior 10 had a 1.73-fold greater risk
for adverse effects than patients who did not receive OCS prescription [13].

There are significant costs associated with OCS exposure to patients with asthma. Comparing
patients that have been treated with OCSs to matched OCS untreated patients, long term adverse and
costly outcomes have been associated with OCS initiation and have a dosage-response relationship
with OCS exposure [14]. Voorham and colleagues found there were profound OCS dose-dependent
health-care utilization increases in both general practitioner visits and prescriptions, as well as increases
in costs of hospitalizations and general practitioner visits associated with OCS use. A recent Swedish
observational study found that asthma patients who were regularly treated with OCSs had triple the
health care utilization costs when compared with patients who were not treated with OCSs [15]. The
major cost drivers were different in the two groups; the primary cost for OCS non-treated patients
were primary care consultations, while the primary costs for OCS users were associated with inpatient
care. More than 60% of the total costs for asthma and comorbidities was borne by patients regularly
treated with OCSs, with more than 70% of the costs of each of asthma, osteoporosis, and pneumonia
resulting from treatment of regular OCS users.

Table 1 illustrates the costs of OCS use in a UK cohort of asthma patients with a range of OCS dose
levels [14]. The study noted that the negative impact of OCSs was dose related such that patients with
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higher calculated doses of ICSs experienced the greatest negative impacts for healthcare utilization,
costs, and adverse effects [14].

Table 1. Healthcare resource utilization and costs associated with oral corticosteroid (OCS) use in a
matched historical cohort extracted from the UK Clinical Practice Research Datalink Database from

1994 to 2015.
Annualized Health Care Utilization
Factor Non-OCS user IRR! OCS user IRR?
(n = 9413) (n =9413)
General Practitioner visits 1.00 1.22
Specialist visits 1.00 1.12
Hospitalization 1.00 1.14
Emergency Department Visits 1.00 1.26
Primary Care Prescriptions 1.00 1.35
All Cause Health Care Costs
Year Non-OCS user Relative Cost OCS User Relative Cost
Year 1 100% 107%
Year 5 100% 150%
Year 10 100% 170%
Year 15 100% 210%
15 Year Cumulative Incidence of Adverse Effects
Non-OCS user Incidence OCS user Incidence
Adverse Effect (0 = 9413) (n = 9413)
Renal Impairment 12.5% 27.9%
Type 2 Diabetes 5.6% 9.5%
Pneumonia 3.5% 11.3%
Cataracts 4.4% 11.0%
Cerebrovascular Event 5.1% 10.0%
Cardio-Cerebrovascular Disease 3.6% 9.9%
Osteoporosis 2.0% 8.0%
Myocardial Infarction 2.8% 7.3%
Heart failure 1.1% 3.6%
Glaucoma 1.7% 3.4%

L IRR: incidence rate ratio.

2. Asthma Control

Guidelines recommend reviewing asthma control based on symptoms, in part on the amount of
SABAs used per week. The current (2019) GINA strategy recommends SABA use < 3 times per week,
with assessment for patients who consume three or more canisters per year (equivalent to 12 puffs per
week) as there is an increased risk of asthma attack or exacerbation for patients using three or more
canisters per year [1]. However, practicing doctors know that the patient reality is different. Patients
value their rescue inhaler (SABA) and use it as needed, often underusing their controller medication
(ICS and others).

Poor adherence is a common theme when treating chronic conditions and one that may seem
to many health-care practitioners as particularly troubling with asthma. Indeed, poor adherence is
common with adherence rates of around 50% in children and 30%-70% in adults (depending on the age,
sex, ethnicity, and country) [16]. However, good adherence is associated with fewer exacerbations and
better outcomes. The most common pattern is for patients to use medication when they have symptoms
and avoid use when symptoms are not present. When symptoms occur, patients will increase their use
of SABAs but not their controller medication [17]. Paradoxes of asthma treatment support patients’
poor understanding of disease control and support over-reliance on SABA medication [7]. Patients are
initially treated with SABA monotherapy when they have infrequent symptoms, so they believe the
symptom relief is the goal of therapy, rather than management of the underlying pathophysiology.
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They believe that they have the autonomy to make the decision when to use the inhaler. However,
as the disease advances, patients lose the autonomy of the decision when to treat (with maintenance
controller) and are told to avoid the medication that meets their goals for treatment (the reliever),
leading to conflict in their minds [7]. A combination of reliever with anti-inflammatory would then
meet both the goals of the clinician and the patient [18].

Practical issues with current guidelines for the treatment of asthma are experienced daily by both
physician and patient and limit the effective treatment of this disease. Many of the real issues identified
in current practice stem from the series of paradoxes that stem from guideline recommendations for
asthma treatment [7,18]. These paradoxes include the following:

e  conflicting messaging about the use of SABAs (encouraged in mild asthma but discouraged in
more severe disease);

e  assuming patient acceptance of advice to avoid use of SABAs, the medication that they perceive
provides greatest benefit;

e different safety messages between SABAs and long acting beta-agonists (LABAs), where SABAs
are considered safe;

e  patient-physican dis-concordance between asthma control and frequency, impact, or severity of
their symptoms;

e the patient’s perception of loss of autonomy over treatment when switching from a PRN SABA
(in step one) to physician prescribed daily controller medication in step two [7].

Further, we now know that regular SABA use increases hyper-responsiveness in the lung, leading
to greater sensitivity to triggers [18]. The use of a combination ICS with reliever (either SABA or fast
acting LABA) across all patients has a better safety profile and efficacy in reducing exacerbation risk
than a SABA alone [7,8,18,19].

3. How Did We Get Here?

With a greater understanding of the importance of reducing asthma exacerbations and the
subsequent future risk of asthma-related mortalities, the recommendations for SABA use are being
reconsidered. Specifically, for safety reasons, GINA no longer recommends SABA-only treatment
in asthma but recommends that patients using three or more canisters of SABA per year should be
assessed due to the associated increased future risk for exacerbations, hospitalization, or mortality [1].
A variety of factors increase the risk of exacerbations; patients may be at risk despite asthma severity,
disease symptom control, or treatment adherence [20-22].

Historically we can look back to data from New Zealand where there was an epidemic of asthma
deaths in the 1980s due to regular use of the extra-potent SABA fenoterol [23]. Further Canadian
data from the early 1990s showed that there was a direct correlation between the number of SABA
inhalers used and increasing mortality; for every one SABA inhaler increase, the death rate increased
by a factor of two [24]. Several epidemiological studies have all reached the same conclusion: (over)
reliance on SABA therapy is associated with increased adverse health outcomes including intubation
and death [24,25].

Pathophysiologically, we now understand the anti-inflammatory benefit of inhaled corticosteroids
(ICSs) on oedema and mucus over the sole acute bronchodilatory effect of SABAs. Previous consensus
driven international strategies have recommended SABAs as first-line therapy to relieve immediate
asthma symptoms (Figure 1A) [26]. This is despite the fact that asthma is most often characterized as an
inflammatory condition characterized by exacerbations and persistent airflow limitations [7,18]. SABAs
will resolve the immediate bronchospasm of an allergic trigger but have no inherent anti-inflammatory
pharmacological properties and no effect on the late phase reaction. Further, regular use of SABAs have
been shown to worsen the delayed inflammatory phase response [27], causing increased bronchial
hyper-responsiveness on subsequent exposure to the trigger. Recurrent exposure of the airways
to SABAs also contribute to a decreased response to SABA therapy as a reliever [28]. This could
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explain why regular use of SABAs (>3 canisters of SABA/year) have an overall detrimental impact
on the patient and have been linked to increased OCS use, increased emergency department visits,
hospitalization, and disease progression [2,29].

( : )
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Figure 1. Personalized management for adults and adolescents from the Global Initiative for Asthma
Global Strategy for Asthma Management and Prevention for 2018 (A) and 2019 (B), illustrating the
changes to the recommended management in the newest strategy. Adapted from GINA 2018 [26] and
GINA 2019 [1]. BDP: beclomethasone dipropionate; FEV: forced expiratory volume; HDM: house dust
mite; LTRA: Leukotriene Receptor Antagonist; SLIT, sub-lingual therapy.

The risk of SABA over-reliance has been clearly identified in a series of case reviews and studies.
In a review of 192 patients in the UK who died from asthma in 2012, it was clear that there was a
significant over-reliance on SABAs with 39% of those patients receiving 12 SABA inhalers per year,
and 4% receiving 50 SABA inhalers in one year [30]! In contrast, the use of controllers was low, with
80% receiving less than the optimal 12 prescriptions per year and 38% receiving less than four per
year. Another study of over 35,000 UK patients with asthma showed a direct relationship between the
frequency of SABAs prescribed beyond the baseline of 1-3 per year and risk of hospital admission for
asthma. The author’s conclusion was that there is a progressive risk of hospital admission associated
with the prescription of 3 or more canisters of SABA per year [31].
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A qualitative study [32] examined the reasons for SABA over-reliance in young adults with asthma.
Reasons given for SABA inhaler over-reliance included wanting a short-term quick fix for asthma
symptoms, cost, poor adaptation to illness, reducing stigma of having a chronic illness, asthma having
career and social issues, fear of symptoms, anger at having illness, feeling that they cannot survive
without it (the blue one), but that they could survive without the maintenance medicine. These issues
require disease education and reinforcement of best practices.

It has been shown that shared decision making between the patient and clinician improves
adherence to asthma therapy [33]. However, it did require four additional steps: i) identifying patient
goals and preferences; ii) summarizing patient goals and preferences; iii) discussing relative merits of
different treatment options in relation to goals and preferences; and iv) negotiating a decision about a
treatment regimen. One study found that after one year, there was an increased total days’ controller
prescription by an average of 77 days and by 9.6 ICS canister equivalents, increased quality of life by
0.4 points out of 5, reduced unscheduled asthma physician visits, reduced SABA acquisition by 1.6
canister equivalents, and doubling of the likelihood of having well controlled asthma [33].

4. Solutions

Data has shown that simultaneous anti-inflammatory and reliever use [8,34-36] demonstrates
similar outcomes in asthma control with significantly reduced exacerbation rates over SABA alone.
This has led to a paradigm shift which has been reflected in a change in the GINA strategy. As of
2019, based on strong evidence that SABA-only treatment increases the risk of severe exacerbations
and asthma related death, SABA therapy should no longer be considered for monotherapy in asthma,
with anti-inflammatory reliever therapy now the preferred reliever in adults (Figure 1B). Further, the
recommendation in children is now the co-administration of ICSs with SABAs to ensure inflammation
treatment is optimized at the time it is needed [1].

This change was based on significant evidence that SABA-only treatment increases the risk of
severe exacerbations and asthma-related death and the supporting data that adding ICSs significantly
reduces the risk. A large body of evidence from randomized controlled trials and observational studies
shows that low dose ICSs substantially reduce the risk of severe exacerbations, hospitalizations, and
death [3,4,37,38]. One study demonstrated that regular low dose ICS reduces the risk of asthma
exacerbations by 60% and improves asthma control days by half [37]. Further, more recent data [8,34]
has demonstrated that treatment with budesonide-formoterol (ICS-long-acting 3-agonist) solely
as-needed prevented exacerbations and loss of lung function, however, was less effective at mitigating
symptoms than regular ICS maintenance therapy. Unfortunately, many patients do not adhere with
regular ICS therapy and are not availing themselves of this protection. Patients require ICS at the time
of worsening symptoms but have learned that SABAs provide the benefits of immediate relief that
they seek [7]. Coupling the delivery of ICSs with a reliever makes use of the patient goals for therapy
(i.e., fast relief) to ensure that the required anti-inflammatory is delivered when it is most needed, at
the time of the asthma worsening [38].

The GINA strategy notes that patients receive either symptom-driven (in mild asthma) or daily
ICS-containing controller treatment to reduce the risk of severe exacerbations and asthma-related
death. Further recommendations are for as-needed controller treatment in mild asthma, with a
preferred controller being low dose ICS—formoterol taken as needed for relief of symptoms and
before exercise [1]. Currently, only budesonide—formoterol has been studied in Canada in this role;
beclomethasone—formoterol has been approved in Europe for the treatment of moderate to severe
asthma only. The use of SABA reliever in ICS controller therapy (either with or without a LABA) is
associated with a higher risk of asthma exacerbation, compared to using budesonide—formoterol as
maintenance and reliever, in patients over the age of 12 years [35]. At the time of this writing, only studies
investigating budesonide-formoterol in this role have been conducted. Different ICS components may
have different safety outcomes, and certainly different LABA compounds could lack the rapid onset
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required. While this concept may be applicable to other ICS—formoterol products, without controlled
trials, recommending other ICS—formoterol products in this role would not be appropriate.

There are a number of questions that remain unanswered for many patients. Most trials of the
anti-inflammatory reliever strategy have been performed using budesonide—formoterol in patients
that are prescribed budesonide—formoterol as a controller (when they require a controller). However,
in practice, some patients are using and are effectively managed with combination products other
than budesonide—formoterol (such as fluticasone-salmeterol or mometasone—formoterol). The impact
of budesonide-formoterol used as an as-needed reliever in the context of another controller (either
a different ICS-LABA or just an ICS alone) has been poorly studied. In this case, patients who are
well-controlled on these other controller medications should not be transitioned to the new strategy.

The continued use of a SABA monotherapy rather than an anti-inflammatory reliever may be
appropriate in some patients. Patients with non-eosinophilic asthma (including neutrophilic asthma)
and patients with true exercise induced bronchospasm (i.e., exercise induced asthma) may not benefit
from the steroid component. Further, the Health Canada authorization for budesonide—formoterol
indicates the combination as an anti-inflammatory reliever in patients with mild and persistent
symptoms. SABAs should also be continued in patients that are using other ICS-LABA combinations
as maintenance products; using budesonide—formoterol a reliever may not be appropriate in patients
treated with a different ICS-LABA combination as these combinations have not been studied [39]. It is
also important to ensure an accurate diagnosis of asthma in the patient; patients with mild COPD (or
other ailments that may present as asthma) should not be treated with an ICS.

There may be some perceived disadvantages of anti-inflammatory reliever therapy. The side
effects of the combination product are mild, well understood (as budesonide—formoterol is widely used
as a maintenance therapy), and are generally related to the ICS component. The strategy encourages a
lower total dose of the ICS as the inflammation is only treated at the time it is occurring, preventing
overtreatment. Patients may be concerned with the cost of the product (when compared with short
acting relievers). However, use of an anti-inflammatory reliever may ultimately reduce the quantity of
the product used as well as reducing symptoms, partially negating the cost differential. There may be
a concern with the total ICS dose in patients using an anti-inflammatory reliever strategy; however, the
total dose for such a strategy will be less than patients using a SABA reliever in studies including mild,
moderate, and severe asthma patients.

5. Conclusions

Despite the evidence, SABA over-reliance continues, with decreased ICS use due to poor adherence,
increased OCS use due to exacerbations (typically more than 1 event per year for most patients),
increased emergency department visits, and hospitalizations for our patients with asthma. While the
negative effect of SABA over-reliance is understood, both clinicians and patients continue to reinforce
this behaviour. We need to review SABA use with our patients, particularly to identify those using 3 or
more SABA inhalers per year. In those patients, clinicians need to work with the patient to educate on
the new GINA strategy of symptom-driven (mild asthma) or daily ICS-containing controller treatment,
with as-needed controller treatment (low dose ICS—formoterol) taken as needed for relief of symptoms
in place of SABA therapy. Data clearly shows that regular use of ICSs is the best strategy. However, lack
of adherence to this often precludes use of ICSs. By taking advantage of the patient’s own behaviour to
use an anti-inflammatory at the time of the reliever, we can impact behaviours and ensure an ICS is
used at the time it is needed to control airway inflammation.
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Abstract: Asthma is a heterogeneous disease that in children is often allergen-driven with a type 2
inflammation. Sublingual immunotherapy represents an important progress in the use of personalized
medicine in children with allergic asthma. It is a viable option for house dust mite-driven asthma
and in subjects with the asthma associated with allergic rhinitis. The use and indications for isolated
asthma caused by other allergens are still controversial owing to heterogeneity of commercially
available products and methodological limitations of studies in children. Nevertheless, most studies
and meta-analyses found the efficacy of sublingual immunotherapy. Sublingual immunotherapy is
safe but cannot be recommended in children with uncontrolled asthma.

Keywords: asthma; children; efficacy; house dust mite; pollen allergy; rhinitis; safety; sublingual
immunotherapy

1. Introduction

Asthma is a chronic disease affecting 10%—-15% of school-aged children [1,2]. First-line treatment
for allergic asthma consists of such medicines as inhaled corticosteroids, long-acting beta2-agonists and
short-acting beta2-agonists as needed with the aim of minimizing symptoms, improving lung function,
and reducing inflammation. Notwithstanding, some children need additional treatment to improve
asthma control. Moreover, in patients who achieve control, symptoms can return upon discontinuation
of drugs. Different response to the same therapy can be due to a distinctive asthma endotype
that indicates a subtype of the disease with a distinct underlying pathophysiological mechanism.
In childhood, two forms of asthma have been conventionally studied. The type2 (T2)-high endotype can
be allergic [3] or nonallergic and it is characterized by an eosinophilic airway inflammation, while in the
T2-low endotype, a neutrophilic or paucigranulocytic airway inflammation is found [4]. Most children
have allergic asthma that may be considered a phenotype, with early onset, atopic background,
family atopic history, allergic sensitization to common inhaled allergens, eosinophil inflammation,
and bronchial hyperreactivity that overlaps with eosinophilic and T2 asthma [5]. In this promising era
of precision medicine, matching asthmatic patients with the T2-high endotype allows “personalizing”
more effective therapeutic choices that target the airway T2 pathway. They include biologicals and
allergen specific immunotherapy (AIT) in asthmatics who partly respond or do not respond to first-line
treatment or have a recurrence after a suspension. AIT has been the first attempt of precision medicine
and it is tailored to the specific IgE that elicits the reaction. AIT is the only disease-modifying treatment
for patients with IgE-mediated allergy due to airborne allergens. It consists of repetitive administration
of the allergen extract that provokes symptoms with the purpose of inducing allergen tolerance in
allergic asthma by targeting the underlying mechanisms and modifying the immunological response.
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Subcutaneous AIT (SCIT) has been the only accepted effective AIT for allergic rhinitis and asthma over
several years [6] and it still represents the standard treatment for hymenoptera venom hypersensitivity.
SCIT may rarely induce unpredictable anaphylactic reactions. Moreover, children can be annoyed by
repeated injections that require visiting a doctor’s office. So, alternative safer and more comfortable
routes of allergen administration that may allow self-administration at home have been investigated.
The first randomized double-blind placebo-controlled trials (RDBPCT) of such routes took place in
1986 and studied sublingual AIT (SLIT) [7]. Subsequently, a remarkable number of clinical studies on
SLIT was published showing indirectly an efficacy not far from that of SCIT [8,9] even if head-to-head
studies are lacking. SLIT has been quickly recognized in official documents as an alternative to SCIT in
respiratory allergy at variance from other routes [10-14]. Furthermore, SLIT has been used for other
allergy-driven diseases, such as atopic dermatitis [15]. Both SCIT and SLIT share similar mechanisms,
that involve induction of allergen-specific IgG4, stimulation of IgE-blocking IgG antibodies, T-cell
tolerance [16]. These mechanisms suppress the specific Th2 immune response and prevent further
exacerbations. In SLIT, an important role for antigen tolerance is played by the uptake of the allergen
by dendritic cells of oral mucosa [17]. SLIT is specific for the allergen causing IgE-mediated asthma but
not for asthma in itself [10]. So, we have analyzed the use of SLIT in asthmatic children, including an
approach to its prescription that considers differences between allergens and suggestions for practice.

2. Product-Related Considerations

SLIT vaccines are available as liquid drops or tablets that are swallowed after keeping under
the tongue for 1-2 min. Sublingual formulations are not equivalent since they vary according to the
manufacturer in the diluent, preservatives, unit of measurement of potency, dosage, and schedules.
The diversity in marketed products has led to heterogeneity in the way national regulators deal with
different products. In most countries, AIT products usually require a marketing permission like other
drugs [18]. However, SLIT products are also commercialized and routinely used in many countries as
“named patient products” that just need to be prepared according to the Good Manufacturing Practice
to be commercialized.

In the past 15 years, several big trials investigated orodispersible tablets with standardized
determination of relevant allergen content of the extracts in RDBPCT involving a large number of
children and adults with allergic rhinitis and/or asthma. Those studies characterized the optimal
maintenance dose of each product [19]. Furthermore, they allowed for the approval of SLIT tablets for
timothy, 5-grass, house dust mites (HDM)), trees (birch), ragweed, and Japanese cedar by regulating
authorities as medicinal products in several countries. Many SLIT products are marketed as solutions
that are administered with a dropper, mini-pumps, or single-dose vials. The optimum dose with liquid
extracts remains approximate [20] since trials evaluated a small number of children and they were not
designed for registration. The mean number of children with asthma due to HDM in the active arm
in 8 RDBPCTs [21-28] was 26 and the cumulative dose that was found to reduce asthma symptoms
varied from 249.6 mcg Der P1 [23] to 1700 mcg Der P1 [26].

Regarding allergy to grass, SLIT with higher cumulative doses (4068 IR versus 18,031 IR) was
associated with a significant low symptom/medication score [29].

SLIT with a mixed Betula verrucosa, Corylus avellana and Alnus glutinosa extract has a similar
efficacy at a cumulative dose of 1.058 mcg (major pollen tree allergens) and of 8820 mcg (major pollen
tree allergens) in 61 asthmatic children [30].

Cumulative effective doses for Par j varied from 20.3 mcg [23] to 52.2 mg [31].

At variance from SCIT, in SLIT, the build-up phase with increasing doses usually lasts a few days,
or it is unnecessary, and the treatment starts with the maintenance dose. The maintenance dose can be
administered according to the manufacturer: once a day, on alternate days, twice weekly [32]. SLIT for
seasonal allergens can be discontinued at the beginning of the season (preseasonal treatment), at the
end of the season (pre-coseasonal) or administered continuously. SLIT for perennial allergens is usually
administered all year-round. A SLIT course of 3 years is recommended to achieve better long-term
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results [33-35]. However, a prospective study found that a treatment of 4 years slightly improved
efficacy and long-term benefits in adults [36].

3. Sublingual Immunotherapy for Asthma

Several systematic reviews and trials have been conducted on the use of SLIT in asthmatic children.
Meta-analyses have been hampered by heterogeneity among selected studies in population, allergens,
products, outcomes, doses, duration of treatment. It is noteworthy that efficacy and safety should be
characterized for each formulation because of differences between sublingual products. Furthermore,
meta-analyses have been limited by power of the trials since most of them studied primarily patients
with allergic rhinitis [16]. Allergic rhinitis, which affects 60-80% of asthmatic children [37,38], is the
most frequent comorbidity and it is associated with worse asthma control. Furthermore, not validated
instruments [1,39] were used and asthmatic exacerbations [40] at the time of the studies were not
considered as the outcome that the authors should have tried to influence [2]. Even if these shortcomings
questioned the conclusions [41], most meta-analyses and systematic reviews [6,42,43] showed the
efficacy of SLIT in asthmatic children.

4. House Dust Mites

In asthmatic adolescents and adults, the findings of large studies [44-46] provided evidence of
efficacy of HDM SLIT tablets. As a consequence, HDM SLIT has been incorporated in the Global
Initiative for Asthma Report (GINA) recommendations [40] as an add-on treatment for HDM allergic
asthma in adults with allergic rhinitis who have exacerbations despite a low-medium dose of inhaled
corticosteroids if the forced expiratory volume per 1 s (FEV1) is greater than the 70% predicted.
Therefore, patients with severe asthma receiving a high dose of inhaled corticosteroids [40] would
not be given AIT. However, in the European Academy of Allergy and Clinical Immunology (EAACI)
Guidelines [2], HDM SLIT tablets are recommended as an add-on treatment for adults with controlled
and partially controlled HDM-driven allergic asthma irrespective of severity of asthma. In RDBPCT that
included adolescents and adults, the efficacy of HDM SLIT tablets and drops has been shown [47,48]
and they also have spared inhaled corticosteroid [49,50].

In children, ten RDBPTs [21-27,51-53] found that HDM SLIT drops improved asthma symptoms
and reduced use of medication (Table 1). The systematic review by Rice et al. [39] found that HDM SLIT
improved FEV1. An RDBPCT in a pediatric population reported negative results for HDM SLIT [28].
However, nearly all children had no asthmatic symptoms at the baseline so that lack of benefit could
have been anticipated.

5. Grass Pollen

Several reports have shown the efficacy of grass pollen SLIT (Table 1). A large regulatory trial
conducted with grass SLIT tablets in children with allergic rhinitis showed a significant improvement
in the asthma symptom score but not in the medication use [54], while Rolinck-Werninghaus reported
a decrease in the medication score [55]. Stelmach et al. [55] reported that grass SLIT significantly
improved asthma symptoms and reduced the medication score in children. Dhami et al. [6] performed
a systematic review and a meta-analysis of RDBPCTs on AIT for asthma in children and adults.
They found that AIT was effective in decreasing the symptom score both in children and adults and
the medication score in children and suggested (but not confirmed) in adults. AIT to grass pollen
was effective in reducing the symptom score and the suggested (but not confirmed) medication score.
Furthermore, SCIT was effective in reducing respiratory symptoms and drug consumption whereas
SLIT was suggested but not confirmed to reduce the symptom and medication scores. However,
only one study with SLIT in children [56] was reported [6]. If we look at real life, it has been reported
that grass SLIT tablets for allergic rhinitis decrease the number of dispensed prescriptions for asthma
medications [57].
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6. Trees and Ragweed

Most data on AIT efficacy against tree pollen allergy have been shown in adult studies. A systematic
review [42] reported two trials [55,58] showing the effectiveness of SLIT for asthma due to tree pollen
allergy in children. A RDBPCT [59] found that SLIT to parietaria significantly reduced nonspecific
bronchial hyperresponsiveness to methacholine. Recently, in a RDBPCT, Biedermann et al. [60] found
that sublingual tablets containing a standardized birch extract were effective in 634 adolescents or
adults with rhinoconjunctivitis caused by birch pollen and in the subpopulation with asthma and
reduced the Asthma Control Test score.

Regarding ragweed, a RDBPCT by Nolte et al. [61] showed that ragweed SLIT tablets improved
symptoms and medication use in children with rhinoconjunctivitis to ragweed pollen and reduced
asthma symptoms and short-acting beta2-agonist use.

Data regarding efficacy of tree and ragweed SLIT in asthmatic children are reported in Table 1.
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7. Mold and Pet Allergens

The role of immunotherapy for allergens different from pollen and HDM is debated in asthma
therapy. Mold allergies are frequent, especially in the Mediterranean area where 20% of allergic
patients are sensitized [62,63]. Sensitization to molds is associated with a more severe progression
of asthma [64]. AIT has been performed for Alternaria and Cladosporium but the use is limited by
difficulty in obtaining a standardized allergen extract. Despite some evidence suggesting that specific
AIT has a positive effect on respiratory symptoms, high quality studies are lacking. Several limitations
characterize the available studies: many trials include both children and adults, small samples,
absence of a placebo group. A meta-analysis [65] including nine randomized controlled studies (RCT)
highlighted that low-strength evidence suggests that mold AIT is effective for respiratory symptoms.
Just one of the selected studies was performed in children using Alternaria SCIT and it found an
improvement of the symptom-medication score and the quality of life starting from the second year
of administration. Regarding SLIT, in an RDBPCT [66], 27 patients aged 14—44 years with allergic
rhinitis with or without intermittent asthma were treated with Alternaria SLIT. A significant reduction
in symptoms, medication intake, and skin test reactivity in the active group was reported. So, the role
of Alternaria immunotherapy in children remains unclear. There is little evidence for the use of SCIT
but not of SLIT for Cladosporium.

To our knowledge, there is no study conducted exclusively on pediatric population regarding
SLIT for animal dander [67]. An RDBPCT by Alvarez-Cuesta et al. [68] enrolling adolescents and
adults with allergic rhinitis with or without asthma to cat dander showed an improvement of nasal
symptoms but not of the bronchial symptom score, and a decreased PEF response to cat exposure in
the SLIT group compared to the placebo group. Studies on SLIT for dander of other furry animals are
lacking. Currently, high-quality studies on SCIT with dog allergen extracts have failed in asthmatic
children [69].

8. The Effects of SLIT on Asthma Prevention

Allergic rhinitis predicts the development of asthma in children [70,71]. It has been documented
that a three-year course of SCIT significantly reduced the occurrence of asthma in children with rhinitis
caused by grass and/or birch pollen after 3 and 10 years [72]. Subsequently, two open RCT found that
grass SLIT drops [73] and HDM, grass, birch SLIT drops [74] significantly reduced the risk of onset of
asthma in children with allergic rhinitis after a course of 3 years. More recently, a large RDBPCT [75] has
showed that grass SLIT tablets prevented respiratory symptoms and the use of asthma medication in
children with allergic rhinitis. The results of the studies are reported in Table 2. In a large retrospective
real-life study, Zielen [76] showed for the tablet formulation in patients >5 years of age that the relative
risk reduction of asthma occurrence was around 30% during the treatment and around 40% during the
follow-up. There is no evidence that AIT prevents development of new additional allergic sensitization
in sensitized patients [77].

101



J. Clin. Med. 2020, 9, 3381

159 3po1xd upys ‘I JS ‘“Apnis pa[[oIIu0d PazZIwopuer ‘1 )y

uayjod sseid 10§ 1S
pue g3sT ‘4] [e10L T

eunyise Surdoforap

uonedipawr euryjse _ uafjod [sz] 810C
Sursn 10 swordwks 9¢ (¥1¥/86€) C18 (45l sse1n) JosIay uo IrISsserd  DJIday “Te 19 BITAOTEA
: JO 309y30 Ay} rednsaAu] :
eunyjse Supuaradxa :
Jost oy T 111S
AyanoearradAy
EEMMME ! uajod URIp[ ABI[e Ut [¥£1 8002
eunpse juasisiod pru 9¢ (zL/ww1) 91T L1-9 sse1n) LI'IS JO S129y5d danuanard 1od “Te 39 euSoTely
pue [edTUT]D Y} d)en{eAr
pUE SUOT}RZI}ISUSS MU
JO 39SUO 3} padNpaI IS
UIP[IYd JISId[[e Ut
PUIYJSE [BUOSEAS ewyjse jo yuawdopaap
30 Juawdoasap ay} » uaod ay) pue swoydwAs [€21%002
1 pue swojdwAs syrunyx v (65/7S) €11 yi-s ssein) [eseu pue Ie[noo Lod e J9 AIqUIDAON
or31ae euoseas T 11715 Guronpar ur 9ATIORJR ST
LI'TS Tayioym suruaag
syjuo sdnox
SJINS3Y UIeA _A.—.”_MEM\M“ ~obnoU\Av>:u<U\$cu5mm ) 28y PP Apmg ayj jJo wiry Apmis 1e3) Iy
: . . : Jsjudaned uaSIdyy : jo adAy,
LIV Te3o1) uonendog

“URIPIYD JIZIS][e Ul T[S JO 3[0I 2ANUSAId pue 109JJ9 ULId}-3U0] dY} UO SAIPNIG *g A[qeL,

102



J. Clin. Med. 2020, 9, 3381

9. Safety

SLIT has been shown to be a safe treatment in many clinical trials and post-marketing surveys
both in adults and in children, as well as in pre-school aged children [78], in children with allergic
rhinitis or controlled asthma [79-83] (Table 3). SLIT has a better safety profile compared with SCIT
and it can be safely given at home. Several RDBPCTs showed that the rate of systemic adverse
events did not differ between the placebo and the active group [79]. Mild local adverse reactions
are commonly reported [84]. They disappear within a few days of treatment. The well-known
adverse events of SLIT mainly consist of oral itching or swelling, lip edema, throat pruritus,
stomach ache. They are easily contained by transitorily diminishing the dose or antihistamine
premedication for several weeks. Systemic reactions and asthma exacerbations are not common [79],
while anaphylaxis has been reported anecdotally [85,86], and no fatality has been registered. A very
low percentage of patients discontinues SLIT because of side effects [20,39,85]. Contraindications
include serious immune-associated diseases (e.g., severe immunodeficiencies), malignancies, chronic
and disabling diseases (e.g., major cardiovascular disease, chronic infections, severe psychological
disorders) [87]. Beta-blocker treatment is a relative contraindication. If uncontrolled asthma is a
risk factor for developing serious adverse events in response to SCIT [69,88], it is reasonable to infer
that in these patients SLIT is contraindicated [85]. The daily SLIT dose should temporarily not be
given in the following circumstances: bronchospasm, acute febrile illness, oral injury or ulceration
(e.g., dentalextraction, aphtae).

Table 3. Studies evaluating safety of sublingual immunotherapy in young children.

Population (Total

Author, Year Allergen Age Patients, Active/Control AIT Duration Main Results
Extract (Year) . (Months)
Groups If Applicable)
SLIT can be safely
Agostinis et al., HDM, administered to
2004 [81] grass -3 3 12-36 very young
children.
. SLIT is safe in
DiRienzo etal, Various 3-5 126 24 children under the
2005 [78]
age of 5 years.
High-dose
immunotherapy in
Fiocchi et al., . children younger
2005 [82] Various 36 65 12 than 5 years is as
safe as in older
children.

10. Indications

The impact of SLIT on asthma is often assessed as a secondary outcome in studies on IgE-mediated
allergic rhinitis. So, SLIT should be used in children with controlled mild and moderate asthma [16]
or controlled severe asthma [69] associated with allergic rhinoconjunctivitis. There is a conditional
recommendation on the use of SLIT in children when allergic asthma is isolated because of the moderate
or low quality of evidence [16] that does not allow defining a clear recommendation [89]. However,
the EAACI Guidelines [2] state that the available evidence support the efficacy of HDM SLIT for
pediatric asthma and recommend HDM SLIT drops for children with controlled HDM-driven allergic
asthma as an add-on treatment. For other allergens, the prescription clearly depends on the product
and the type of the eliciting allergen. SLIT tablets or SLIT drops with documented efficacy should be
given to asthmatic children with allergy to grass, birch, or other pollens. Low-quality data support the
use of SLIT in children with allergy to Alternaria and cat dander [69].
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In polysensitized children constituting the majority of those with a pollen allergy,
the molecular-based diagnosis would permit the identification of genuine sensitizers and cross-reactive
panallergens [90]. The effectiveness of AIT would possibly be increased by prescribing AIT only for
genuine allergens. In the pollen—food allergy syndrome [91], SLIT does not improve symptoms to
cross-reacting foods. It should be carefully excluded that asthma is elicited by foods [92].

Besides the severity of manifestations, SLIT should be considered if avoidance of the identified
relevant inhalant allergens is not effective or is impracticable as the most advantageous treatment
set-up. SLIT should be started when pharmacotherapy is protracted, e.g., for more than 3 months,
or induces side effects. The cost and the presumed adherence to SLIT are to be considered. During
SLIT, children should always receive correct pharmacotherapy. SLIT efficacy should be ascertained
by reduction of frequency and severity of symptoms, use of medication, and improvement of lung
function. The evaluation of SLIT results should be made following at least six months of pre-coseasonal
SLIT for pollen or six to twelve months for perennial allergens and SLIT can be discontinued when
patients get worse. There is no absolute age limitation for SLIT administration. Even though the
efficacy and safety of SLIT has been shown in children of 3 years of age, evidence is scarce [81,82,93].
Therefore, in preschool children, SLIT should be prescribed after carefully assessing risks and benefits
and SLIT drops should be preferred. There are no data suggesting that children receiving SLIT are
at a higher risk for the COVID-19 infection. It is recommended to carry on the administration of
SLIT during the COVID-19 pandemic. Patients with suspected or confirmed infection with COVID-19
should discontinue the treatment [94]. Finally, in children with rhinoconjunctivitis caused by grass
or birch, it has been shown that some SLIT products can be a feasible option not only for controlling
symptoms, but also for preventing the onset of asthma [13,95]. A minimum of 3 years course is
generally recommended to obtain a preventive effect [93].

11. Conclusions

SLIT is a nice example of precision medicine for allergen-driven asthma. There has been a
significant progress in SLIT over the last years with introduction of new formulations. Recently
approved SLIT products have been investigated in large trials, mainly in adults with asthma or in
patients with allergic rhinitis, and there is a need in studies on their use in asthmatic children. Generally,
SLIT appears to be safe and effective as an additional treatment in most children with controlled
IgE-mediated asthma due to more common allergens. However, products differ in characteristics and
efficacy. A distinction of products is necessary to avoid confusion and predict benefits.
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Abstract: In asthmatic adults, monoclonals directed against Type 2 airway inflammation have
led to major improvements in quality of life, reductions in asthma attacks and less need for oral
corticosteroids. The paediatric evidence base has lagged behind. All monoclonals currently available
for children are anti-eosinophilic, directed against the T helper (TH2) pathway. However, in children
and in low and middle income settings, eosinophils may have important beneficial immunological
actions. Furthermore, there is evidence that paediatric severe asthma may not be TH2 driven,
phenotypes may be less stable than in adults, and adult biomarkers may be less useful. Children being
evaluated for biologicals should undergo a protocolised assessment, because most paediatric asthma
can be controlled with low dose inhaled corticosteroid if taken properly and regularly. For those
with severe therapy resistant asthma, and refractory asthma which cannot be addressed, the two
options if they have TH2 inflammation are omalizumab and mepolizumab. There is good evidence of
efficacy for omalizumab, particularly in those with multiple asthma attacks, but only paediatric safety,
not efficacy, data for mepolizumab. There is an urgent need for efficacy data in children, as well
as data on biomarkers to guide therapy, if the right children are to be treated with these powerful
new therapies.

Keywords: airway eosinophilia; blood eosinophil count; omalizumab; mepolizumab; exhaled nitric
oxide; induced sputum; allergic sensitization

1. Introduction

The purpose of this review is to give a clinically focused update on the approach to the child with
asthma for whom the prescription of a biologic is being considered (omalizumab or mepolizumab,
the only ones currently licensed in children), in order to appropriately select those children who need
these expensive and invasive medications, to highlight the important differences between adult and
paediatric severe asthma with regard to the use of biologicals and to summarise the paediatric biologic
data currently published.

The Lancet asthma commission has highlighted that the word “asthma” is an umbrella term
comprising numerous endotypes [1]. Personalised asthma medicine was first practiced by the late
Dr Harry Morrow-Brown, who used his medical school microscope to show that only those patients
with sputum eosinophilia responded to prednisolone and inhaled beclomethasone. This meant that
two of the most effective asthma therapies that we have were not lost. This valuable lesson, a really
early attempt at personalised medicine, was lost to the asthma community in the excitement at the
efficacy of inhaled corticosteroids (ICS), which were widely and often indiscriminately prescribed.
When the anti-interleukin(IL)-5 monoclonal mepolizumab became available, it was again prescribed
indiscriminately in adult asthma and was initially thought to be ineffective [2,3]. Fortunately, the
obvious fact that anti-T-helper 2 (TH2) strategies would likely not work in non-eosinophilic asthma
was appreciated, and the benefits of mepolizumab in attack prone, eosinophilic adult asthmatics was
appreciated [4,5].
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So as an example, the absolutely critical importance of personalised therapy has not been lost on
the cystic fibrosis (CF) community. The knowledge of the different classes of CF genes [6] led to the
discovery of Ivacaftor, which was dramatically effective (improved weight, lung function and quality
of life, sweat chloride concentration halved) in Class III gating mutations [7]. Had Ivacaftor been given
to all patients with a wet productive cough, or even all patients with CF, it would have been discarded
as inactive. There is an obvious lesson here for the asthma community—unless and until we really
understand pathways to disease, we are at risk of discarding important therapies.

The data and indications for mepolizumab and other biologicals has been summarised recently
by the ERS/ATS Task Force, but these are largely in adults [8], for whom there have been major benefits
in terms of better quality of life, fewer asthma attacks, and less requirement for oral corticosteroids.
Whether the patient is eligible for an anti-Type 2 inflammation biologic is usually determined by the
peripheral blood eosinophil count, which in adult studies at least, has been shown to be a good surrogate
for airway eosinophilic inflammation [9]. However, even in adult studies, the correlation between a
TH2 high signature in bronchial epithelial cells and elevation in blood eosinophils and exhaled nitric
oxide (FgNO) is not good [10] and periostin, now being discarded even in adult medicine, cannot
be used in children because it is secreted by growing bone. So in summary, anti-TH2 strategies are
deployed in adult medicine if there is an elevated blood eosinophil count, on the assumption that airway
phenotypes are stable. The tacit assumption is that eosinophilia equates to TH2 pathway activation;
but even in adults, non-TH2 eosinophilic phenotypes are well described in U-BIOPRED, related to
genes encoding metabolic pathways, ubiquitination and mitochondrial function [11]. We discuss these
and other assumptions in more detail below.

Currently, only two biologicals (omalizumab, mepolizumab) are licensed in children age six years
and over for severe asthma. There are extensive paediatric omalizumab data, but for mepolizumab,
extrapolation from adult studies comprise the bulk of our information; and extrapolation from adults
to children is dangerous. In this review, we explore the following issues, which are highly relevant to
the role of biologicals in children:

1. Is the eosinophil always the “bad guy” or could there be a down side to the aggressive,
anti-eosinophil strategies which have been effective in adults?

2. Is paediatric severe, therapy resistant asthma (STRA) the same as adult disease?

3. Whatis a truly severe disease in childhood, in other words, is it only children with STRA who
should receive these medications?

4. How should we evaluate children referred for biological therapies?

5. What are the paediatric data on the biologicals, and how do we match the right biological to the
right child?

The definition of STRA combines the pharmacological criteria in Table 1 together with a failure
to identify any reversible factors or co-morbidities on detailed assessment (below), in other words,
uncontrolled asthma even despite all basic management being optimised. We conclude with suggestions
as to how the present unsatisfactory, often non-evidence-based situation can be rectified.

2. The Eosinophil: A Janus Cell, Facing Both Ways?

The eosinophil has long been considered the effector cell in Type 2 inflammation driven asthma,
but potential important beneficial roles are often not considered, and there may be developmentally
important roles. Immunological effects include B-cell priming and maintenance of memory plasma
cells [12,13], and antigen-presenting functions in the intestine [14]. Adipose tissue eosinophils participate
in beige fat thermogenesis and glucose homeostasis through regulation of alternatively activated
macrophages [15,16]. At least in murine models, there is evidence that eosinophils possess significant
antiviral effects, and enhancing the eosinophilic response inhibits experimental influenza and respiratory
syncytial viral infection [17].
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The eosinophil is important in immunity to parasites, and this may be particularly important in
low and middle income (LMIC) settings. In this context, it should be noted that the predictive power
of blood eosinophil counts for monoclonal responses may be less good than in a high income setting,
although this has yet to be tested due to poor availability of these medications in LMICs.

In summary, the potential beneficial roles of the eosinophil should be considered in the
developmental and geographical context of the individual patient when assessing the risks and
benefits of anti-IL5 therapy.

3. Adult and Paediatric STRA: Similarities and Differences

The question arises as to whether Type 2 inflammation is important in paediatric STRA. Our
large series of carefully characterised children with STRA who underwent bronchoscopy showed that
most, but by no means all, had airway mucosal and bronchoalveolar lavage (BAL) eosinophilia [18].
To our surprise, evidence of TH2 activation was scant. Induced sputum supernatant was positive
for IL5 in only 8/41 patients; BAL was interrogated using both Luminex and Cytokine Bead Array
platforms, and in the fifty samples available, ten were positive for IL4, and eight for IL5 and IL13.
Immunohistochemistry demonstrated more IL5 positive mucosal cells in controls, and equal numbers
of IL13 positive cells in the two groups. It was difficult to conclude that TH2 inflammation was of
major importance in this group; possibly at an early stage of the disease TH2 inflammation had played
a role, but the pathway is steroid sensitive and all these patients were being prescribed high-dose
ICS. Our subsequent studies have focussed on the possible role of the epithelial alarmin IL33 as a
steroid-resistant cytokine implicated in the pathology of STRA [19,20]. These findings are in accord
with the other studies [21,22].

The USA Severe Asthma Research Program studied (BAL) supernatant and alveolar macrophages
in 53 asthmatic children, of whom 31 were thought to have STRA, and 30 non-smoking adults [21].
They analysed a total of 23 cytokines and found no differences between the groups for any individual
cytokine, but by using linear discriminant analysis, five cytokines were able to differentiate between
mild asthma, severe asthma and healthy controls: these were growth-related oncogene (GRO), RANTES
(CCLS5, regulated upon activation, normal T cell expressed and presumably secreted), IL12, Interferon
(IFN)-y and IL10. They also concluded that there was no TH2 signal (nor indeed classical signature
TH1 cytokines) in severe paediatric asthma.

These observations have recently been taken further in a recent manuscript from the USA [22].
This group analysed bronchoalveolar lavage (BAL) (1 = 68) samples from 52 children age 0.5-17 years
with STRA, not all of whom were allergic. They found that memory CCR51 TH1 cells were enriched
in BAL, and many viruses and bacteria were detected. Furthermore, TH17-associated mediators
(IL23, MIP 3a/CCL20) were highly expressed but TH2 cells were not prominent. TH2 cytokines were
detected, and correlated with total IgE and IL5 correlated with BAL eosinophil count. IL5, IL33 and
IL28A/IFNI2 were increased only in multi-sensitized children. Overall, there was a dominant TH1, not
TH2 signature, with multiple bacteria and viruses being present, irrespective of allergic status.

Overall, there is considerable evidence suggesting that STRA that has been treated with high-dose
ICS may, in many cases, not be a TH2-driven disease. Of course, the most important question is not
whether anti-IL5 strategies should work but whether they do work. However, these data underscore
the need for trials in children, and that it is not acceptable to extrapolate from adult studies.

4. Are Sputum Phenotypes Stable in Paediatric Asthma?

The supposition has been that sputum phenotypes are consistent over time in adults. In the
only paper in children studying sputum phenotypes longitudinally [23], sputum phenotype changes
unrelated to change in prescribed treatment were very common; 20/42 (48%) children with severe asthma
exhibited more than one sputum phenotype (eosinophilic, neutrophilic, mixed, pauci-inflammatory)
over a one-year period; for mild—-moderate asthma, 4/17 (24%) had different phenotypes on paired
sputum samples. On consideration, perhaps this is unsurprising; a sputum phenotype does not
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exist in isolation, but in an environment. So, for example, a child with TH2-driven asthma may be
pauci-inflammatory if taking ICS regularly, become eosinophilic if adherence tails off or the child is
exposed to a large allergen load (as has been seen with thunderstorm asthma [24]) and neutrophilic if the
child develops a viral lower respiratory tract infection. This underscores the need to go from phenotypes
to endotypes, understanding the underlying pathophysiology and directing treatment accordingly.

Are adult biomarkers relevant to children? There have been far fewer biomarker studies in
children compared with adults. A Cochrane review suggested that titrating treatment to levels of
FgNO reduces the burden of asthma attacks [25], and a raised FgENO is predictive of a response to
omalizumab in adults [26]. Peripheral blood eosinophil count is used in adult studies as a marker of
airway eosinophilia when considering anti-TH2 monoclonal antibody therapy. The INFANT study in
pre-school children [27], albeit in post-hoc analyses, showed that peripheral blood eosinophil count
combined with evidence of aeroallergen sensitisation, predicted response to ICS. However, in our
hands, there is a poor correlation between blood and sputum eosinophil count; 76/88 (86%) of our
STRA patients had a normal blood eosinophil count, of whom 64 (84%) had airway eosinophilia [28].
The most recent U-BIOPRED data have demonstrated that biomarkers for transcriptomically measured
airway Type 2 inflammation are insufficiently sensitive and specific even in adults [10].

Omalizumab response in adults is also predicted by a raised blood eosinophil count [26]. In our
hands, a fall in FENO in response to intramuscular triamcinolone was the best predictor of omalizumab
response, in a small study which has yet to be replicated [29].

It should also be noted that FeNO and sputum eosinophil count are not interchangeable [30].
In one longitudinal study, 79 children (51 severe, 28 mild-moderate asthma) contributed 197 paired
sputum and FENO measurements. Upper limits of normal were defined as FeNO > 20ppb and sputum
eosinophils >2.5. In the cross-sectional study, 75% pairs were concordant; longitudinally, only 53%
were consistently concordant, and 7% were consistently discordant. The relationship varied over time,
with some children sometimes having a high FENO and normal sputum eosinophils, and then the
reverse pattern on a subsequent visit. Adult studies have suggested that a raised sputum eosinophil
count reflects IL5 activity, and a raised FgNO that of IL13 [31], but this has not been tested as a selection
criterion between different monoclonal strategies, or validated in children.

In summary, it is wrong to extrapolate endotypes from adults to children; and it is wrong to
assume that biomarkers which may be valuable in adults have the same value in children. There is an
imperative for us to do paediatric studies.

5. What Is True STRA in Children?

It cannot be over-emphasised that most children who are referred with “severe asthma” to tertiary
centres just need to get the basics right [32]. The basic management must be assessed before considering
whether the child has true STRA. If a child is not responding to low-dose ICS, the correct action is not
to increase the doses but to ask “Why is this child not responding to what should work?” The answer
is usually not because of unusual airway pathology, but due to failure to get the basics right. This is
confirmed by thee key studies, and our own data. In the BADGER study [33], very few children got
additional benefit from increasing their ICS dose above fluticasone 100 mcg/day; the greatest benefit
was from adding inhaled long-acting (3-2 agonists (salmeterol), and a few benefited from the addition of
a leukotriene receptor antagonist (LTRA). A study determining whether azithromycin or montelukast
was a better add-on treatment for children with uncontrolled asthma despite ICS and long-acting beta
agonists ended in futility because most such patients were either not taking treatment or did not have
asthma [34]. An inner city study to determine whether using FENO to monitor asthma added value to
standard guidelines was also futile because during the run-in period, when protocolised treatment was
emphasised, the children improved so much that there was no real scope for further improvement [35].
Finally, we showed that at least half of all children referred to our severe asthma service just needed to
get the basics right. So biological therapies are only exceptionally needed in children with asthma [32].
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It is also clear that we need new concepts of severe asthma. Almost without exception, guidelines
and consensus documents define severity by (usually arbitrary) levels of prescribed medication [36].
Table 1 shows the criteria used by the first ERS/ATS Task Force. The problem is that the level of
prescribed medication relates only weakly to the domain of risk. Patients prescribed very low-dose
medications may be at risk of a serious asthma attack, and even death, especially if they do not use
the medications efficiently. This was clearly demonstrated by the UK National Review of Asthma
Deaths [37], which showed that around half of asthma deaths were in those who would not have
been classified as having severe asthma. The deaths were not related to difficult airway pathology,
but to social and environmental factors, such as under-use of ICS [38], over-use of short-acting 3-2
agonists [39], failure to attend routine asthma reviews, and frequent emergency care visits. The lesson
from these data is that any definition of severe asthma based merely on levels of prescribed medication
is not adequate. We also reported that most children referred for consideration of “beyond guidelines”
therapy in fact only need to get the basics right [32]. Although many respond to guidance, some do not
and remain at high risk. The important conclusion is that a definition of severe asthma solely based on
levels of prescribed medication is inappropriate and environmental, and in particular social factors,
must enter the definition even in adults; and this has particular relevance to deciding who should get
biologicals (below).

Table 1. ERS/ATS Task Force definition of severe asthma [36]. The level of medication is combined
with at least.

Level of Medication Asthma Functional Deficit

Poor symptom control, e.g., Asthma Control
Asthma which is only controlled or uncontrolled on therapy Test (ACT) <20
with > 800 mcg/day BDP equivalent plus additional controllers ~ >2 bursts of systemic corticosteroids
(LABA, LTRA. Theophylline) or failed trials of these agents (>3 days each) in the previous year
Serious exacerbations (>1 hospitalisation or
PICU stay) in the previous year
Airflow limitation: FEV; < 80% predicted
following SABA and LABA withhold

Abbreviations: ACT, asthma control test; BDP, beclomethasone diproprionate; LABA, long acting beta2 agonist;
LTRA, leukotriene receptor antagonist; PICU, paediatric intensive care unit; SABA, short acting beta2 agonist.

6. How Should We Evaluate Children for Biological Therapies?

The protocols we use have been discussed in detail elsewhere [40-42], and are summarised in
Figure 1.

115



J. Clin. Med. 2020, 9, 1237

1. Severe therapy resistant asthma
2. Difficult asthma

MDT
3. Asthma plus (co-morbidities)

Assessment

(can be overlap between categories)

Severe, therapy Difficult asthma
resistant asthma Asthma plus

Not asthma at all = wrong diagnosis

MDT
Treatment
Plan

Investigate and manage appropriately Consider Bronchoscopic
airway phenotyping

Improved asthma
control

| No I Yes

Refractory difficult asthma No longer
Refractory asthma plus difficult asthma

Figure 1. Flow chart for assessment of the child referred for assessment of asthma symptoms not
responding to treatment. Abbreviation: MDT, multidisciplinary treatment.

The starting point is a child referred with respiratory symptoms that do not respond to asthma
therapy. The first step is a detailed history and examination, with a focussed approach to testing,
to exclude other diagnoses, such as vascular ring or bronchiectasis (Figure 2). The likeliest differential
diagnoses will depend on geography—airway compression by tuberculous lymph nodes is rare in
London, but common in high burden areas. If it is likely that the underlying diagnosis is indeed
asthma, the next step is a multi-disciplinary team assessment (Table 2).

Figure 2. Not asthma at all. There is extensive large airway thickening and dilatation, with distal air
trapping. This is bronchiectasis and obliterative bronchiolitis after a severe adenovirus infection.
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Table 2. Multidisciplinary assessment of severe, therapy-resistant asthma.

Issue to be Addressed Tests Performed

ACT or c-ACT, asthma attacks and prednisolone bursts, unscheduled
Symptom pattern emergency visits; evidence of severity of symptoms at emergency presentation
School attendance and impact of symptoms at school

Physiotherapy assessment
Breathing pattern disorder Consider asking parents to make a video of breathing pattern
Consider laryngoscopy during exercise

Questionnaires relating to treatment burden, anxiety and depression, quality

Psychosocial factors of life

Spirometry before and after bronchodilator
Lung clearance index

Total IgE
skin prick tests and specific IgE to grass and tree pollen, house dust mite,
Allergic sensitization cockroach, cat and dog, aspergillus, alternaria and cladosporium and any
likely relevant other antigens
Not food allergens unless a suggestive clinical history

FeENO
Airway inflammation Induced sputum cytospin for eosinophil count
Peripheral blood eosinophil count

Physiology

Nicotine exposure (tobacco or vaping,

R . Urine cotinine
passive or active)

Prescription uptake
Serum prednisolone and theophylline levels if prescribed; serum inhaled
corticosteroid levels if available (usually only in a research context)
Electronic monitoring

Medication adherence

Abbreviations: ACT, asthma control test; FENO = Fractional expired nitric oxide; IgE = immunoglobulin E.

There is a focus on an assessment of social and environmental factors. The child is then placed
into one or more of the overlapping categories asthma plus (co-morbidities, such as obesity, food
allergy, exercise-induced laryngeal obstruction (EILO [43]), rhinosinusitis), difficult asthma (asthma
which could be controlled if the basics can be got right; poor adherence, adverse environmental factors
such as sensitization and exposure to allergens, passive or active smoking, and psychosocial factors)
and STRA. On the basis of the findings, the child with STRA goes on to invasive airway phenotyping
(below), and an individualised management plan is put in place for those with difficult asthma and
asthma plus. The success of the plan is reviewed two months later; many children will have responded
to their plan [44], and are able to reduce treatment with improved outcomes. However, there remain a
group which we term refractory asthma plus (especially obesity with failed weight loss), and refractory
difficult asthma (usually continued very poor adherence or unwillingness or inability to control adverse
environmental factors, such as allergen exposure) [45]. It should be remembered that poor adherence
may in fact reflect STRA, and that the child and family are not taking medications which have not
worked. Children with refractory asthma will also undergo invasive airway phenotyping to determine
treatment. Our previous thinking was that it was not justified to give an expensive biologic to children
who are not using low-dose ICS efficiently or whose parents will not get rid of an allergenic pet; we
now believe that it is wrong to penalise children for the lack of adequate parenting, and we need to
keep them alive despite the parenting issues. We now conclude that refractory difficult asthma due to
poor adherence is not a contraindication to the use of biologicals.

The invasive phenotyping protocol is summarised in Table 3. The aim is to answer the following
questions:

e Is there ongoing airway inflammation, and if so, what is the phenotype/endotype?

e Is any inflammation present steroid sensitive? (For example, corticosteroids are very effective
against eosinophilic inflammation, but not in neutrophilic disease)

e s there a disconnect between the degree of inflammation and the level of symptoms?

e Is there evidence of persistent airflow limitation?
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Table 3. Invasive airway phenotyping.

Tests First Visit

Second Visit

Third Visit

Assessment of current
symptoms
Spirometry before and after
SABA
LCI
Induced sputum eosinophils

Non-invasive

Assessment of current
symptoms
Spirometry before and after
SABA
LCI
FENO
Induced sputum eosinophils

Assessment of current
symptoms
Spirometry before and after
SABA
LCI
Induced sputum eosinophils

Fibreoptic bronchocopy,

Invasiv [
astve BAL, endobronchial biopsy
Assess steroid
. Intramuscular triamcinolone responsiveness
Actions N P Assess response to treatment
(steroid trial) Develop bespoke treatment
plan

Abbreviations: FENO, fractional exhaled concentration of nitric oxide; LCI, lung clearance index; SABA, short-acting
beta-2 agonist.

This is particularly relevant to the obese child with asthma, who may have TH2-driven airway
inflammation [46], but this is not invariable [47], and may have symptoms related to dysanaptic
airway growth, defined as a normal first second forced expired volume (FEV1), a raised forced vital
capacity (FVC) and a low FEV1/FVC ratio [48] or secondary to systemic inflammation driven by
IL6 [49]. It is obviously also essential to ensure that symptoms like breathlessness are in fact not due to
deconditioning [50].

If airway phenotyping has shown eosinophilic inflammation (and ideally, a transcriptomic
signature for TH2 inflammation) then treatment with either omalizumab or mepolizumab may be
indicated. If the phenotype is pauci-inflammatory or neutrophilic, the options are much more limited.
Clearly, if the endotype is not TH2, then anti-TH2 strategies are unlikely to be successful. Options
might include Tiotropium [51] or a macrolide [8], with reduction of the ICS dose [52]. However, as with
adults [10], we do not have the perfect biomarker for TH2 asthma, and there may be overlapping
syndromes, for example, children with neutrophilic or pauci-inflammatory disease and one or more
aeroallergen sensitivities. Children with asthma may show discordance between the TH2 markers
FgNO and eosinophils, and this relationship may change over time in the same child [30]. In reality,
we need to know that (for example) an IL5 endotype is driving the child’s asthma before prescribing
an anti-IL5 strategy, but this is not practical in current clinical practice.

It might be argued that this investigation protocol is unnecessary, and that all children with
evidence of TH2-high asthma should receive a biological. However, we believe this is not a correctly
focused view. Firstly, the evaluation may reveal why the asthma is severe, such as poor adherence,
which at least some parents may be eager to rectify. Secondly, if we are to understand the true efficacy
of biologics in children, we need to differentiate between children who have true STRA, and those
for whom biologics are a fire-fighting measure to prevent the child dying. The airway endotypes
in these two groups are likely to be dissimilar. Finally, given the differences between the utility of
biomarkers for TH2 inflammation between children and adults, and the lack of specificity even in
adults, a bronchoscopic evaluation to determine that Type 2 inflammation is actually present is fully
justified to prevent the child being submitted to a long course of futile and time-consuming therapy.

7. What Are the Paediatric Data, and Who Should Get What Biologic?

There are currently five biologicals licensed in adults. These are omalizumab (binding to the
high affinity IgE receptor), mepolizumab and reslizumab (both binding IL5), benralizumab (binds
to IL5 receptor o subunit) and dupilumab (binds to IL4 receptor « subunit, thus blocking IL4 and
IL13). Tezepilumab, which binds to TSLP, is in Phase 2B trials. Of these, only two (mepolizumab
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and omalizumab) are licensed for children with asthma; dupilumab is licensed for children with
atopic dermatitis.

7.1. Omalizumab

Although there are fewer randomised controlled trials in children than in adults, the Cochrane
review [53] was able to summarise a lot of data and give evidence-based guidelines. In summary, the
suggested indications were a total IgE between 76 and 1500, evidence of aeroallergen sensitisation
and multiple asthma attacks. It should be noted that around 30% of our STRA patients have a total
IgE above the range of eligibility. Furthermore, adult data show that the response to omalizumab
may be equally good in those meeting IgE criteria but without aeroallergen sensitization [26]. Asthma
attacks are reduced by Omalizumab (odds ratio 0.55, 95% confidence intervals 0.42-0.60 in 10 studies
recruiting 3261 patients). The absolute reduction in attacks was from 26% to 16%. Admissions to
hospital were also decreased: odds ratio 0.16, 95% confidence intervals 0.06-0.42 in four studies
recruiting 1824 patients. The absolute reduction was 3% to 0.5%. There was also a reduction in the
softer end-point of short acting beta2 agonist (SABA) usage (odds ratio 0.16, 95% confidence intervals
0.06-0.42, in four studies recruiting 1824 participants). The reduction in actual use was a mean of —0.39
puffs per day, 95% confidence intervals —0.55 to —0.24 in nine studies recruiting 3524 patients.

The ERS/ATS Task Force [8] has recently suggested that a blood eosinophils >260/uA and FENO
>19.5 ppb are cut-offs to predict response to omalizumab in adults with severe allergic asthma, but both
were conditional recommendations based on low-quality evidence (a single study [26]). There are
no biomarker data sufficient to inform recommendations in younger children. The UK authorities
have insisted on the need for a history of at least four attacks of asthma requiring oral corticosteroids
before omalizumab can be prescribed. Given the overwhelming evidence that the best predictor of a
future asthma attack and asthma deaths is a previous attack [37,54], this recommendation, which is
based on “cost-effectiveness”, cannot be right for children. The other restriction is that compliance
to standard medications is assured. This too is wrong; firstly, because although non-adherence can
be confirmed, e.g., failing to pick up or cash prescriptions or failure of activation of an electronic
monitoring device [55], adherence can only be assured by directly observed therapy, which is (a) not
easy to set up in clinical practice, and (b) fraught with pitfalls. Secondly, as above, children should not
be allowed to die because their parents will not ensure they are taking basic treatment.

Recent data have highlighted that omalizumab may also have significant anti-viral effects. Every
autumn, when the new school year begins, there is peak in asthma attacks related to respiratory
viruses, and likely also worse adherence during the school summer holidays to inhaled corticosteroids.
This peak of admissions was abolished in a study of more than 400 inner city children [56]. This was
taken further in a study of 478 children [57]. There was a four to nine month run-in, before they were
randomised before autumn 2012 and 2013 to either four months of omalizumab, or a pre-autumn boost
in the prescribed dose of inhaled corticosteroids, or placebo. The biggest beneficial effect as seen in
children at Step 5, and the two active treatment strategies (inhaled corticosteroid boost, omalizumab)
were equally efficacious in the overall study group. However, if the child had had an asthma attack
during the run-in period, omalizumab was the best strategy. In in vitro work, they demonstrated that
Omalizumab boosted peripheral blood mononuclear cell IFN-a responses to rhinovirus, and this was
correlated with clinical response. The authors therefore recommended the use of omalizumab only in
those children having asthma attacks despite step 5 therapy.

7.2. Mepolizumab

The ERS/ATS Task Force [8] has made recommendations for the use of the anti-IL5 monoclonal
mepolizumab. They suggested that mepolizumab should be used in adults as add-on therapy for
patients with severe uncontrolled asthma with an eosinophilic phenotype. This was a conditional
recommendation based on, at best, moderate quality of evidence. Mepolizumab reduced asthma
attacks and hospitalizations and led to reduction in dose in those prescribed maintenance oral
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corticosteroid. The effects on asthma control, quality of life and FEV; did not achieve the minimal
clinically important difference.

Drug-related adverse events were slightly higher in those assigned to mepolizumab.
Disappointingly, although an entry criterion for the mepolizumab trials was an age of 12 years
and older, there were only 34 participants who were not adults. In the 6-11 year age group, the data
are largely safety and pharmacokinetic [18] with only minimal efficacy data. Enrolment for these
studies was on standard adult criteria, namely blood eosinophils >300/uA at screening or >150/pA in
the previous year, and the dose was 40mg if body weight <40kg, 100mg if >40kg. It was unclear how
many children met the ERS/ATS definition of STRA [36]. Studied end-points were adverse events,
blood eosinophil counts, annualised exacerbation rate and asthma control (ACQ/c-ACT). Less than
50 children have been studied in total, for a total of one year. The overall conclusions were that no new
safety issues were raised, and there was a marked decline in peripheral blood eosinophil counts, similar
to those seen in adults. Such conclusions on efficacy as could be drawn were promising, but further
work is needed. However, despite the paucity of data in young children, mepolizumab has been
approved in children age six and over by EMA (European Medicines Agency). A trial of mepolizumab
is of course reasonable in children age six and over who meet the blood eosinophil criteria and are
having attacks if they fail to respond to omalizumab or are not eligible because the IgE is too high, but
the paediatrician should remain aware of the limitations of the efficacy data of this biologic.

Another potential role for mepolizumab, not studied at all in children, is as adjunctive therapy
after an asthma attack. The UK National Review of Asthma Deaths (NRAD) has taught us that
the month after an attack is the period of highest risk for asthma deaths [37]; and we know that
uncontrolled Type 2 inflammation is also a risk factor. Hence, we need a trial to determine whether a
single dose of mepolizumab before the child is discharged from hospital after a severe attack could
improve outcomes.

8. Limitations of Current Clinical Trials

As highlighted above, there is a paucity of studies in children, and even those studies which
recruited children over the age of 12, in practice recruited adults almost exclusively. This must not be
allowed to continue. Trials have assumed that biomarkers which are important in adults are correct
for children, but this may not be the case. They have assumed that the safety issues are the same in
children and adults. We are doing our children a disservice by uncritically extrapolating from adults to
children. We need an international collaboration to recruit large numbers of carefully characterised
children, with a wide range of biomarkers prospectively measured so we can learn how to predict
responders in the future. We also need studies comparing the biologics in children.

9. Summary and Conclusions: Where from Here?

It is clear that there are important differences between paediatric and adult STRA. Paediatric
STRA is often eosinophilic, but frequently, there is no evidence that the TH2 pathway is in play. There
are significant doubts that peripheral blood eosinophil count relate closely to eosinophilic airway
inflammation; eosinophilic inflammation may not be TH2 driven, at least in many cases; sputum
cellular phenotype may not be consistent over time, and the eosinophil may have developmental roles
which mean that anti-eosinophil strategies may have unanticipated consequences in young children.
It is therefore clear that extrapolating adult data into the paediatric age group is potentially hazardous.
The inescapable conclusion is that we need trials in children, and the regulatory authorities need to
hold Pharma to account to ensure these studies are done.

The prerequisites for such studies include the careful characterisation of the patients; are they
asthmatics who could be controlled on low-dose ICS if they were used properly, and thus it is likely
the TH2 endotype is relevant, or are they true STRA, in which case, multiple different endotypes are
probably important? The first pressing need is to determine who should be prescribed omalizumab
and who mepolizumab, as these are the two biologicals licensed for children. A high proportion of
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STRA children may be eligible for either, and we have no current means of determining the best course
of action. At the moment, in such cases, most would start with omalizumab as the biological with
which we have the most experience. A head-to-head comparison trial is urgently needed, and is
shortly commencing in the UK [58]. However, there are an increasing number of biologicals relevant
to the TH2 pathway which will also become licensed in children, and we urgently need biomarkers
to enable us to choose between them on a rational basis, rather than doing a succession of N-of-1
trials, with all the issues of placebo effects. Furthermore, perhaps combinations may be better—for
example, mepolizumab (anti-IL5) and dupilumab (anti-IL4/IL13) co-administered might be a better
anti-TH2 strategy than either alone, but this must be tested. This also highlights that we need objective
biomarkers of response; clearly, if a child with an attack-prone phenotype is started on biological and
ceases to have attacks, the benefits are clear-cut, but some benefits are less objective.

Another real challenge to the paediatric respiratory community is the anti-1113 (trakilizumab) story.
This agent was (ethically correctly) studied in adults and was found to be ineffective, and discarded [59].
Given the differences outlined above between adult and paediatric STRA, is it conceivable that
trakilizumab could be effective in children but not in adults? And how could we ethically do
such studies in children? There may be two possible answers. The first is assessing the effects in
developmentally appropriate, physiological models of asthma, such as the murine neonatal, house
dust mite inhalational challenge model, which recapitulates the features of early onset allergic
airways disease [60]. The second may be to define biomarkers for a subgroup of IL13 upregulated
patients—conceivably those with high FENO and low sputum eosinophil counts.

A further, as yet unsolved, challenge is how to halt the march from pre-school viral wheeze, with
no evidence of TH2 inflammation, to atopic, school-age asthma [61]. We know from three definitive
randomised controlled trials that an early use of inhaled corticosteroids is not the answer [62-64].
Could an early institution of therapy be directed more specifically at TH2 inflammation, such as
mepolizumab? For this to be explored, we need better to understand the endotypes, and especially
find biomarkers to predict those who are at risk of disease evolution; current predictive indices have a
high negative predictive value, but their positive predictive value is much less useful [65,66].

In summary, the advent of the new biological agents have brought us to the edge of a new age in
asthma management. If the benefits are to be realised, we must insist that clinical trials are performed
in children, and specifically that regulatory authorities insist on the submission of a credible paediatric
investigation plan as a condition of permitting adult studies to be done. We need to get cleverer,
abandoning umbrella terms like asthma, and determining endotypes in a way that is practical in the
clinic. In this way, we can match the child to the most appropriate treatment. However, the final word
in all asthma manuscripts like this must be that most children do not need expensive novel therapies
to control their asthma. If the basics are got right, and low-dose ICS are used regularly and correctly,
then most asthma becomes a disease that is eminently treatable.
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Abstract: Bronchiectasis and asthma may share some characteristics and some patients may have both
conditions. The present study aimed to examine the rationale of prophylactic inhaled corticosteroids
(ICS) prescription in children with bronchiectasis. Data of children with radiologically established
bronchiectasis were retrospectively reviewed. Episodes of dyspnea and wheezing, spirometric indices,
total serum IgE, blood eosinophil counts, sensitization to aeroallergens, and air-trapping on expiratory
CT scans, were recorded. The study included 65 children 1.5-16 years old, with non-CF bronchiectasis.
Episodes of dyspnea or wheezing were reported by 22 (33.8%) and 23 (35.4%), respectively. Skin prick
tests to aeroallergens (SPTs) were positive in 15 (23.0%) patients. Mosaic pattern on CT scans was
observed in 37 (56.9%) patients. Dyspnea, presence of mosaic pattern, positive reversibility test,
and positive SPTs were significantly correlated with the prescription of ICS. The prescription of
ICS in children with bronchiectasis is more likely when there are certain asthma-like characteristics.
The difficulty to set the diagnosis of real asthma in cases of bronchiectasis may justify the decision of
clinicians to start an empirical trial with ICS in certain cases.

Keywords: inhaled corticosteroids; non-CF bronchiectasis; asthma; children

1. Introduction

Bronchiectasis is a complex and progressive respiratory disorder, characterized by chronic infection,
inflammation, and abnormal dilatation of the bronchi. The loss of bronchial wall integrity, the mucus
impaction and mucosal oedema may reduce the lumen opening and restrict the airflow especially
during expiration when the bronchial walls appose. Bronchiectasis is a syndrome and not a disease
per se, and several causative and associated disorders have been described [1].

Children with bronchiectasis, apart from cough, may also develop wheeze and asthma symptoms.
with reported rates ranging from 11 to 46% [2,3], although it is not always clear if this is a consequence
of coexistent asthma, or is a direct result of bronchiectasis. The difficulty in clarifying this point is not
only due to the scarcity of adequate data but also to the lack of a simple clinical tool to identify asthma
in children and, the vagueness of the main clinical characteristics of asthma. Indeed, dyspnea is a
subjective feeling of the patient [4] and wheezing can be easily confused with other respiratory sounds
especially when its presence is reported by patients or parents [5]. However, there is no doubt that
asthma and bronchiectasis do coexist in some patients, and despite the absence of clear information on
a mechanism linking the two conditions, the apparent implication of their overlap is a more severe
disease with more frequent exacerbations [6].
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The treatment of bronchiectasis is based mainly on antibiotics and chest physiotherapy. In cases
of bronchiectasis and asthma coexistence, patients must receive treatment for both conditions [7,8].
Nevertheless, in daily practice, inhaled corticosteroids, with or without long-acting beta-agonists
(LABA), are frequently prescribed in patients with bronchiectasis even when there is no clear evidence
of coexisting asthma. Although the reason that drives physicians to adopt this non-evidence based
practice is not clear, it might be related to the limited treatment options, the variable and often
non-satisfactory response to therapy, and the frequent exacerbations of bronchiectasis. The present
study aimed to describe the extent of the empirical use of ICS in children with bronchiectasis and the
rationale behind the implementation of this practice.

2. Methods

The present study was conducted in the Pediatric Pulmonology Unit of the Attikon University
Hospital in Athens, which is one of the main tertiary referral centres for pediatric pulmonary disorders,
in Greece. Three consultants and four fellows had been serving in the Unit during the study period.
Data of all the children attended in the Unit from 2013 to 2018, up to 16 years old, with chronic wet
cough and radiologically established bronchiectasis on chest high-resolution computed tomography
(HRCT) scan were retrospectively reviewed. All HRCT scans had been performed in the radiology
department of our hospital and were evaluated by the same pediatric radiologist who was aware of the
patients’ clinical history. The criteria for the diagnosis of bronchiectasis on HRCT were dilatation of
bronchi, as determined by broncho-arterial ratio > 0.80 [8,9]; parallel bronchial walls in a longitudinal
section (tram sign); visualization of bronchi within 1 cm of pleura. We used the modified Bhalla score
to quantify the severity of bronchiectasis [10]. The presence of areas of decreased attenuation on
expiration (“mosaic attenuation”) suggestive of airways obstruction was recorded.

Investigations in all patients included a complete blood count, sweat test and/or cystic fibrosis
(CF) gene mutation analysis, measurement of serum immunoglobulins, and skin prick tests (SPT) to
the most common aeroallergens (olive, grass, Parietaria, Chenopodium, cypress, house dust mite,
fungi, cat and dog dander). Nasal nitric oxide test and high-speed video microscopy analysis were
performed only in patients who fit the clinical phenotype of primary ciliary dyskinesia. Spirometry was
performed at the initial and the follow-up visits to all patients >5 years old who were able to cooperate.
TH2-high status was defined as the combination of total serum IgE levels of >100 IU/mL and absolute
blood eosinophil count of >140/mL [11].

All patients who reported episodes of dyspnea (shortness of breath) or wheezing, and/or their
spirometric indices or the shape of the spirometry loop were indicative of airway obstruction, and/or had
positive SPT, underwent a bronchodilator response (BDR) test with salbutamol, during their first visit.
The BDR test was performed with four actuations of salbutamol metered dose inhaler into a spacer
device and interpreted as positive if the change in the forced expiratory volume in one second (FEV1)
after bronchodilator administration was > 12%. Spirometric indices were reported as percent predicted
(pp) values using the NHANES III reference equations. All patients received antibiotics for 3-6 weeks,
started daily chest physiotherapy, and some of them were also prescribed ICS with or without LABA.
All were reevaluated in 2-3 months.

Patients with CF were excluded from the study.

The study protocol was approved by the Attikon University Hospital Ethics Committee.

Statistical Analysis

Variables are presented as mean with standard deviation (sd) or as median with interquartile
range (IQR). Univariate analysis was performed with paired t-test, chi-square test, and Spearman’s
rank correlation test with Bonferroni correction for multiple comparisons. Correlations were expressed
as Spearman’s p with its corresponding 95% confidence interval (CI). The variables which in univariate
analysis were significantly correlated with the decision to start ICS were included as explanatory
variables in a multivariate logistic regression model. Results of multivariate analysis are presented as
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odds ratios (OR) with 95% confidence interval (CI). We further performed three linear regression models
where ICS use was the explanatory variable and the differences in FEV1, FEV1/FVC, and the number
of positive cultures, between the follow-up and the initial visit, were used as the response variables.

3. Results

Sixty-five children 1.5-16 years old, were diagnosed with non-CF bronchiectasis; 46 (70.7%) of them
had been referred as cases of difficult asthma. Thirty-nine (60%) children had been referred by general
pediatric practitioners, and 26 (40%) by pediatric departments and clinics. Sixteen (24.6%) patients
had underlying disorders directly or possibly related with bronchiectasis: five had tracheoesophageal
atresia, five had PCD, one had Crohn disease that was treated with infliximab, one had Job syndrome,
one had congenital pulmonary airway malformation (CPAM), one had anhidrotic ectodermal dysplasia
with immunodeficiency, and one had IgA deficiency. The remaining 49 (75.4%) patients had no
identifiable cause. Apart from the child with the IgA deficiency, all children had normal for age serum
concentrations of IgA, IgG, and IgM. Twenty-eight (43.0%) patients commenced daily treatment with
ICS with or without LABA. Patients’ clinical characteristics and their correlation with the prescription
of ICS are shown in Table 1. Spirometry results and bacteria isolated from sputum cultures at the first
and second visit are shown in Table 2. Dyspnea, presence of mosaic pattern, positive SPT, and positive
BDR test were significantly correlated with the prescription of ICS (Table 1).

The multivariate logistic regression model included as explanatory variables the presence dyspnea,
positive SPT, and of mosaic pattern, and corroborated the correlations found in univariate analysis
between these variables and the decision to prescribe ICS (OR:5.35; CI:1.11, 25.80; p = 0.036, and OR:10.89;
CI:2.21, 53.23; p = 0.003, and OR:12.55; CI:1.21, 121.61; p = 0.034, respectively). BDR test was not
included in the model due to its small sample size and the lack of variation that did not allow a reliable
estimation of model parameters. The three regression models showed that ICS use was not correlated
with the differences in FEV1, FEV1/FVC, and the number of positive cultures, between the follow-up
and the initial visit (p = 0.29, p = 0.69, and p = 0.20, respectively).

Table 1. Correlations of the main clinical, radiological, and laboratory characteristics of the 65
bronchiectasis patients with inhaled corticosteroids.

Correlation with ICS Use

Without ICS Use (1 = 28) With ICS Use (1 = 37) Spearman p (CI) r
Male, 1 (%) 16 (53.3) 14 (46.6) 0.08 (~0.22, 0.33) 0.90
Age at referral, years, 1 (%) 7.5(2.7) 7.7 (2.8) 0.04 (-0.19, 0.29) 0.86
SPT, 1 (%) 28 (100) 37 (100)
- Positive SPT, 1 (%) 127) 15 (53.6) 0.55 (0.36, 0.70) <0.001
Serum IgE, TU/mL, mean (sd) 49.8 (47.7) 72.1 (69.4) 0.25 (=0.03, 0.45) 0.16
Blood eosinophil count, mean (sd) 260 (225) 361 (322) 0.26 (0.01, 0.40) 0.20
T2-high status, 1 (%) 3(8.1) 3(10.7) 0.04 (-0.09-0.39) 0.72
Spirometry, 1 (%) 22 (48.9) 23 (51.1)
- ppFEV1, mean (sd) 94.2 (13.5) 88.5 (12.1) —0.41(-0.63,-0.14) 0.3
- ppFVC, mean (sd) 92.9 (20.2) 88.1(23.8) —0.25 (-0.09, 0.78) 049
- FEV1/FVC, mean (sd) 87.1(7.9) 83.9 (8.9) —0.37 (-0.62,-0.13)  0.25
Bronchodilator response test, 1 (%) 10 (34.5) 19 (65.5)
- Positive bronchodilator response test, 1 (%) 0(0) 11 (57.9) 0.57 (0.21, 0.92) 0.001
Reported symptoms
- Episodes of dyspnea, 1 (%) 4(10.8) 18 (64.3) 0.55 (0.36, 0.70) <0.001
- Wheezing, n (%) 8(21.6) 15 (53.6) 0.33 (0.09, 0.53) 0.31
Modified Bhalla score, mean (sd) 4.1(2.4) 3.6(2.3) 0.21 (0.08, 0.42) 0.25
Mosaic pattern on HRCT, 7 (%) 12 (32.4) 24 (85.7) 0.53 (0.33, 0.68) <0.001
Exacerbations during the first six months of 2(12) 2(13) 0.13 (0.02, 0.28) 027

treatment, median (IQR)

ICS: Inhaled corticosteroids; HRCT: High-resolution computed tomography; SPT: Skin prick tests; pp:
percent predicted.
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Table 2. Spirometry results and bacteria isolated from sputum cultures at the first and second visit
of patients.

Initial Visit (n =65)  Follow-Up Visit (1 = 65) p
Spirometry, 1 (%) 45 (69.2) 45 (69.2) 1
- ppFEV1, mean (sd) 91.8 (20.4) 93.1 (19.1) 0.65
- ppFVC, mean (sd) 90.1 (23.3) 93.3 (24.6) 0.44
- FEV1/FVC, mean (sd) 84.4 (10.4) 85.6 (11.5) 0.50
Positive sputum cultures, 1 (%) 38 (58.4) 3(13.8) <0.001
- Gram-negative bacteria, n 12 2
- Staphylococcus aureus, 1 7 1
- Pseudomonas aeruginosa, 1 7 0
- Haemophilus influenzae, n 5 0
- Streptococcus pneumoniae, 1 4 0
- Others, n 3 0

4. Discussion

Many of the bronchiectatic patients in our study had clinical, and/or spirometry, and/or radiological
findings indicative of airway obstruction which could be attributed either to coexisting asthma or to
bronchiectasis per se. The lack of a simple test for the identification of asthma in children and the
absence of strict criteria for ICS use in bronchiectasis, allow physicians to decide on the prescription of
these drugs in a seemingly arbitrary way. Very often physicians base their diagnosis of asthma on a
therapeutic trial of ICS and a careful assessment of the children’s response. Unfortunately, this approach
is not always helpful in patients with bronchiectasis due to the confounding effect of co-administered
treatments. Some authors have suggested that ICS should be reserved for children with evidence of
type 2-mediated allergic airway inflammation, whose existence can be roughly determined or ruled
out by the measurements of eosinophils and IgE with or without concurrent measurement of fractional
exhaled nitric oxide (FeNO) [8,12]. However, asthma in children is a heterogeneous disorder and atopic
inflammation is neither necessary nor sufficient for its development. So, the aforementioned markers
cannot be considered as definitive diagnostic tools for asthma [13]. In the present study, the main
findings that influenced the decision of ICS prescription were the reported episodes of dyspnea,
the presence of mosaic pattern on HRCT, the positive SPTs to aeroallergens, and the positive BDR test.

Dyspnea and wheezing were the only clinical signs/symptoms that were included in our analysis
as they represent the two most common characteristics reported by parents, or experienced by children,
with asthma [14]; only dyspnea was shown to affect the decision for ICS prescription. A probable
explanation is that dyspnea is a rather unusual symptom in bronchiectasis, with a reported incidence
ranging from 8.8-25.0% [3,15], while it is very common in asthma. On the other hand, wheeze implies
flow limitation and it is not an exclusive characteristic of asthma. In bronchiectasis, it can be produced
from mucus hypersecretion leading to bronchostenosis and the collapse of bronchial walls during
expiration. Furthermore, when patients/parents report wheeze it is far from clear what they actually
describe since many use this term for any noisy breathing [5,16].

Atopy, whichis a considerable risk factor for asthma development [17,18], was investigated through
SPT’s to aeroallergens, as well as total serum IgE and absolute blood eosinophil count measurements.
SPTs, which are strongly associated with respiratory allergy and asthma [19], were associated with
ICS prescription. On the contrary, no significant association was found between ICS prescription and
the serum IgE or eosinophil count, or their combination in a Ty2-high status variable. This may have
resulted from serum IgE and eosinophil count being less consistent markers of asthma and allergy
due to the absence of specific cut off values and the considerable overlap between normal and allergic
patients [18,20].

Spirometry results were not a significant determinant of ICS prescription in our population.
Indeed, spirometric values are usually normal in asthmatic children who are not in exacerbation and
so they are not a reliable marker of asthma [21]. On the contrary, a positive BDR test has 50% positive
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predictive value in identifying response to ICS in asthmatic children with normal spirometry [22],
and in accordance with this, our study showed the test to be a significant predictor of ICS prescription.

The mosaic pattern in expiration HRCT scans reflects air trapping and it is a well-known
radiological feature of bronchiectasis [23]. However, air trapping was correlated with ICS prescription
as it also represents a characteristic of asthma, with studies in adults and children having shown that it
has a strong relationship with disease severity and peripheral airway obstruction [24,25].

The present study has certain limitations. The data depict the prescription preferences of physicians
from a single centre and so the results are neither free from bias nor can be generalized. Cough, one of
the main features of asthma, was not assessed because it is also the cardinal symptom of bronchiectasis
and as such it could not offer any discriminative information for asthma diagnosis. HRCT scans were
evaluated by a single radiologist and were not blinded. All children received antibiotics and started
chest physiotherapy at diagnosis. Because of this, we were unable to determine the net result, if any,
of ICS in children with asthma-like features. We tried to examine whether the administration of ICS
could result in any measurable clinical changes that would allow us to identify a group of children
who could truly benefit from ICS. However, since the study was not designed to investigate this
question, included only a few outcome variables, and the sample size was relatively small, the results
were inconclusive.

In conclusion, it was shown that the prescription of ICS in children with bronchiectasis is more
likely when there are certain asthma-like features. The results should be conceptualized as a justification
of the clinicians” decisions in cases where the coexistence of bronchiectasis and asthma seems probable
and not as evidence for the need for ICS in certain cases. Indirectly, the study stresses the importance
of research data able to illuminate the issue of asthma and bronchiectasis coexistence and define the
clinical characteristics of children with bronchiectasis who could benefit from the use of ICS.
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