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Abstract: Wheezing at preschool age (i.e., before the age of six) is common, occurring in about 30%
of children before the age of three. In terms of health care burden, preschool children with wheeze
show double the rate of access to the emergency department and five times the rate of hospital
admissions compared with school-age asthmatics. The consensus document aims to analyse the
underlying mechanisms involved in the pathogenesis of preschool wheezing and define the risk
factors (i.e., allergy, atopy, infection, bronchiolitis, genetics, indoor and outdoor pollution, tobacco
smoke exposure, obesity, prematurity) and the protective factors (i.e., probiotics, breastfeeding,
vitamin D, influenza vaccination, non-specific immunomodulators) associated with the development
of the disease in the young child. A multidisciplinary panel of experts from the Emilia-Romagna
Region, Italy, addressed twelve key questions regarding managing preschool wheezing. Clinical
questions have been formulated by the expert panel using the PICO format (Patients, Intervention,
Comparison, Outcomes). Systematic reviews have been conducted on PubMed to answer these
specific questions and formulate recommendations. The GRADE approach has been used for each
selected paper to assess the quality of the evidence and the degree of recommendations. Based on
a panel of experts and extensive updated literature, this consensus document provides insight into
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the pathogenesis, risk and protective factors associated with the development and persistence of
preschool wheezing. Undoubtedly, more research is needed to improve our understanding of the
disease and confirm the associations between certain factors and the risk of wheezing in early life. In
addition, preventive strategies must be promoted to avoid children’s exposure to risk factors that
may permanently affect respiratory health.

Keywords: allergen sensitization; episodic viral wheezing; multiple trigger wheezing; paediatric
pulmonology; wheezing

1. Introduction

Wheezing at preschool age (i.e., before age six) is common, occurring in about 30%
of children before age three [1]. In terms of health care burden, preschool children with
wheeze show a doubled rate of emergency department access and five times the rate of
hospital admissions compared with school-age asthmatics [2]. An audit performed in
the UK among children with acute wheezing/asthma admitted to the hospital showed
that wheezing only with colds was common in younger children peaking at around three
years, whereas children between 12 and 24 months of age accounted for a quarter of
admissions [3].

Preschool wheezing can be described as a multifactorial disease influenced by various
genetic and environmental factors. At present, the understanding of the pathophysiology
and risk factors that contribute to the onset and persistence of wheezing in preschool
children is limited. Increasing evidence shows that it is a combination of different fac-
tors that contribute to the development of wheezing. Early viral infections [4], bacterial
colonisation [5] and allergen sensitisation [6] are among the most important in causing
wheeze and the subsequent development of asthma. These early life exposures, coupled
with genetically determined susceptibility, can affect the immune system in the early stages
of life and have a major impact on the natural history of the disease. In particular, early
and multiple sensitisation predicts a severe asthma trajectory [7]. Identifying risk factors
may allow the identification of measures and interventions to prevent the development of
preschool wheezing and, eventually, its evolution into childhood asthma.

This consensus document aims to analyse the underlying mechanisms involved in the
pathogenesis of preschool wheezing and define the risk factors (i.e., allergy, atopy, infection,
bronchiolitis, genetics, indoor and outdoor pollution, tobacco smoke exposure, obesity,
prematurity) and the protective factors (i.e., breastfeeding, vitamin D, probiotics) associated
with the development of the disease in the young child.

2. Materials and Methods

We set up a multidisciplinary panel of experts that included all the Heads of the
Paediatric Units of Emilia-Romagna Region, Italy, the Heads of the outpatient clinics for
pulmonology and allergology, a sample of primary care paediatricians (identified in each
province based on the number of the paediatric population according to ISTAT 2018 data)
and a patients’ association (Respiro Libero, Parma, Italy). This study group (named Emilia-
Romagna Asthma Study Group and described in detail in a previous publication on the
management of children with acute asthma attacks [8] included members with previous
experience in the development of documents and recommendations with the Grading of
Recommendations Assessment, Development, and Evaluation [9,10].

In order to assess risk factors and protective factors influencing the development of
preschool wheezing, clinical questions have been formulated by the expert panel using the
PICO format (Patients, Intervention, Comparison, Outcomes). Systematic reviews have
been conducted on PubMed from January 2008 to December 2021 using different search
strategies focused on wheezing pathogenesis (in particular atopy and respiratory infections),
risk factors associated with preschool wheeze onset or persistence and protective factors
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that may reduce the risk of developing the disease. Prospective or retrospective cohort
and case-control studies were included. Included studies investigated patients <6 years of
age (preschool age). Letters, comments, editorials and case reports were excluded. Only
full manuscripts published in the English language were included. Search strategies and
extended evidence tables are available in Supplementary Material S1.

Clinical questions were divided into 3 sections:
(1) Pathogenesis of preschool wheezing
Question 1. What is the role of infection in the pathogenesis of preschool wheezing?
Question 2. What is the role of atopy in the pathogenesis of preschool wheezing?
(2) Risk factors for wheeze development
Question 3. Does the presence of risk factors such as allergy/atopy influence the onset

and the evolution of preschool wheezing?
Question 4. Does the presence of risk factors such as previous respiratory tract

infection/bronchiolitis influence the onset and evolution of preschool wheezing?
Question 5. Does pollution influence the onset and evolution of preschool wheezing?
Question 6. Does genetics influence the onset and the evolution of preschool wheezing?
Question 7. Does obesity influence the onset and the evolution of preschool wheezing?
Question 8. Do prematurity and other perinatal factors influence the onset and the

evolution of preschool wheezing?
Question 9. Does smoke exposure influence the onset and the evolution of preschool wheezing?
Question 10. Is immunodeficiency a risk factor for the onset and the evolution of

preschool wheezing?
(3) Protective factors for wheeze development:
Question 11. Are probiotics protective for preschool wheezing development?
Question 12. Is vitamin D supplementation protective for preschool wheezing development?
Question 13. Is breastfeeding protective for preschool wheezing development?
Question 14. Is influenza vaccination protective for preschool wheezing development?
Question 15. Are non-specific immunomodulators protective for preschool wheezing development?
The GRADE approach has been used for each selected paper to assess the confidence

in the evidence (quality) and the degree of recommendations [11]. Recommendations are
graded as strong or weak after considering the quality of the evidence, the balance of
desirable and undesirable consequences of compared management options, the assump-
tions about the relative importance of outcomes, the implications for resource use, and
the acceptability and feasibility of implementation [12]. The panel then decided on the
strength of the recommendations. A dedicated voting process (collection of voting forms
through individual email messages) was developed for the present guidelines, and an on-
line meeting with the participation of the full voting panel was organized. More specifically,
voting panel members were provided with the results of the various literature searches, the
evidence summaries, the proposed recommendations, and the related GRADE tables. Each
voting member was then allowed to individually vote in favour or against each recommen-
dation, propose possible modifications, and judge each recommendation as strong or weak
according to GRADE rules. For recommendations with an agreement of <75%, further
voting rounds were conducted after implementing dedicated amendments based on the
provided comments. After reaching an agreement of ≥75% for all recommendations, all
the authors reviewed and approved the final manuscript and Supplementary Material S1.

3. Results
3.1. Pathogenesis of Preschool Wheezing
3.1.1. PICO Question 1. What Is the Role of Infection in the Pathogenesis of
Preschool Wheezing?
Executive Summary

In young children, viral infections are the most important triggers of wheezing, partic-
ularly for the phenotype called episodic viral wheezing (EVW). These viral infections are
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mostly due to human rhinovirus (HRV), respiratory syncytial virus (RSV), human metap-
neumovirus (HMPV) and influenza virus (IV) [13–16]. If respiratory tract infections (RTIs)
are the main reason for wheeze development is unclear. Some studies suggested that cer-
tain children are more prone to be severely infected because of dysregulation of the innate
immune response, such as low antiviral interferon-gamma (IFN-y) production in response
to viral infection or structural airway pathologies [17]. Interestingly, Chawes et al. showed
that bronchial hyperresponsiveness in at-risk neonates precedes severe acute bronchiolitis
in response to respiratory viral infections [18].

HRV is the most commonly identified virus involved in wheezing exacerbations in
preschool and school-aged children [19]. HRV is usually predominant in patients with
no history of wheezing [14]. HRV infection at one year of age has been proven to be the
strongest predictor for wheezing episodes at three years of age [14,20–22] and recurrent
wheezing development [13,15,16,23–25]. HRV infections may increase airway sensitisation
and inflammation by different mechanisms: altering the epithelial barrier [26], inducing
the release of epithelial cytokines (i.e., interleukin [IL]-25 and IL-33) with T-helper (Th2)
inflammation and production of IL-4, IL-5 and IL-13 [27], stimulating the production of
granulocyte-macrophage colony-stimulating factor (GM-CSF), IL-6, IL-8, IL-1α, IL-1β and
eventually contributing to airway remodelling by stimulating angiogenesis and differentia-
tion of myofibroblasts with the release of extracellular matrix proteins [28,29].

On the other hand, RSV is the most frequent cause of lower RTI, mainly bronchiolitis,
in infants [19]. Several epidemiological studies demonstrated that a history of severe
RSV bronchiolitis is associated with subsequent persistent wheezing, childhood asthma or
both [10,26]. RSV infection causes necrosis of the bronchiolar epithelium with subsequent
submucosal oedema, recruitment of polymorphonuclear leukocytes and massive release
of pro-inflammatory mediators, increased mucus secretion and bronchoconstriction. The
disproportionate release of pro-inflammatory mediators induces a massive infiltration of
monocytes and polymorphonuclear cells that may impair the immune response with a
switch towards a Th1 response and a reduced IFN-γ-dependent viral clearance [30].

Respiratory viral infections may precede bacterial colonisation, as shown by positive na-
sopharyngeal culture for at least one bacterium among Moraxella catarrhalis, Haemophilus influenzae
or Streptococcus pneumoniae in 60% of patients with respiratory symptoms lasting more than
ten days [31]. The evidence on the role of airway bacterial colonisation and airway micro-
biome in wheeze and asthma pathogenesis is constantly increasing, with several studies
showing that children with preschool wheeze have lower airway infection or colonisation
with pathogens like M. catarrhalis, H. influenzae or S. pneumoniae [5,32–36].

In the prospective cohort Childhood Asthma Study (CAS), viral RTIs in the first
two years of life have been associated with the prevalence of M. catarrhalis, S. pneumoniae
and H. influenzae and persistent wheeze at five years old in those with early allergic
sensitisation [36]. Schwerk and colleagues demonstrated with a retrospective analysis
that patients with recurrent or persistent wheeze presented chronic bacterial colonisation
with bronchoalveolar lavage (BAL) cultured positive for H. influenzae, S. pneumoniae and
M. catarrhalis and airway neutrophilia [33]. This finding suggested that children with
severe wheezing may be early colonised and may be particularly susceptible to these
pathogens, leading to neutrophilia and chronic infection unresponsive to inhaled corti-
costeroids (ICS) [37]. However, randomised controlled trials showed no difference in the
number of wheeze episodes and the need for oral corticosteroids in children treated with
antibiotics [38,39].

Moreover, a significant relationship between Mycoplasma pneumoniae and Chlamydophila pneumoniae
with wheezing in preschool children, particularly in subjects with a history of recurrent
episodes, has been reported [40]. Children with wheezing and acute M. pneumoniae infection
seem to have a specific cytokine profile characterised by a significant increase in serum
levels of IL-5 [41].

Aberrant respiratory microbiota was evident since birth in children experiencing
more than two episodes of respiratory tract infections suggesting a trajectory starting
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from the first month of life. These patients showed a decreased microbial community
stability, a prolonged reduction of Corynebacterium and Dolosigranulum, and enrichment
of Moraxella spp. [42]. A complex interplay between environmental factors and genetic
predisposition is considered to shape the lung and gut microbiome in early life [43,44].

Recommendation 1. There is evidence that mainly viruses can trigger wheezing in
young children. RSV and HRV are the main viruses involved in wheezing pathogenesis.
Quality of evidence: Moderate.

3.1.2. PICO Question 2. What Is the Role of Atopy in the Pathogenesis of
Preschool Wheezing?
Executive Summary

Compared to school-age asthma, which is typically allergic and characterised by type
2 inflammation, little is known about the immunopathology of preschool wheeze. Many
children with EVW are not atopic, show bacterial or viral infection in the airways and do
not benefit significantly from corticosteroids that are usually effective in allergic asthma,
suggesting allergy is not the main driver of disease [44]. On the other hand, children with
severe recurrent multi-trigger wheezing may be atopic and have evidence of increased
numbers of eosinophils in BAL and endobronchial biopsies [44–47]. These children might
be at higher risk of developing asthma at a later age [46]. Asthma and atopy share many
genetic risk variants that dysregulate the expression of immune-related genes [48,49].

Lower airway eosinophilia suggests corticosteroid responsiveness, and in support
of this, persistent wheezers show some benefit while taking ICS [7]. A prospective cross-
sectional study performed by Guiddir et al. analysed airway inflammation with BAL and
characterized a phenotype of severe recurrent wheezers with sensitisation to aeroallergen
and response to ICS [50], suggesting that preschool wheezers with aeroallergen sensitization
may also have lower airway eosinophilia. Three-year-old children with multi-trigger
wheezing showed the classic pathological features of asthma, like submucosal eosinophilia
and reticular basement membrane (RBM) thickening [37,47,50,51].

In a prospective study, Just et al. investigated the critical thresholds of common
biological markers of atopy in persistent wheezy infants [52]. A cohort of infants (n = 219,
<30 months old) with recurrent wheezing were enrolled and followed up until the age
of 6. Blood eosinophilia (blood count ≥470/mm3) and elevated IgE (total serum IgE level
≥45 IU/mL) during infancy were associated with persistent wheezing at six years of age.
The main discriminative parameter of wheezing persistence was eosinophilia: lack of
eosinophilia in infancy could account for 91% of subjects in remission when combined
with the absence of allergic sensitisation remission correctly predicted in 96.9% of the
study population [52]. Children with aeroallergen sensitisation and/or blood eosinophils
>300 cells/mm3 showed the greatest response to daily ICS in the Individualized Therapy
for Asthma in Toddlers (INFANT) [53].

The role of IgE was also assessed during wheezing exacerbation in an observational
study by Jartti et al. [54]. In 247 children hospitalised for wheezing (median age 1.6 years),
atopy and number of exacerbations were closely related to HRV etiology (OR 4.59; 95%
CI 1.78–11.8), followed by aeroallergen sensitisation (OR 4.18; 95% CI 2.00, 8.72), total
IgE level (OR 2.06; 95% CI 1.32–3.21), food allergen sensitisation (OR 2.02; 95% CI 1.08,
3.78) and nasal eosinophil count (OR 1.52; 95% CI 1.08–2.13) [54]. Nasal eosinophils were
found to increase during RTI in a cohort of 35 young children (age range, 6–33 months)
and, after adjustment for age, sex, family history, and allergies were predictive of further
episodes of wheezing over the subsequent two months (adjusted OR: 27.618, p = 0.016) [55].
Eosinophils were found to also increase in the sputum of preschoolers with severe wheeze
and were associated with high blood eosinophil count, high serum total IgE and high
allergen detection rate [56].

On the other hand, Ater et al. did not show any difference in sputum eosinophilia
between preschoolers with wheezing and healthy peers but demonstrated that wheezers
had higher asthma predictive index (S-API) and greater bronchial hyperresponsiveness [57].
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Similarly, a positive API was associated with a higher risk of recurrent wheezing in infants
(OR: 5.57; 95%; CI 2.23–7.96) [58].

The role of atopy may start early in utero, as suggested by an interesting case-control
study where the cord blood of newborns at risk of atopy (family history of asthma) was
stimulated for T cell cytokine production. At two years of age, children with wheezing pre-
sented increased production of T-cell cytokines IL-2 and IL-5, with IL-5 being the strongest
risk factor associated with the development of wheeze (OR: 35; 95% CI, 5.0–246.7) [59].

Recommendation 2. Recurrent multi-trigger wheezing often presents a severe clinical
spectrum, can be associated with atopy more frequently than EVW and might expose the
child to a higher risk of developing asthma at a later age. Aeroallergen sensitisation and
blood eosinophils can be used as biomarkers to identify responses to ICS in a recurrent
preschool wheeze.
Quality of evidence: Moderate.

3.2. Risk Factors for Wheeze Development
3.2.1. PICO Question 3. Does the Presence of Risk Factors Such as Allergy/Atopy Influence
the Onset and the Evolution of Preschool Wheezing?
Executive Summary

Multiple aeroallergen sensitisations are associated with persistent wheezing and
progression to asthma [60,61]. Atopy and allergy have a pivotal role as risk factors in
preschool wheezing, as shown by many studies conducted all over the past years.

In the Urban Environment and Childhood Asthma (URECA) longitudinal birth cohort
study, cumulative exposure over the first three years of life to cockroach, mouse and
house dust mite allergens in the home environment was associated with sensitisation to
those allergens at age three and sensitisation was associated with recurrent wheeze at
three years [62]. Particularly, a strong association has been found between atopy and the
intermediate onset of wheezing (onset after 18 months of life) [63]. Furthermore, high
blood eosinophil count (≥470/mm3), allergic sensitisation and a family member (father)
with asthma have been implicated in the persistence of wheezing [64]. A sex-dependent
association between parental allergic conditions (asthma) and the prevalence of wheezing
in offspring has been found: maternal asthma seems to be associated with asthma in girls
but not in boys, while the opposite is seen for paternal asthma [65].

Wheeze, allergic rhinitis and atopic eczema were more frequent in children with high
total and specific IgE [66]. In particular, anti-cockroach and anti-mouse IgE were specifically
linked with the risk of developing both wheezing and atopy [67]. Interestingly, good control
of allergic rhinitis reduced the risk of acute exacerbation of wheezing in the first six years
of age [68].

A further correlation has been suggested between eczema and wheezing: eczema,
and especially early eczema, has been associated with an increased risk of childhood
asthma [69,70] but also with an increased risk of developing allergic airway diseases
later in life [71]. Furthermore, the risk of developing asthma increases when eczema is
combined with wheezing episodes in infancy [72]. Another study has combined eczema
and sensitisation to inhaled allergens with hospital admissions for wheezing in the first
three years of life, thus resulting in eczema as a strong predictor of asthma [73]. The
combination of eczema and food allergy was associated with an increased risk of asthma at
age four years, and this risk was higher if the allergy was proven for two or more foods [74].

Interestingly, Illi et al. investigated the pattern of atopic sensitisation typically asso-
ciated with the development of asthma in childhood, showing that sensitisation to any
allergen early in life and sensitised to inhalant allergens by the age of seven years was
associated with a significantly increased risk of being asthmatic and maternal transmission
may determine both a certain pattern of sensitisation and the expression of asthma [75].
Moreover, they showed that the chronic course of asthma characterised by airway hyper-
responsiveness and impairment of lung function at school age is determined by continuing
allergic airway inflammation beginning in the first three years of life [76]. However, chil-
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dren with a non-atopic wheezing phenotype lose their symptoms over school age and
retain normal lung function at puberty.

Recommendation 3. Young children with recurrent wheezing and atopic eczema,
sensitised to allergens or blood eosinophilia, are at higher risk of asthma at a later age.
Quality of evidence: High.

3.2.2. PICO Question 4. Does the Presence of Risk Factors Such as Previous Respiratory
Tract Infection or Bronchiolitis Influence the Onset and the Evolution of
Preschool Wheezing?
Executive Summary

By applying metatranscriptomic, transcriptomic, and metabolomic approaches to
infants with bronchiolitis, recent studies found an interplay between major pathogens, their
function, and host response in the airway, and their longitudinal relationship with asthma
development [42,43].

Viral RTIs occurring early in life have been accounted for as important triggers of
wheezing episodes in infancy, and many studies have shown an association with the
subsequent development of persistent wheezing in preschool age. A meta-analysis includ-
ing 22 cohort studies assessed the association between wheezing and lower RTIs (LRTIs)
in childhood, demonstrating that LRTIs before three years of age increased the risk of
wheezing development not only in childhood but also in adolescence and adulthood [77].
Other observational studies showed that LRTIs occurring during the first three years of life
were associated with increased wheezing episodes and overall respiratory morbidity (i.e.,
bronchitis, pneumonia) in the following two years [18,78–80]. This was particularly evident
in children with a family history of atopy or allergy. The risk of developing wheezing
following an LRTI like bronchiolitis increases for children with congenital heart disease [81]
or children exposed to tobacco smoke [82].

Bronchiolitis is one of the commonest LRTIs in infancy. Epidemiological data show
that 3–5% of infants develop severe bronchiolitis requiring hospitalization during their
first year of life and that more than 30% will develop recurrent wheezing and asthma [83].
Being hospitalized for bronchiolitis in the first year of life can be a risk factor for preschool
wheezing [84,85], particularly in children with respiratory comorbidities and atopy [86].
The need for intensive care for RSV-induced bronchiolitis or severe infections RSV-related
were associated with an increased risk of recurrent wheezing episodes by age three years
and asthma by age four years [87,88]. Two systematic reviews and other observational
studies confirmed the association between RSV infection requiring hospitalization in in-
fancy and wheezing or asthma development [89–92]. Similar results were obtained when
studying children born preterm [93–95]. Recently, a large retrospective study on 68,130
infants reported that those (30.7%) hospitalized for RSV-bronchiolitis had more than a
2-fold risk of developing recurrent in the first year of age [96]. A recent meta-analysis of
35 studies estimated the effect of RSV infections on later wheezing as OR 4.17 (95% CI
2.36–7.37), but after adjustment for genetic and environmental influences, the effect size
reduced by about 50% (aOR 2.45 (95% CI 1.23–4.88), suggesting that the association was
non-causal [97].

Despite the results of one study where no association was found between other viruses
different from RSV and recurrent wheezing at five years [94], increasing evidence shows
that HRV is deeply implicated in the development of wheezing and asthma later in life.
HRV infection is the most common cause of LRTI and wheezing after six months of age [98]
and the most common trigger of acute preschool wheeze episodes [99]. A prospective cohort
study comparing the clinical differences between HRV and RSV-induced wheezing showed
that children infected by HRV experienced wheezing more often and earlier than children
infected by RSV [100]. HRV infection increases the risk of wheezing requiring hospital
admission [101], and the risk of wheezing episodes in the following year [25]. If HRV results
in bronchiolitis in atopic subjects, there is a major risk of developing recurrent wheezing
and subsequent asthma, compared to RSV-infected atopic subjects [102,103]. A recent
meta-analysis summarized this evidence and showed that children with HRV-bronchiolitis
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were more likely to develop recurrent wheeze than subjects affected by RSV-bronchiolitis
(OR 4.11; 95% CI 2.24–7.56) [101].

A single prospective cohort study by Reimerink et al. investigated the relationship
between early intestinal viral infections and the development of eczema, wheeze and
atopic sensitization during the first and the second year of life [104]. Seropositivity for
immunoglobulin (Ig)G for Rota- and Norovirus (GGI.1 and GGII.4) at one year of age was
related to early allergic sensitization (specific IgE), parental reported eczema and wheeze
in the first two years of life. Furthermore, Rotavirus seropositivity was associated with
an unexpectedly higher risk of recurrent wheeze in the first and second year of life and
persistent and new recurrent wheeze (adjusted OR 2.7 and 95% CI 1.1–6.2) [104].

Recommendation 4. Infants with bronchiolitis represent a high-risk group for recurrent wheezing.
Quality of evidence: High.

3.2.3. PICO Question 5. Does Pollution Influence the Onset and the Evolution of
Preschool Wheezing?
Executive Summary

Environmental pollution has been consistently associated with negative effects on
the respiratory health of children [105]. Children are particularly sensitive to the damages
of inhaled pollution since they undergo rapid lung growth, have higher respiratory rates
and have the greatest exposure since they spend most time outdoor [105]. However, most
of the studies on the association between pollution and wheeze development consist of
observational studies.

Increasing attention has been paid to traffic-related air pollution (TRAP) as a risk
factor for respiratory diseases. Some studies suggested that exposure to moderate levels of
TRAP can favour the development of persistent wheezing [106,107], but the duration of the
exposition seems crucial. Exposition to pollutants in the first four years of life leads to an
increased risk of wheezing exacerbations, although only a continuous exposition in the first
seven years may lead to the development of asthma [108]. Other studies confirmed that a
certain degree of correlation exists between TRAP and the incidence of preschool wheezing
but not with the incidence of asthma [109]. TRAP exposure may be implicated in more
frequent and severe exacerbations in children already suffering from recurrent wheezing,
whereas living in green areas may be protective [110].

Some studies on ex vivo bronchial epithelial cells confirm a direct correlation between
air pollution, viral infections and wheezing exacerbations. Short-term exposure to high
levels of nitrogen dioxide (NO2) and particulate matter (PM)10 may favour wheezing since
this exposure seems associated with reduced interferon-β response to viral infections [111].
The same group demonstrated that in children with wheezing, prolonged exposure to
PM10 correlated with RBM thickness and airway eosinophilia, likely contributing to the
development of asthma by airway remodelling and inflammation [112].

Other studies have focused particularly on the type and levels of TRAP, trying to
deduce differences between different pollutants. Some studies have not found specificity
considering PM2.5, PM10 or NO2 levels involved in wheezing exacerbations [113], while
others have found certain differences. Particles with lower diameters (especially PM1 and
PM2.5) are associated with higher risk than particles with bigger diameters [114,115]. The
role of pollutants deriving from industrial emissions (oil refineries, metals smelters or
others types of industry) has been assessed in an interesting study where the exposure has
been linked to hospital admission for wheezing diseases [116].

Since defining the burden of a single pollutant on wheeze development is very difficult,
studies often take into account the role of co-variables. In a wide case-control study [114],
the combination of parental asthma, parental education, maternal smoking during preg-
nancy, and TRAP has been linked to an increased risk of developing persistent wheezing
and asthma. Moreover, RNA-based epigenetic mechanisms—mainly microRNA post-
transcriptional regulation—could serve as key epigenetic mediators of the link between air
pollution and asthma [117–119]. Heterogeneity in the definitions of TRAP exposure and
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asthma outcomes has led to confusion in the field [118,119]. However, novel information re-
garding the molecular characterization of asthma phenotypes, TRAP exposure assessment
methods, and epigenetics are revolutionizing the field.

The so-called indoor pollution also has a role in affecting respiratory health. Some
studies have investigated household indicators of dampness (visible mould spots, win-
dow pane condensation or damp stains) and found they were associated with preschool
wheezing [113,120], in particular with early onset wheezing and delayed remission. In a
comprehensive prospective cohort Japanese study, mould growth and wood stove/fireplace
were related with significantly higher ORs for wheezing (mould growth: 1.13; 95% CI,
1.06–1.22; wood stove/fireplace: 1.23; 95% CI, 1.03–1.46) [121]. The use of household
chemicals and other cleaning products may also have a role in respiratory outcomes, but
the evidence is still scant [122,123].

Particular attention should be paid to the prenatal and perinatal periods. Urbanization
levels (according to various indicators), alongside sex, age and geographic region, have been
significantly associated with prematurity and wheezing exacerbations [124]. Furthermore,
prenatal exposure to certain molecules (high-molecular-weight phthalates, bisphenol-A)
might give rise to wheezing symptoms and respiratory tract infections throughout child-
hood and asthma later in life [125].

Recommendation 5. Traffic-related air pollution may favour wheezing via a reduced
response to viral infections. Both outdoor and indoor pollution can influence the respiratory
health of young children from conception and birth.
Quality of evidence: Moderate.

3.2.4. PICO Question 6. Does Genetics Influence the Onset and the Evolution of
Preschool Wheezing?
Executive Summary

Genome-wide association studies (GWAS) on preschool wheezing have been gradually
published over the years, and evidence has begun to emerge regarding specific loci of
susceptibility involved in this disease. Single nucleotide polymorphisms (SNPs) have been
identified, and a specific locus of chromosome 17 (17q12-q21) has been the object of many
studies [126–133].

One study has linked an SNP, rs7216389, with an increased risk of recurrent wheezing
but also with asthma and asthma exacerbations [126]. This correlation is present from
preschool to school age, but its role has been ascertained only for early-onset disease and
not late-onset. A case-control study goes in the same direction, linking rs7216389 SNP with
early-onset wheezing (until five years of age) but not with adult-onset asthma [127].

Many studies have focused on the association of SNPs of inflammatory cytokines
with preschool wheezing. IL-10 rs1800896 SNP (in heterozygosity state) is significantly
associated with the development of preschool wheezing after a severe LRTI in early in-
fancy [128]. On the other hand, homozygosity for rs1800896 allele G (genotype G/G)
represents a protective factor from asthma development [128]. Another SNP regarding IL-4,
rs2070874 and specifically the genotype T/T, has been associated with a severe phenotype
of viral-induced wheeze [129].

Studies on IL receptors have also been conducted. The homozygous variant of IRAK4
(IL-1 receptor-associated kinase-4), rs4251513, has been constantly associated with post-
bronchiolitis wheezing episodes and asthma medication use at school-age [130]. IL-10, IL-4,
IRAK-4 and many others are implicated in the inflammation pathways leading to viral
respiratory infections.

Some genetic studies have also investigated the role of Toll-like receptors (TLR) after
bronchiolitis. In particular, TLR-1 SNP rs5743618 has been associated with increased asthma
prevalence during the first six years of life if bronchiolitis had been contracted within the
first six years of life [131]. However, TLR-2 SNP rs5743708 did not show any correlation
with wheezing [131]. In addition, an SNP in TLR-10, rs4129009, has been associated with
preschool wheezing after an episode of bronchiolitis in infancy [132].



J. Clin. Med. 2022, 11, 6558 10 of 31

Other molecules have been investigated to better explain wheezing development
in certain subjects. A case-control study conducted in preschool wheezers prospectively
followed until six years of age found that intercellular adhesion molecule 1 (ICAM-1) SNP
rs5498 was positively associated with asthma development [133]. A study on filaggrin
(FLG) loss-of-function mutations highlighted its role in the pathogenesis of asthma and
food sensitization [134].

However, although numerous studies investigated genetic susceptibility, the evidence
of important genes being responsible for preschool asthma is low.

Recommendation 6. Some individuals have a genetic susceptibility and are predis-
posed to develop preschool wheezing at first and eventually asthma later in life. At present,
little can be done to modify genetic susceptibility, but environmental exposures can be
adjusted to reduce this risk and potentially work on primary asthma prevention.
Quality of evidence: Low.

3.2.5. PICO Question 7. Does Obesity Influence the Onset and the Evolution of
Preschool Wheezing?
Executive Summary

Obesity is an important risk factor and a disease modifier for many respiratory diseases,
including childhood asthma. This condition increases susceptibility to respiratory infections
and hospitalization [135].

Excessive weight gain in early life is considered a risk factor for wheezing in preterm
and term babies. Preterm babies are at particular risk for this condition since they often
experience the so-called catch-up growth, an increased growth rate following low birth
weight and intrauterine growth retardation. In a cohort of children born preterm, acceler-
ated foetal growth between the first trimester of pregnancy and birth was associated with
increased wheeze-ever [136]. Compared to term-born children without weight gain in the
first nine months of life, children born preterm (≤32 weeks of gestational age) with rapid
weight gain had a fivefold higher risk of wheeze-ever (OR 5.04; 95% CI 3.36–7.54) [136].

Kotecha et al. specifically studied the effect of catch-up growth on wheezing pheno-
type, which was associated with early wheezing but not with persistent or late wheezing,
suggesting that different mechanisms, such as atopy, may be more important in later
age [137]. Rapid weight gain in early life may lead to impaired growth of the lungs, a
condition known as dysanapsis, whereby somatic growth exceeds that of lung growth [137].
In addition, the adipose tissue may release pro-inflammatory mediators like leptin, which
have been associated with airway remodelling [138].

A similar risk and lower lung function were also found in children born at term
with rapid weight gain in early life [139,140]. Some longitudinal studies have investi-
gated the relationship between overweight and respiratory diseases in toddlers and older
children [141–144]. A prospective cohort study of 731 children aged three to eight found
that increased body mass index (BMI) at three and five years of age was associated with a
higher risk of recurrent wheezing with no differences between girls and boys [142]. This
was not true in the eight-year-old group, where an increased BMI was associated with an
increased risk of recurrent wheezing in girls but not boys [142]. Data analysis from the
combination of eight different prospective birth cohort studies, including 12,050 children,
demonstrated that children with rapid BMI gain in the first two years of life were at higher
risk for incident asthma up to age 6 compared with children with less pronounced weight
gain slope in early childhood [143]. In the CHILD Cohort Study including 3154 children fol-
lowed up from three months to five years of age, higher BMI at one year of age remained an
independent risk factor for all the wheeze trajectories (transient wheeze, intermediate-onset
wheeze and infantile-onset persistent wheeze) after adjustment for other factors [144].

Recommendation 7. Rapid weight gain in infancy and high BMI is associated with an
increased risk of wheezing in preschool age.
Quality of evidence: Low.
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3.2.6. PICO Question 8. Do Prematurity and Other Perinatal Factors Influence the Onset
and the Evolution of Preschool Wheezing?
Executive Summary

In addressing birth-related risk factors for wheezing and asthma, the impact of prema-
ture birth must be considered. The prevalence of premature birth (<37 weeks gestation) is
about 10% worldwide [145]. Over the years, many studies investigated the association be-
tween gestational age and childhood wheezing disorders [146–149], showing that preterm
birth was associated with an increased risk of wheezing [147,148,150]. The population
is usually stratified in very preterm (<32 weeks of gestation), late preterm (32–36 weeks
of gestation), early term (36–38 weeks of gestation) and term (38–41 weeks of gestation)
infants and findings show that the risk of wheezing is proportional to prematurity with the
highest risk in children born very preterm, particularly if they develop bronchopulmonary
dysplasia [147,148,150,151].

When preterm birth is combined with a personal history of atopy and living with
two or more children, the risk of recurrent wheezing increases [152]. However, when
interpreting these findings as suggested by a systematic review and meta-analysis on this
topic, several factors (i.e., sex, maternal smoking, restricted growth and parental atopy or
asthma) may confound the association between preterm birth and wheezing disorders since
for example, maternal smoking may be a trigger both for preterm birth and for wheezing
as well as intrauterine growth restriction [148].

A growing body of literature has highlighted the importance of prenatal and peri-
natal factors on the subsequent development of recurrent wheezing and asthma. Con-
sidering prenatal factors, many studies sustained that an increased risk of childhood
wheezing disorders may begin as early as an in utero exposure to maternal ascending
infection [153], chorioamnionitis [154], mother’s quality of life (QoL) [155], stress [156–158]
or depression [155]. Furthermore, a correlation between caesarean delivery (CD) and the
risk of developing wheezing in the first three years and asthma in the first four years
has been hypothesized [159,160]. Moreover, asthma exacerbations during pregnancy in
women with asthma showed an increased risk of early childhood respiratory disorders
in their children [161]. All these factors can result in smaller airways, altered foetal im-
mune responses and low birth weight. Birth weight is one of the main predictors of lung
function in infants [162], children [163] and also in later age as demonstrated by the linear
relationship with lung function at age 45–50 years found in the Aberdeen Birth cohort [164].
Furthermore, low birth weight, particularly if associated with intrauterine growth restric-
tion, is a well-known risk factor for wheezing and asthma [165]. Perinatal factors, including
infections, hyperoxia, and mechanical ventilation, are all associated with premature birth
and negatively impact lung development and airway reactivity [148].

Overall, children born preterm experience disruptions in lung development and may
experience significant shifts from the physiologic lung function trajectory and are at higher
risk for respiratory morbidity throughout life [166]. Especially children born very preterm
(<28 weeks of gestational age) are at the highest risk for bronchopulmonary dysplasia and
can show obstructive patterns in lung function, eventually developing chronic obstructive
pulmonary disease in adult age [166].

Recommendation 8. Preterm birth and low birth weight are important early life risk
factors for wheezing disorders in childhood. Extremely preterm infants are at the highest
risk for respiratory problems and may have lower lung function trajectories across all ages.
Quality of evidence: Moderate.

3.2.7. PICO Question 9. Does Smoke Exposure Influence the Onset and the Evolution of
Preschool Wheezing?
Executive Summary

The largest body of evidence on environmental risk factors affecting wheeze devel-
opment relates to cigarette smoking. Tobacco smoke exposure antenatally in utero was
associated with reduced lung function at birth [158] and later in life [167], with wheez-
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ing and asthma in childhood [168] and more globally with negative interference in lung
function and life trajectories [169,170].

Two large independent meta-analyses documented maternal smoking and passive
smoke exposure confer the risk of wheezing and asthma in preschool children, particularly
children with a family history of allergy [171]. The risk was highest in children exposed
to both passive smoking and mothers smoking actively during pregnancy [171,172]. In a
recent French study, 129 infants under two years admitted to the hospital for acute wheezing
were assessed for prenatal smoke exposure [173]. Children exposed (36.4%) had a longer
length of hospital stay, and the authors estimated that smoking one cigarette/day during
pregnancy was associated with an increase in hospitalization duration of 0.055 days/month
(r = 0.238, p = 0.006) [173]. Consequences of prenatal and postnatal smoke exposure on
wheezing in childhood have also been confirmed in two recent case-control studies [174,175].
A prospective birth cohort study found that the combination of prematurity and maternal
smoking during pregnancy synergistically increases recurrent wheezing and the number
of episodes in early childhood [176]. However, future studies are needed to define better
and quantify the exposure level since heavy parental smoking may be associated with
different phenotypes of wheezing [177]. In a study conducted on 150 children with recurrent
wheezing, 91 had been exposed to lower-level second-hand tobacco smoke, 24 were exposed
to higher-level second-hand tobacco smoke, and 35 were not exposed to cigarette smoke.
Wheezing symptom scores were higher in highly exposed children (p = 0.03) [178]. An
interesting study has investigated one possible mechanism underlying the relationship
between cigarette smoke exposure and preschool wheezing, suggesting an interaction
between the genome and this environmental factor. Children with a specific polymorphism
of IL-13 and in utero exposure to smoke were at higher risk of wheezing at age four and
persisting asthma at age ten years [179].

Passive smoke also includes third-hand smoke, which is the smoke that stays on every
surface in the area where someone has been smoking, including on skin, hair, clothing,
furniture and flooring [180]. Due to particular habits of children like hand-to-mouth eating,
crawling and sucking, these subjects may be particularly vulnerable to the effects of third-
hand smoke. At present, there are no studies on the effect of third-hand smoke on wheezing
preschool development, but we can speculate that this exposure can contribute to increasing
airway reactivity in young children.

Recommendation 9. Maternal smoking during uterine foetal life and subsequent
second and third-hand smoke exposure increase the risk of wheezing in preschool children,
particularly those with a family history of allergy.
Quality of evidence: Moderate.

3.2.8. PICO Question 10. Is Immunodeficiency a Risk Factor for the Onset and the
Evolution of Preschool Wheezing?
Executive Summary

Primary immunodeficiency disorder (PID) is a heterogeneous group of disorders
resulting from innate or adaptive immunity defects. The clinical spectrum presented
by patients with PID is variable but increased susceptibility to infections is a common
feature [181]. PID must be suspected in case of persistent wheeze refractory to therapies
and a history of pulmonary or systemic infections with unusual organisms [182], although
some data did not show an association between PIDs and recurrent wheezing [183].

Selective IgA deficiency is one of the most common PIDs, occurring in approximately
1 in 300 people [181]. An undetectable level of IgA defines IgA deficiency in the blood
and secretions but no other immunoglobulin deficiencies. The IgA antibodies present in
the secretions play a major role in protecting from respiratory airways and gastrointesti-
nal tract infections. In children, the main infections associated with IgA deficiency are
pharyngotonsillitis, otitis, bronchitis, sinusitis and, less frequently, pneumonia [182].

In a cohort of Swedish children with positive skin prick test to at least one allergen
and with circulating IgE antibodies to egg or cat, development of late-onset wheezing (at
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four years of age) was reduced by high levels of secretory salivary IgA levels (p = 0.04) [184].
On the other hand, low levels of IgA in the respiratory mucosa might predispose to
develop bronchial hyperresponsiveness and asthma [185]. In addition, IgA deficiency may
predispose subjects to allergy, but underlying mechanisms need to be clarified [186].

Transient dysfunctions of the humoral immune system include reduced IgG subclasses
(IgG1, IgG2, IgG3, IgG4). The most common IgG1 deficiency results from a generalized
deficiency of antibodies, IgG2 deficiency is associated with recurrent viral and bacterial
infections, both IgG2 and IgG3 deficiency predisposes to recurrent respiratory tract infec-
tions, and IgG4 deficiency has been found in chronic bronchial and lung diseases [187].
Two studies showed that low levels of the IgG4 subclass were associated with recurrent
wheezing, requiring hospitalization in infants and young children [188,189].

Recommendation 10. PID must be suspected in case of persistent wheeze refractory
to therapies and a history of pulmonary or systemic infections with unusual organisms. IgA
deficiency can predispose the child to recurrent respiratory infections, including wheezing
in predisposed subjects.
Quality of evidence: Moderate.

3.3. Protective Factors for Wheeze Development
3.3.1. PICO Question 11. Are Probiotics Protective for Preschool Wheezing Development?
Executive Summary

Diversity and maturity of gut and lung microbiota can influence the onset and progres-
sion of allergic diseases, including asthma, since early life [190–193]. Bacterial colonisation
starts in utero [194]. Then, at birth, skin, gut and lung microbiome start establishing. In the
gut with dysbiosis, bacteria of the Bacteroidetes phyla are more present than Firmicutes phyla,
resulting in a reduction of short-chain fatty acids (SCFA) production that may result in the
secretion of pro-inflammatory cytokines such as IL-6, IL-8 and TNF-α and reduction of Treg
lymphocytes favouring the development of inflammatory disease such as asthma [191].

In the Copenhagen Prospective Studies on Asthma in Childhood 2010 (COPSAC2010),
particular bacterial colonisation of the infant’s gut in the first month of life was related to
the risk of wheezing and asthma at six years of age [195]. In another study, the increase of
opportunistic pathogens like Enterococcus and the decrease of Eubacterium, Faecalibacterium
and Bifidobacterium in early life may increase the risk of respiratory infection [196]. Similarly,
in the Asthma Detection and Monitoring (ADEM) study, 202 wheezing children and
50 healthy children aged 2–4 years were studied until the age of six years, showing that
bacterial composition and maturation of intestinal microbiota in the first months of life
may influence the risk of asthma at school age, especially in children born to asthmatic
mothers [197]. In the CHILD (Canadian Healthy Infant Longitudinal Development) birth
cohort study, wheezing and atopy at one year of age were associated with decreased
abundance of Faecalibacterium, Lachnospira, Rothia, and Veillonella in faecal microbiota at
three months [198]. On the other hand, in a Swedish study, higher microbial diversity
during the first month of life was associated with protection against the development of
asthma at seven years of age [199].

Over the last decade, several studies reported on the use of probiotics in order to
modulate the gut microbiome composition and development of respiratory disease. The
potential beneficial effects of probiotic immunomodulation include increased synthesis
of IgA and IL-10, suppression of tumour necrosis factor (TNF)-alfa and the inhibition of
casein-induced T-cell activation [200].

Jensen et al., in a randomised controlled trial of 123 five-year-old children, demon-
strated that early-life supplementation with probiotics did not change allergic disease
prevalence [201]. On the contrary, there was instead a subtle trend in the probiotic group
towards developing more recurrent wheezing episodes [201]. Similar results were reported
in high-risk infants with oral supplementation of Lactobacillus rhamnosus GG during the first
six months of life [202]. Further research on the relationship between probiotic supplemen-
tation and wheezing risk in three-year-old children was the trial by Berni Canani et al. [203].
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In this randomised controlled trial, authors demonstrated that probiotics associated with
extensively hydrolysed casein formula (EHCF) could reduce allergic manifestation, in-
cluding asthma, in children with cow’s milk allergy (CMA) and, therefore at high risk of
atopy [203]. These studies were included in a recent meta-analysis including 13 trials for a
total of 4021 children [204], showing that, despite some effectiveness in eczema prevention,
probiotic supplementation during pregnancy or in early life did not reduce the incidence
of asthma or wheezing in infants, except for the subgroup of atopic infants [201–203].
Further systematic reviews and meta-analyses did not confirm the protective effect of
probiotic administration in the first years of life on the risk of childhood wheezing and
asthma [204–206]. The meta-analysis by Wei et al., including 2521 children, showed that
compared to placebo, probiotic supplementation reduced wheeze episodes only in a small
subgroup of atopic infants [204]. The prophylactic effect was not influenced by other
factors (i.e., asthma risk factors such as personal medical history or positive family history,
type of probiotic used, timing and duration of intervention and follow-up) [204]. Similar
results were obtained when administered antenatally to the mother and postnatally to the
child [207].

Studies show controversial results when probiotics are administered in children with
wheezing or asthma. A recent meta-analysis found an association with fewer exacer-
bations but no difference in asthma control test (ACT), respiratory symptoms or lung
function [208]. Rose et al. conducted a double-blind, randomised controlled trial, which
included 131 infants (aged 6–24 months) with at least two wheezing episodes and a family
history of atopy [209]. The supplementation of Lactobacillus rhamnosus GG (LGG) did not
prevent asthma or wheezing over a six-month follow-up. On the other hand, the study
showed that in the subgroup sensitised to aeroallergens, the asthma symptoms score was
higher in the LGG-supplemented subgroup than in the placebo group (22.9 vs. 42.5) [209].
The same authors in another trial studied the effects of probiotic supplementation on
asthma exacerbations in a longer follow-up (44 months) and demonstrated no difference in
terms of exacerbations between the probiotic and placebo group [210]. A meta-analysis of
25 studies demonstrated that probiotics do not influence asthma or wheeze development
but may reduce IgE blood levels and the risk of atopic sensitisation when administered
early in life [211].

Recommendation 11. Probiotic administration to reduce wheezing development is
not recommended.
Quality of evidence: High.

3.3.2. PICO Question 12. Is Vitamin D Supplementation Protective for Preschool
Wheezing Development?
Executive Summary

Vitamin D is mainly formed in the skin from 7-dehydrocholesterol after UVB exposure.
Many foods are rich in vitamin D, such as plants, fish, eggs and liver [211,212]. The vitamin
is then activated, firstly in the liver and then in the kidneys. Vitamin D seems to play a
role in asthma control, given its effects on immune cell function, oxidative stress, airway
remodelling and corticosteroid responsiveness through various pathways, including those
involving IL-10 and IL-17 [213–218].

The potential preventive role of vitamin D starts in utero. Mothers with asthma and
vitamin D sufficiency had a lower risk of offspring with asthma or recurrent wheezing
by age three years [219–221]. On the contrary, low levels of vitamin D in mothers during
gestation are important risk factors for decreased lung function at ages four, five, and
six years [222]. In a recent meta-analysis including 6068 subjects, there was an inverse
relationship between the intake of vitamin D during pregnancy, and the occurrence of
wheezing in offspring (pooled OR: 0.68; 95% CI: 0.55–0.83) found [223]. However, it has
been argued that supplementation may not work not for all the mothers since only the
presence of maternal 17q21 functional SNP rs12936231 genotype confers a protective effect
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of high-dose prenatal vitamin D3 supplementation against offspring asthma/recurrent
wheeze at age 0–3 years [224].

Considering vitamin D levels in children, higher levels are associated with lower
frequency, duration and severity of wheezing attacks [225–232]. In 131 young children
with recurrent wheezing, a suboptimal vitamin D status increased the risk of asthma
exacerbation in the previous month, and a recent exacerbation was associated with low
levels despite oral supplementation [233].

However, conflicting results have been reported for vitamin D supplementation and
the prevention of RTIs and wheezing. Ducharme and colleagues investigated the effects of
vitamin D supplementation on upper RTIs, asthma exacerbations, OCS use and emergency
care evaluation in children between one and five years of age [234]. No difference was
found between subjects supplemented with vitamin D and the placebo group. Similarly,
oral supplementation for the first six months of life did result in the prevention of asthma,
wheezing, and other atopic diseases (food allergy, rhinitis, eczema and allergen sensiti-
zation) at 2.5 years [235]. A systematic review and meta-analysis on nutrients included
six studies performed in children and found no significant decreased incidence of RTIs
with vitamin D supplementation (RR 0.88; 95% CI: 0.66–1.11, p < 0.0001) [236].

On the contrary, in a large meta-analysis including both children and adults, vitamin
D’s overall effect is positive in reducing RTIs, particularly in deficient subjects [237,238].
Interestingly, patients with moderate to severe asthma treated with ICS and with vitamin
D supplementation had a reduced risk of asthma exacerbation (pooled RR 0.70; 95% CI,
0.59–0.83; p < 0.05) [239].

Recommendation 12. Vitamin D supplementation during the winter season may
decrease the risk of RTIs and wheezing exacerbations.
Quality of evidence: Moderate.

3.3.3. PICO Question 13. Is Breastfeeding Protective for Preschool Wheezing Development?
Executive Summary

In a prospective cohort study conducted on 8499 children, breastfeeding for at least
three months was associated with a lower risk of asthma between the ages of two and
five [240]. Compared to exclusive breastfeeding, any other method of infant feeding was
associated with an increased risk of asthma [241]. However, when considering hospital-
ization of asthma exacerbations in school-aged children, the data failed to demonstrate a
protective effect of breastfeeding [242].

In addition to maternal antibodies, breast milk contains other immunomodulatory
mediators, including activated T cells and memory T cells, secretory IgA, oligosaccharides,
antibacterial proteins such as lactoferrin, lysozyme, beta-lactoglobulin, casein and pro- and
anti-inflammatory factors that confer passive protection against incidence and severity of
respiratory infections [241].

The protective effect of breastfeeding is particularly evident in the first years of life, as
demonstrated by a recent meta-analysis where a lower risk of asthma is seen in children
younger than seven years [243]. In the large birth cohort study, ALSPAC (Avon Longitudinal
Study of Parents and Children), breastfeeding for at least six months reduced the risk of
asthma in the first three years of life but not between the ages of 7 and 8 [244]. These
findings were also confirmed by the metanalysis from Dogaru et al., which demonstrated
that breastfeeding for more than six months reduced the risk of asthma and wheezing only
for children younger than two years of age and not for older children [245].

Recommendation 13. Maternal breastfeeding protects from preschool wheezing.
Quality of evidence: High.
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3.3.4. Question 14. Is Influenza Vaccination Protective for Preschool
Wheezing Development?
Executive Summary

Influenza virus was detected in 8% of young children with wheeze hospitalized for
an LRTI [15]. The risk of influenza infection and wheezing in children with EVW can be
reduced through influenza vaccination [246]. All health authorities recommend annual
influenza vaccination for subjects ≥6 months of age with asthma [247,248].

In children, the most commonly administered influenza vaccines are inactivated in-
fluenza vaccines (IIV), the efficacy of which has also been proven in children with recurrent
wheezing on steroids [249]. The quadrivalent live-attenuated influenza vaccine (LAIV4)
can be a suitable alternative for children ≥2 years of age [250]. LAIV4 is an intranasally
administered vaccine that is very popular among parents and healthcare professionals
due to the non-invasive route of administration. However, a diagnosis of asthma or a
wheezing episode in the previous 12 months represents a contraindication for LAIV4 in
children aged two to four years because of a reported higher incidence of wheezing in
LAIV recipients compared with IIV recipients [250,251]. This contraindication has been
questioned and many studies also demonstrated the vaccine’s safety in the population of
preschool wheezers and severe asthmatic patients [252–254]. In a recent UK multicentre,
open-label, phase IV intervention study in preschool children with recurrent wheezing,
a follow-up of asthma symptoms 72 hours and four weeks later showed no significant
change after administration of LAIV in the presence of efficacy against influenza [255,256].
LAIV4 has also been investigated concerning long-term effects, and in a prospective cohort
of vaccinated children who were 12 through 35 months of age, there was no evidence of
increased risk of subsequent asthma diagnosis at 14 years of age [252].

Recommendation 14. Influenza vaccination is recommended for its efficacy and safety
in young children ≥6 months of age with wheezing.
Quality of evidence: High.

3.3.5. Question 15. Are Immunomodulators Protective for Preschool
Wheezing Development?
Executive Summary

Recurrent RTIs are one of the most common diseases in children [257–259]. Despite
being generally mild, recurrent RTIs may disrupt children’s growth, contribute to antibiotic
misuse, generate a significant burden of care and be a significant risk factor for asthma in
later life [257]. The underlying pathogenesis of recurrent RTIs is complex. Immunologi-
cal immaturity, genetic characteristics and environmental factors, such as exposure to air
pollutants, attendance of daycare and lack of breastfeeding, are considered the most impor-
tant factors promoting RTIs [258]. Boosting the immune system activity with non-specific
immunomodulators can be an option to improve protection against infections [259].

Over the years, clinical evidence for the role of non-specific immunomodulators
in reducing recurrent RTIs in the paediatric population has consistently increased [259].
Once administered orally, non-specific immunomodulators stimulate innate and adaptive
immunity through different mechanisms. OM-85 is a non-specific lyophilised bacterial
lysate of common pathogenic bacteria of the respiratory tract. In the mechanism of action
of OM-85, the gut–lung immune axis plays a crucial role. OM-85 induces the maturation
of human dendritic cells in gastrointestinal Peyer’s patches, stimulates macrophages in
the production of proinflammatory cytokines and anti-viral chemokines, up-regulates
the Th1 specific cytokine IFN-γ and down-regulate the Th2 specific cytokine IL-4 and
increases the activity of B cells with the secretion of salivary IgA, bronchoalveolar IgA,
and serum IgA and IgG [259]. A double-blind, randomised, controlled study involving
288 children aged between one and six years with a history of recurrent RTIs (at least
six episodes in the previous year) showed that OM-85 reduced the number of new RTI
episodes when administered for the first ten days of each month for three months (33%
vs. 65.1% in children with placebo, p < 0.0001). This was associated with fewer days of
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absence from daycare for children and working days lost by parents [260]. So far, several
meta-analyses have been published on the effect of OM-85, demonstrating that it reduces
the frequency and length of RTIs and eventually limits the use of antibiotics. Overall, data
suggest that the effect is greater in patients at increased risk of recurrent RTIs. Some authors
recently speculated that this non-specific immuno-modulator might also be useful against
COVID-19 infection [261–263].

Interestingly, since non-specific immunomodulators correct Th1/Th2 imbalance through
activation of T regulatory (Treg) cells and promote the immune system’s maturation in
children, their use can be associated with the reduction of Th2 atopic responses associated
with wheezing and asthma [264]. Razi et al.’s study showed that prophylaxis with OM-85
reduced the duration and incidence of exacerbations in children with a history of recurrent
wheezing [265].

Recommendation 15. Prophylaxis with non-specific immunomodulators can be con-
sidered in children with recurrent EVW to reduce the number of episodes during the
winter season.
Quality of evidence: Moderate.

4. Discussion

This study shows that atopy and respiratory infections are pivotal in preschool wheez-
ing pathogenesis. Multi-trigger wheezing is often associated with atopy and recurrent
severe clinical phenotype. The evidence of blood eosinophilia and allergen sensitisation
may guide the treatment in favour of ICS. HRV and RSV are the most common viruses
associated with a higher risk of developing asthma at later ages. Bacterial colonisation
and airway neutrophilia may characterise a unique phenotype of preschool wheezing not
responsive to steroids.

Genetics and modifiable risk factors such as obesity, pollution or smoke exposure
can affect the onset and evolution of wheezing phenotypes. The first 1000 days of life,
including the intrauterine period, are crucial in the organism’s physiological growth and the
development of respiratory diseases. Prematurity can significantly affect lung development,
risk of wheezing and obstructive respiratory disease across all ages. Breastfeeding and
vitamin D supplementation may contribute to protecting the child from the development
of wheezing.

Table 1 summarises the 15 statements. An extended evidence summary is available in
the Supplementary Material.

Table 1. Statements on risk factors affecting development and persistence of preschool wheezing.

Question Answer

Section 1. Pathogenesis of preschool wheezing

Q1. What is the role of infection in the
pathogenesis of preschool wheezing?

There is evidence that mainly viruses can trigger wheezing in young children.
RSV and HRV are the main viruses involved in wheezing pathogenesis.

Q2. What is the role of atopy in the pathogenesis
of preschool wheezing?

Recurrent multi-trigger wheezing often presents a severe clinical spectrum, can
be associated with atopy more frequently than EVW and might expose the

child to a higher risk of developing asthma at a later age. Aeroallergen
sensitization and blood eosinophils can be used as biomarkers to identify

responses to ICS in a recurrent preschool wheeze.

Section 2. Risk factors for wheeze development

Q3. Does the presence of risk factors such as
allergy/atopy influence the onset and the

evolution of preschool wheezing?

Young children with recurrent wheezing with atopic eczema, sensitized to
allergens or blood eosinophilia, are at higher risk of asthma at a later age.

Q4. Does the presence of risk factors such as
previous respiratory tract infection/bronchiolitis

influence the onset and evolution of
preschool wheezing?

Infants with bronchiolitis represent a high-risk group for recurrent wheezing.
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Table 1. Cont.

Question Answer

Q5. Does pollution influence the onset and
evolution of preschool wheezing?

Traffic-related air pollution may favour wheezing, likely via a reduced
response to viral infections. Both outdoor and indoor pollution can influence

the respiratory health of young children from conception and birth.

Q6. Does genetics influence the onset and the
evolution of preschool wheezing?

Some individuals have a genetic susceptibility and are predisposed to develop
preschool wheezing at first and eventually asthma later in life. At present, little
can be done to modify genetic susceptibility, but environmental exposures can

be adjusted to reduce this risk and potentially work on primary
asthma prevention.

Q7. Does obesity influence the onset and the
evolution of preschool wheezing?

Rapid weight gain in infancy and high BMI is associated with an increased risk
of wheezing in preschool age.

Q8. Do prematurity and other perinatal factors
influence the onset and the evolution of

preschool wheezing?

Preterm birth and low birth weight are important early life risk factors for
wheezing disorders in childhood. Extremely preterm infants are at the highest
risk for respiratory problems and may have lower lung function trajectories

across all ages.

Q9. Does smoke exposure influence the onset
and the evolution of preschool wheezing?

Maternal smoking during uterine fetal life and subsequent second and
third-hand smoke exposure increase the risk of wheezing in preschool children,

particularly those with a family history of allergy.

Q10. Is immunodeficiency a risk factor for the
onset and the evolution of preschool wheezing?

PID must be suspected in case of persistent wheeze refractory to therapies and
a history of pulmonary or systemic infections with unusual organisms. IgA

deficiency can predispose the child to recurrent infections, including wheezing.

Section 3. Protective factors for
wheeze development

Q11. Are probiotics protective for preschool
wheezing development?

Probiotic administration to reduce wheezing development is
not recommended.

Q12. Is vitamin D supplementation protective for
preschool wheezing development?

Vitamin D supplementation during the winter season may decrease the risk of
RTIs and wheezing exacerbations.

Q13. Is breastfeeding protective for preschool
wheezing development? Maternal breastfeeding protects from preschool wheezing.

Q14. Is influenza vaccination protective for
preschool wheezing development?

Influenza vaccination is recommended for its efficacy and safety in young
children ≥6 months of age with wheezing.

Q15. Are non-specific immunomodulators
protective for preschool wheezing development?

Prophylaxis with non-specific immunomodulators can be considered in
children with recurrent EVW to reduce the number of episodes during the

winter season.

5. Conclusions

Based on a panel of experts and extensive updated literature, this consensus document
provides insights on the pathogenesis, the risk and protective factors associated with
the development and persistence of preschool wheezing. Undoubtedly, more research is
needed to improve our understanding of the disease and confirm the associations between
certain factors and the risk of wheezing in early life. In addition, preventive strategies
must be promoted to avoid children’s exposure to risk factors that may permanently affect
respiratory health.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm11216558/s1, Supplementary Material S1: PICO questions
and review of the literature.

Author Contributions: R.G., V.F. and C.C. wrote the first draft of the manuscript; G.C., A.L.,
M.T. and A.M. coordinated the literature analysis; B.M.B., L.B. (Luca Bertelli), L.B. (Loretta Biserna),
P.B., E.C., N.D.P., A.D., B.G., F.L., M.S.M., E.M., S.P., A.P., M.P., S.T., F.V., G.G., R.S., S.M., M.M., F.A.,
A.B., L.R., F.C., A.D.F. and F.M. gave a substantial scientific contribution; G.R. supervised the project
and gave a substantial scientific contribution; S.E. designed the study, supervised the project and

https://www.mdpi.com/article/10.3390/jcm11216558/s1
https://www.mdpi.com/article/10.3390/jcm11216558/s1


J. Clin. Med. 2022, 11, 6558 19 of 31

revised the first draft of the manuscript. All members of Emilia-Romagna Asthma (ERA) Study
Group gave a scientific contribution. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: In addition to the main authors, the Emilia-Romagna Asthma (ERA) Study
Group includes Sara Scavone, Michela Deolmi, Kaltra Skenderaj, Riccardo Morini, Adriana Fracchi-
olla, Giuliana Gianni, Giulia Antoniol, Giovanna Pisi, Onelia Facini, Aurelia Pantaleo, Claudia Cutr-
era, Alberto Argentiero, Cosimo Neglia: UOC Clinica Pediatrica, Azienda Ospedaliera-Universitaria,
Parma, Italy; Andrea Pession, Marcello Lanari, Emanuela Di Palmo: IRCCS Azienda-Ospedaliera
Universitaria di Bologna, Bologna, Italy; Maria Teresa Bersini, Cristina Cantù, Enrica Cattani, Carlotta
Povesi: Pediatri di famiglia, AUSL Parma, Parma, Italy; Giacomo Biasucci: Unità di Pediatria e
Neonatologia, Ospedale G. di Saliceto, Piacenza, Italy; Rosanna Cataldi, Valentina Allegri: Pediatri
di famiglia, AUSL Piacenza, Piacenza, Italy; Ilaria Fontana, Sara Fornaciari, Irene Alberici: Unità
di Pediatria, IRCCS-AUSL Reggio Emilia, Reggio Emilia, Italy; Mariassunta Torricelli, Simonetta
Pistocchi, Ilaria D’Aquino, Annalisa Zini, Maria Luisa Villani, Maria Candida Tripodi, Fabio Guerrera,
Stefano Colonna: Pediatri di famiglia, IRCCS-AUSL Reggio Emilia, Reggio Emilia, Italy; Lorenzo
Iughetti, Maria Elena Guerzoni: Unità di Pediatria, Azienda Ospedaliera-Universitaria di Modena,
Modena, Italy; Maria Chiara Molinari, Gianluca Iovine, Nicola Guaraldi, Simona Di Loreto, Rossella
Berri, Dora Di Mauro, Alfredo Ferrari, Silvia Perrini: Pediatri di famiglia, AUSL Modena, Modena,
Italy; Francesco Torcetta: Unità di Pediatria, Ospedale di Carpi, Carpi, Italy; Claudio Rota: Unità di
Pediatria, Ospedale di Sassuolo, Sassuolo, Italy; Chiara Ghizzi: Unità di Pediatria, Ospedale Mag-
giore, AUSL Bologna, Bologna, Italy; Cristina Carboni, Ornella Parisini, Marco Parpanesi, Alessandro
Fierro, Riccardo Congia, Federica Bellini, Giulia Brighi, Valeria Scialpi, Lanfranco Loretano, Veronica
Conti, Lucia Rinaldi, Stefano Alboresi: Pediatri di famiglia, AUSL Bologna, Bologna, Italy; Laura
Serra, Elisabetta Calamelli: UOC Pediatria, Ospedale di Imola, Imola, Italy; Enrico Valletta: Unità di
Pediatria, Ospedale di Forlì, AUSL Romagna, Forlì, Italy; Anna Chiara Casadei, Lucia Boselli: Pedi-
atri di famiglia, AUSL Romagna, Forlì, Italy; Marcello Stella: Unità di Pediatria e Terapia Intensiva
Pediatrica, Ospedale di Cesena, AUSL Romagna, Cesena, Italy; Agnese Suppiej, Paola Gallo: Unità di
Pediatria, Ospedale di Ferrara, Ferrara, Italy; Monica Malventano, Livia Manfredini, Lisa Pecorari:
Pediatri di famiglia, AUSL Romagna, Ferrara, Italy; Simone Fontijn: Unità di Pediatria, Ospedale di
Ravenna, AUSL Romagna, Ravenna, Italy; Mauro Baldini, Fabio Dal Monte, Elena Zamuner, Lucia
Vignutelli: Pediatri di famiglia, AUSL Ravenna, Ravenna, Italy; Gianluca Vergine: Unità di Pediatria,
Ospedale di Rimini, AUSL Romagna, Rimini, Italy; Carmelo Palmeri, Cecilia Argentina: Pediatri di
famiglia, AUSL Romagna, Rimini, Italy; Margherita Marchiani: Associazione Respiro Libero Onlus,
Parma, Parma, Italy.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Martinez, F.D.; Wright, A.L.; Taussig, L.M.; Holberg, C.J.; Halonen, M.; Morgan, W.J. Asthma and wheezing in the first six years

of life. The Group Health Medical Associates. N. Engl. J. Med. 1995, 332, 133–138. [CrossRef] [PubMed]
2. Moorman, J.E.; Akinbami, L.J.; Bailey, C.M.; Zahran, H.S.; King, M.E.; Johnson, C.A.; Liu, X. National Surveillance of Asthma:

United States, 2001–2010. Vital Health Statistics. Ser. 3 Anal. Epidemiol. Stud. 2012, 1–58. Available online: https://europepmc.org/
article/med/24252609 (accessed on 20 September 2022).

3. Paton, J. Paediatric Asthma 2015—British Thoracic Society. Audit-Reports. Available online: https://www.brit-thoracic.org.uk
(accessed on 15 October 2022).

4. Principi, N.; Daleno, C.; Esposito, S. Human rhinoviruses and severe respiratory infections: Is it possible to identify at-risk
patients early? Expert Rev. Anti Infect. Ther. 2014, 12, 423–430. [CrossRef] [PubMed]

5. Robinson, P.F.M.; Pattaroni, C.; Cook, J.; Gregory, L.; Alonso, A.M.; Fleming, L.J.; Lloyd, C.M.; Bush, A.; Marsland, B.J.; Saglani, S.
Lower airway microbiota associates with inflammatory phenotype in severe preschool wheeze. J. Allergy Clin. Immunol. 2019,
143, 1607–1610.e3. [CrossRef] [PubMed]

6. Caffarelli, C.; Garrubba, M.; Greco, C.; Mastrorilli, C.; Dascola, C.P. Asthma and Food Allergy in Children: Is There a Connection
or Interaction? Front. Pediatr. 2016, 4, 34. [CrossRef] [PubMed]

http://doi.org/10.1056/NEJM199501193320301
http://www.ncbi.nlm.nih.gov/pubmed/7800004
https://europepmc.org/article/med/24252609
https://europepmc.org/article/med/24252609
https://www.brit-thoracic.org.uk
http://doi.org/10.1586/14787210.2014.890048
http://www.ncbi.nlm.nih.gov/pubmed/24559383
http://doi.org/10.1016/j.jaci.2018.12.985
http://www.ncbi.nlm.nih.gov/pubmed/30579850
http://doi.org/10.3389/fped.2016.00034
http://www.ncbi.nlm.nih.gov/pubmed/27092299


J. Clin. Med. 2022, 11, 6558 20 of 31

7. Deliu, M.; Fontanella, S.; Haider, S.; Sperrin, M.; Geifman, N.; Murray, C.; Simpson, A.; Custovic, A. Longitudinal trajectories of
severe wheeze exacerbations from infancy to school age and their association with early-life risk factors and late asthma outcomes.
Clin. Exp. Allergy 2020, 50, 315–324. [CrossRef] [PubMed]

8. Fainardi, V.; Caffarelli, C.; Bergamini, B.M.; Biserna, L.; Bottau, P.; Corinaldesi, E.; Dondi, A.; Fornaro, M.; Guidi, B.; Lombardi, F.;
et al. Management of Children with Acute Asthma Attack: A RAND/UCLA Appropriateness Approach. Int. J. Environ. Res.
Public Health 2021, 18, 12775. [CrossRef]

9. Brozek, J.L.; Akl, E.A.; Jaeschke, R.; Lang, D.M.; Bossuyt, P.; Glasziou, P.; Helfand, M.; Ueffing, E.; Alonso-Coello, P.; Meerpohl, J.;
et al. Grading quality of evidence and strength of recommendations in clinical practice guidelines: Part 2 of 3. The GRADE
approach to grading quality of evidence about diagnostic tests and strategies. Allergy 2009, 64, 1109–1116. [CrossRef]

10. Fainardi, V.; Caffarelli, C.; Deolmi, M.; Skenderaj, K.; Meoli, A.; Morini, R.; Bergamini, B.M.; Bertelli, L.; Biserna, L.; Bottau, P.;
et al. Management of Preschool Wheezing: Guideline from the Emilia-Romagna Asthma (ERA) Study Group. J. Clin. Med. 2022,
11, 4763. [CrossRef]

11. Krzysztofiak, A.; Chiappini, E.; Venturini, E.; Gargiullo, L.; Roversi, M.; Montagnani, C.; Bozzola, E.; Chiurchiu, S.; Vecchio, D.;
Castagnola, E.; et al. Italian consensus on the therapeutic management of uncomplicated acute hematogenous osteomyelitis in
children. Ital. J. Pediatr. 2021, 47, 179. [CrossRef]

12. Andrews, J.C.; Schünemann, H.J.; Oxman, A.D.; Pottie, K.; Meerpohl, J.J.; Coello, P.A.; Rind, D.; Montori, V.M.; Brito, J.P.;
Norris, S.; et al. GRADE guidelines: 15. Going from evidence to recommendation-determinants of a recommendation’s direction
and strength. J. Clin. Epidemiol. 2013, 66, 726–735. [CrossRef] [PubMed]

13. Lemanske, R.F., Jr.; Jackson, D.J.; Gangnon, R.E.; Evans, M.D.; Li, Z.; Shult, P.A.; Kirk, C.J.; Reisdorf, E.; Roberg, K.A.; Ander-
son, E.L.; et al. Rhinovirus illnesses during infancy predict subsequent childhood wheezing. J. Allergy Clin. Immunol. 2005,
116, 571–577. [CrossRef] [PubMed]

14. Fujitsuka, A.; Tsukagoshi, H.; Arakawa, M.; Goto-Sugai, K.; Ryo, A.; Okayama, Y.; Mizuta, K.; Nishina, A.; Yoshizumi, M.;
Kaburagi, Y.; et al. A molecular epidemiological study of respiratory viruses detected in Japanese children with acute wheezing
illness. BMC Infect. Dis. 2011, 11, 168. [CrossRef] [PubMed]

15. Takeyama, A.; Hashimoto, K.; Sato, M.; Sato, T.; Tomita, Y.; Maeda, R.; Ito, M.; Katayose, M.; Kawasaki, Y.; Hosoya, M. Clinical
and epidemiologic factors related to subsequent wheezing after virus-induced lower respiratory tract infections in hospitalized
pediatric patients younger than 3 years. Eur. J. Pediatr. 2014, 173, 959–966. [CrossRef]

16. Leino, A.; Lukkarinen, M.; Turunen, R.; Vuorinen, T.; Söderlund-Venermo, M.; Vahlberg, T.; Camargo, C.A., Jr.; Bochkov, Y.A.;
Gern, J.E.; Jartti, T. Pulmonary function and bronchial reactivity 4 years after the first virus-induced wheezing. Allergy 2019,
74, 518–526. [CrossRef]

17. Stern, D.A.; Guerra, S.; Halonen, M.; Wright, A.L.; Martinez, F.D. Low IFN-gamma production in the first year of life as a predictor
of wheeze during childhood. J. Allergy Clin. Immunol. 2007, 120, 835–841. [CrossRef]

18. Chawes, B.L.; Poorisrisak, P.; Johnston, S.L.; Bisgaard, H. Neonatal bronchial hyperresponsiveness precedes acute severe viral
bronchiolitis in infants. J. Allergy Clin. Immunol. 2012, 130, 354–361.e3. [CrossRef]

19. Heymann, P.W.; Carper, H.T.; Murphy, D.D.; Platts-Mills, T.A.; Patrie, J.; McLaughlin, A.P.; Erwin, E.A.; Shaker, M.S.; Hellems, M.;
Peerzada, J.; et al. Viral infections in relation to age, atopy, and season of admission among children hospitalized for wheezing.
J. Allergy Clin. Immunol. 2004, 114, 239–247. [CrossRef]

20. De Winter, J.J.; Bont, L.; Wilbrink, B.; van der Ent, C.K.; Smit, H.A.; Houben, M.L. Rhinovirus wheezing illness in infancy is
associated with medically attended third year wheezing in low risk infants: Results of a healthy birth cohort study. Immun.
Inflamm. Dis. 2015, 3, 398–405. [CrossRef]

21. Van der Gugten, A.C.; van der Zalm, M.M.; Uiterwaal, C.S.; Wilbrink, B.; Rossen, J.W.; van der Ent, C.K. Human rhinovirus and
wheezing: Short and long-term associations in children. Pediatr. Infect. Dis. J. 2013, 32, 827–833. [CrossRef]

22. Liu, L.; Pan, Y.; Zhu, Y.; Song, Y.; Su, X.; Yang, L.; Li, M. Association between rhinovirus wheezing illness and the development of
childhood asthma: A meta-analysis. BMJ Open 2017, 7, e013034. [CrossRef]

23. Midulla, F.; Pierangeli, A.; Cangiano, G.; Bonci, E.; Salvadei, S.; Scagnolari, C.; Moretti, C.; Antonelli, G.; Ferro, V.; Papoff, P.
Rhinovirus bronchiolitis and recurrent wheezing: 1-year follow-up. Eur. Respir. J. 2012, 39, 396–402. [CrossRef] [PubMed]

24. O’Callaghan-Gordo, C.; Bassat, Q.; Díez-Padrisa, N.; Morais, L.; Machevo, S.; Nhampossa, T.; Quintó, L.; Alonso, P.L.; Roca, A.
Lower respiratory tract infections associated with rhinovirus during infancy and increased risk of wheezing during childhood. A
cohort study. PLoS ONE 2013, 8, e69370. [CrossRef] [PubMed]

25. Midulla, F.; Nicolai, A.; Ferrara, M.; Gentile, F.; Pierangeli, A.; Bonci, E.; Scagnolari, C.; Moretti, C.; Antonelli, G.; Papoff, P.
Recurrent wheezing 36 months after bronchiolitis is associated with rhinovirus infections and blood eosinophilia. Acta Paediatr.
2014, 103, 1094–1099. [CrossRef] [PubMed]

26. Rossi, G.A.; Colin, A.A. Infantile respiratory syncytial virus and human rhinovirus infections: Respective role in inception and
persistence of wheezing. Eur. Respir. J. 2015, 45, 774–789. [CrossRef]

27. Feldman, A.S.; He, Y.; Moore, M.L.; Hershenson, M.B.; Hartert, T.V. Toward primary prevention of asthma. Reviewing the
evidence for early-life respiratory viral infections as modifiable risk factors to prevent childhood asthma. Am. J. Respir. Crit. Care
Med. 2015, 191, 34–44. [CrossRef]

28. Lee, W.M.; Lemanske, R.F., Jr.; Evans, M.D.; Vang, F.; Pappas, T.; Gangnon, R.; Jackson, D.J.; Gern, J.E. Human rhinovirus species
and season of infection determine illness severity. Am. J. Respir. Crit. Care Med. 2012, 186, 886–891. [CrossRef]

http://doi.org/10.1111/cea.13553
http://www.ncbi.nlm.nih.gov/pubmed/31876035
http://doi.org/10.3390/ijerph182312775
http://doi.org/10.1111/j.1398-9995.2009.02083.x
http://doi.org/10.3390/jcm11164763
http://doi.org/10.1186/s13052-021-01130-4
http://doi.org/10.1016/j.jclinepi.2013.02.003
http://www.ncbi.nlm.nih.gov/pubmed/23570745
http://doi.org/10.1016/j.jaci.2005.06.024
http://www.ncbi.nlm.nih.gov/pubmed/16159626
http://doi.org/10.1186/1471-2334-11-168
http://www.ncbi.nlm.nih.gov/pubmed/21663657
http://doi.org/10.1007/s00431-014-2277-7
http://doi.org/10.1111/all.13593
http://doi.org/10.1016/j.jaci.2007.05.050
http://doi.org/10.1016/j.jaci.2012.04.045
http://doi.org/10.1016/j.jaci.2004.04.006
http://doi.org/10.1002/iid3.77
http://doi.org/10.1097/INF.0b013e318290620e
http://doi.org/10.1136/bmjopen-2016-013034
http://doi.org/10.1183/09031936.00188210
http://www.ncbi.nlm.nih.gov/pubmed/21852336
http://doi.org/10.1371/journal.pone.0069370
http://www.ncbi.nlm.nih.gov/pubmed/23935997
http://doi.org/10.1111/apa.12720
http://www.ncbi.nlm.nih.gov/pubmed/24948158
http://doi.org/10.1183/09031936.00062714
http://doi.org/10.1164/rccm.201405-0901PP
http://doi.org/10.1164/rccm.201202-0330OC


J. Clin. Med. 2022, 11, 6558 21 of 31

29. Skevaki, C.L.; Psarras, S.; Volonaki, E.; Pratsinis, H.; Spyridaki, I.S.; Gaga, M.; Georgiou, V.; Vittorakis, S.; Telcian, A.G.; Maggina, P.;
et al. Rhinovirus-induced basic fibroblast growth factor release mediates airway remodeling features. Clin. Transl. Allergy 2012,
2, 14. [CrossRef]

30. Legg, J.P.; Hussain, I.R.; Warner, J.A.; Johnston, S.L.; Warner, J.O. Type 1 and type 2 cytokine imbalance in acute respiratory
syncytial virus bronchiolitis. Am. J. Respir. Crit. Care Med. 2003, 168, 633–639. [CrossRef]

31. Esposito, S.; Daleno, C.; Tagliabue, C.; Scala, A.; Tenconi, R.; Borzani, I.; Fossali, E.; Pelucchi, C.; Piralla, A.; Principi, N. Impact of
rhinoviruses on pediatric community-acquired pneumonia. Eur. J. Clin. Microbiol. Infect. Dis. 2012, 31, 1637–1645. [CrossRef]

32. Ballarini, S.; Rossi, G.A.; Principi, N.; Esposito, S. Dysbiosis in Pediatrics Is Associated with Respiratory Infections: Is There a
Place for Bacterial-Derived Products? Microorganisms 2021, 9, 448. [CrossRef] [PubMed]

33. Schwerk, N.; Brinkmann, F.; Soudah, B.; Kabesch, M.; Hansen, G. Wheeze in preschool age is associated with pulmonary bacterial
infection and resolves after antibiotic therapy. PLoS ONE 2011, 6, e27913. [CrossRef] [PubMed]

34. Esposito, S.; Ballarini, S.; Argentiero, A.; Ruggiero, L.; Rossi, G.A.; Principi, N. Microbiota profiles in pre-school children with
respiratory infections: Modifications induced by the oral bacterial lysate OM-85. Front. Cell. Infect. Microbiol. 2022, 12, 789436.
[CrossRef] [PubMed]

35. De Schutter, I.; Dreesman, A.; Soetens, O.; De Waele, M.; Crokaert, F.; Verhaegen, J.; Piérard, D.; Malfroot, A. In young children,
persistent wheezing is associated with bronchial bacterial infection: A retrospective analysis. BMC Pediatr. 2012, 12, 83. [CrossRef]

36. Teo, S.M.; Mok, D.; Pham, K.; Kusel, M.; Serralha, M.; Troy, N.; Holt, B.J.; Hales, B.J.; Walker, M.L.; Hollams, E.; et al. The infant
nasopharyngeal microbiome impacts severity of lower respiratory infection and risk of asthma development. Cell Host Microbe
2015, 17, 704–715. [CrossRef]

37. Robinson, P.F.M.; Fontanella, S.; Ananth, S.; Alonso, A.M.; Cook, J.; Kaya-de Vries, D.; Polo Silveira, L.; Gregory, L.; Lloyd, C.;
Fleming, L.; et al. Recurrent Severe Preschool Wheeze: From Prespecified Diagnostic Labels to Underlying Endotypes. Am. J.
Respir. Crit. Care Med. 2021, 204, 523–535. [CrossRef]

38. Bacharier, L.B.; Guilbert, T.W.; Mauger, D.T.; Boehmer, S.; Beigelman, A.; Fitzpatrick, A.M.; Jackson, D.J.; Baxi, S.N.; Benson, M.;
Burnham, C.D.; et al. Early Administration of Azithromycin and Prevention of Severe Lower Respiratory Tract Illnesses in
Preschool Children with a History of Such Illnesses: A Randomized Clinical Trial. JAMA 2015, 314, 2034–2044, Erratum in JAMA
2016, 315, 204; Erratum in JAMA 2016, 315, 419. [CrossRef]

39. Stokholm, J.; Chawes, B.L.; Vissing, N.H.; Bjarnadóttir, E.; Pedersen, T.M.; Vinding, R.K.; Schoos, A.M.; Wolsk, H.M.;
Thorsteinsdóttir, S.; Hallas, H.W.; et al. Azithromycin for episodes with asthma-like symptoms in young children aged 1–3 years:
A randomised, double-blind, placebo-controlled trial. Lancet Respir. Med. 2016, 4, 19–26. [CrossRef]

40. Esposito, S.; Blasi, F.; Arosio, C.; Fioravanti, L.; Fagetti, L.; Droghetti, R.; Tarsia, P.; Allegra, L.; Principi, N. Importance of acute
Mycoplasma pneumoniae and Chlamydia pneumoniae infections in children with wheezing. Eur. Respir. J. 2000, 16, 1142–1146.
[CrossRef]

41. Esposito, S.; Droghetti, R.; Bosis, S.; Claut, L.; Marchisio, P.; Principi, N. Cytokine secretion in children with acute Mycoplasma
pneumoniae infection and wheeze. Pediatr. Pulmonol. 2002, 34, 122–127. [CrossRef]

42. Liu, C.; Makrinioti, H.; Saglani, S.; Bowman, M.; Lin, L.L.; Camargo, C.A., Jr.; Hasegawa, K.; Zhu, Z. Microbial dysbiosis and
childhood asthma development: Integrated role of the airway and gut microbiome, environmental exposures, and host metabolic
and immune response. Front. Immunol. 2022, 13, 1028209. [CrossRef] [PubMed]

43. Zhu, Z.; Camargo, C.A., Jr.; Raita, Y.; Freishtat, R.J.; Fujiogi, M.; Hahn, A.; Mansbacj, J.M.; Spergel, J.M.; Pérez-Losada, M.;
Hasegawa, K. Nasopharyngeal airway dual-transcriptome of infants with severe bronchiolitis and risk of childhood asthma: A
multicenter prospective study. J. Allergy Clin. Immunol. 2022, 150, 806–816. [CrossRef] [PubMed]

44. Bosch, A.A.T.M.; de Steenhuijsen Piters, W.A.A.; van Houten, M.A.; Chu, M.L.J.N.; Biesbroek, G.; Kool, J.; Pernet, P.;
de Groot, P.C.M.; Eijkemans, M.J.C.; Keijser, B.J.F.; et al. Maturation of the Infant Respiratory Microbiota, Environmental Drivers,
and Health Consequences. A Prospective Cohort Study. Am. J. Respir. Crit. Care Med. 2017, 196, 1582–1590. [CrossRef] [PubMed]

45. Thavagnanam, S.; Williamson, G.; Ennis, M.; Heaney, L.G.; Shields, M.D. Does airway allergic inflammation pre-exist before late
onset wheeze in children? Pediatr. Allergy Immunol. 2010, 21, 1002–1007. [CrossRef] [PubMed]

46. Lezmi, G.; Deschildre, A.; Abou Taam, R.; Fayon, M.; Blanchon, S.; Troussier, F.; Mallinger, P.; Mahut, B.; Gosset, P.; de Blic, J.
Remodelling and inflammation in preschoolers with severe recurrent wheeze and asthma outcome at school age. Clin. Exp.
Allergy 2018, 48, 806–813. [CrossRef]

47. Saglani, S.; Payne, D.N.; Zhu, J.; Wang, Z.; Nicholson, A.G.; Bush, A.; Jeffery, P.K. Early detection of airway wall remodeling and
eosinophilic inflammation in preschool wheezers. Am. J. Respir. Crit. Care Med. 2007, 176, 858–864. [CrossRef]

48. Ferreira, M.A.; Vonk, J.W.; Baurecht, H.; Marenholz, I.; Tian, C.; Hoffman, J.D.; Helmer, Q.; Tillander, A.; Ullemar, V.; van
Dongen, J.; et al. Shared genetic origin of asthma, hay fever and eczema elucidates allergic disease biology. Nat. Genet. 2017,
49, 1752–1757. [CrossRef]

49. Zhu, Z.; Lee, P.H.; Chaffin, M.D.; Chung, W.; Loh, P.O.; Lu, Q.; Christiani, D.C.; Liang, L. A genome-wide cross-trait analysis from
UK Biobank highlights the shared genetic architecture of asthma and allergic diseases. Nat. Genet. 2018, 50, 857–864. [CrossRef]

50. Guiddir, T.; Saint-Pierre, P.; Purenne-Denis, E.; Lambert, N.; Laoudi, Y.; Couderc, R.; Gouvis-Echraghi, R.; Amat, F.; Just, J.
Neutrophilic Steroid-Refractory Recurrent Wheeze and Eosinophilic Steroid-Refractory Asthma in Children. J. Allergy Clin.
Immunol. Pract. 2017, 5, 1351–1361.e2. [CrossRef]

http://doi.org/10.1186/2045-7022-2-14
http://doi.org/10.1164/rccm.200210-1148OC
http://doi.org/10.1007/s10096-011-1487-4
http://doi.org/10.3390/microorganisms9020448
http://www.ncbi.nlm.nih.gov/pubmed/33671586
http://doi.org/10.1371/journal.pone.0027913
http://www.ncbi.nlm.nih.gov/pubmed/22140482
http://doi.org/10.3389/fcimb.2022.789436
http://www.ncbi.nlm.nih.gov/pubmed/36051241
http://doi.org/10.1186/1471-2431-12-83
http://doi.org/10.1016/j.chom.2015.03.008
http://doi.org/10.1164/rccm.202009-3696OC
http://doi.org/10.1001/jama.2015.13896
http://doi.org/10.1016/S2213-2600(15)00500-7
http://doi.org/10.1034/j.1399-3003.2000.16f21.x
http://doi.org/10.1002/ppul.10139
http://doi.org/10.3389/fimmu.2022.1028209
http://www.ncbi.nlm.nih.gov/pubmed/36248891
http://doi.org/10.1016/j.jaci.2022.04.017
http://www.ncbi.nlm.nih.gov/pubmed/35483507
http://doi.org/10.1164/rccm.201703-0554OC
http://www.ncbi.nlm.nih.gov/pubmed/28665684
http://doi.org/10.1111/j.1399-3038.2010.01052.x
http://www.ncbi.nlm.nih.gov/pubmed/20573036
http://doi.org/10.1111/cea.13143
http://doi.org/10.1164/rccm.200702-212OC
http://doi.org/10.1038/ng.3985
http://doi.org/10.1038/s41588-018-0121-0
http://doi.org/10.1016/j.jaip.2017.02.003


J. Clin. Med. 2022, 11, 6558 22 of 31

51. Turato, G.; Barbato, A.; Baraldo, S.; Zanin, M.E.; Bazzan, E.; Lokar-Oliani, K.; Calabrese, F.; Panizzolo, C.; Snijders, D.; Maestrelli, P.;
et al. Nonatopic children with multitrigger wheezing have airway pathology comparable to atopic asthma. Am. J. Respir. Crit.
Care Med. 2008, 178, 476–482. [CrossRef]

52. Just, J.; Nicoloyanis, N.; Chauvin, M.; Pribil, C.; Grimfeld, A.; Duru, G. Lack of eosinophilia can predict remission in wheezy
infants? Clin. Exp. Allergy 2008, 38, 767–773. [CrossRef] [PubMed]

53. Fitzpatrick, A.M.; Jackson, D.J.; Mauger, D.T.; Boehmer, S.J.; Phipatanakul, W.; Sheehan, W.J.; Moy, J.N.; Paul, I.M.; Bacharier, L.B.;
Cabana, M.D.; et al. Individualized therapy for persistent asthma in young children. J. Allergy Clin. Immunol. 2016,
138, 1608–1618.e12. [CrossRef] [PubMed]

54. Esposito, S.; Principi, N. Pharmacological approach to wheezing in preschool children. Expert Opin. Pharmacother. 2014,
15, 943–952. [CrossRef] [PubMed]

55. Shinohara, M.; Wakiguchi, H.; Saito, H.; Matsumoto, K. Presence of eosinophils in nasal secretion during acute respiratory tract
infection in young children predicts subsequent wheezing within two months. Allergol. Int. 2008, 57, 359–365. [CrossRef]

56. Guo, Y.; Zou, Y.; Zhai, J.; Li, J.; Liu, J.; Ma, C.; Jin, X.; Zhao, L. Phenotypes of the inflammatory cells in the induced sputum from
young children or infants with recurrent wheezing. Pediatr. Res. 2019, 85, 489–493. [CrossRef]

57. Ater, D.; Bar, B.E.; Fireman, N.; Fireman, E.; Shai, H.; Tasher, D.; Dalal, I.; Mandelberg, A. Asthma-predictive-index, bronchial-
challenge, sputum eosinophils in acutely wheezing preschoolers. Pediatr. Pulmonol. 2014, 49, 952–959. [CrossRef]

58. De Sousa, R.B.; Medeiros, D.; Sarinho, E.; Rizzo, J.Â.; Silva, A.R.; Bianca, A.C. Risk factors for recurrent wheezing in infants: A
case-control study. Rev. Saude Publica 2016, 50, 15. [CrossRef]

59. Quah, P.L.; Huang, C.H.; Shek, L.P.; Chua, K.Y.; Lee, B.W.; Kuo, I.C. Hyper-responsive T-cell cytokine profile in association with
development of early childhood wheeze but not eczema at 2 years. Asian Pac. J. Allergy Immunol. 2014, 32, 84–92. [CrossRef]

60. Sly, P.D.; Boner, A.L.; Björksten, B.; Bush, A.; Custovic, A.; Eigenmann, P.A.; Gern, J.E.; Gerritsen, J.; Hamelmann, E.; Helms, P.J.;
et al. Early identification of atopy in the prediction of persistent asthma in children. Lancet 2008, 372, 1100–1106. [CrossRef]

61. Lloyd, C.M.; Saglani, S. Development of allergic immunity in early life. Immunol. Rev. 2017, 278, 101–115. [CrossRef]
62. Lynch, S.V.; Wood, R.A.; Boushey, H.; Bacharier, L.B.; Bloomberg, G.R.; Kattan, M.; O’Connor, G.T.; Sandel, M.T.; Calatroni, A.;

Matsui, E.; et al. Effects of early-life exposure to allergens and bacteria on recurrent wheeze and atopy in urban children. J. Allergy
Clin. Immunol. 2014, 134, 593–601.e12. [CrossRef] [PubMed]

63. Henderson, J.; Granell, R.; Heron, J.; Sherriff, A.; Simpson, A.; Woodcock, A.; Strachan, D.P.; Shaheen, S.O.; Sterne, J.A. Associations
of wheezing phenotypes in the first 6 years of life with atopy, lung function and airway responsiveness in mid-childhood. Thorax
2008, 63, 974–980. [CrossRef] [PubMed]

64. Just, J.; Belfar, S.; Wanin, S.; Pribil, C.; Grimfeld, A.; Duru, G. Impact of innate and environmental factors on wheezing persistence
during childhood. J. Asthma 2010, 47, 412–416. [CrossRef]

65. Arshad, S.H.; Karmaus, W.; Raza, A.; Kurukulaaratchy, R.J.; Matthews, S.M.; Holloway, J.W.; Sadeghnejad, A.; Zhang, H.;
Roberts, G.; Ewart, S.L. The effect of parental allergy on childhood allergic diseases depends on the sex of the child. J. Allergy Clin.
Immunol. 2012, 130, 427–434.e6. [CrossRef] [PubMed]

66. Schmidt, F.; Hose, A.J.; Mueller-Rompa, S.; Brick, T.; Hämäläinen, A.M.; Peet, A.; Tillmann, V.; Niemelä, O.; Siljander, H.; Knip,
M.; et al. Development of atopic sensitization in Finnish and Estonian children: A latent class analysis in a multicenter cohort. J.
Allergy Clin. Immunol. 2019, 143, 1904–1913.e9. [CrossRef]

67. Donohue, K.M.; Al-alem, U.; Perzanowski, M.S.; Chew, G.L.; Johnson, A.; Divjan, A.; Kelvin, E.A.; Hoepner, L.A.; Perera, F.P.;
Miller, R.L. Anti-cockroach and anti-mouse IgE are associated with early wheeze and atopy in an inner-city birth cohort. J. Allergy
Clin. Immunol. 2008, 122, 914–920. [CrossRef] [PubMed]

68. Yu, C.L.; Huang, W.T.; Wang, C.M. Treatment of allergic rhinitis reduces acute asthma exacerbation risk among asthmatic children
aged 2–18 years. J. Microbiol. Immunol. Infect. 2019, 52, 991–999. [CrossRef]

69. Von Kobyletzki, L.B.; Bornehag, C.G.; Hasselgren, M.; Larsson, M.; Lindström, C.B.; Svensson, Å. Eczema in early childhood is
strongly associated with the development of asthma and rhinitis in a prospective cohort. BMC Dermatol. 2012, 12, 11. [CrossRef]

70. Saunes, M.; Øien, T.; Dotterud, C.K.; Romundstad, P.R.; Storrø, O.; Holmen, T.L.; Johnsen, R. Early eczema and the risk of
childhood asthma: A prospective, population-based study. BMC Pediatr. 2012, 12, 168. [CrossRef]

71. Chiu, C.Y.; Yang, C.H.; Su, K.W.; Tsai, M.H.; Hua, M.C.; Liao, S.L.; Lai, S.H.; Chen, L.C.; Yeh, K.W.; Huang, J.L. Early-onset eczema
is associated with increased milk sensitization and risk of rhinitis and asthma in early childhood. J. Microbiol. Immunol. Infect.
2020, 53, 1008–1013. [CrossRef]

72. Ekbäck, M.; Tedner, M.; Devenney, I.; Oldaeus, G.; Norrman, G.; Strömberg, L.; Fälth-Magnusson, K. Severe eczema in infancy
can predict asthma development. A prospective study to the age of 10 years. PLoS ONE 2014, 9, e99609. [CrossRef] [PubMed]

73. Boersma, N.A.; Meijneke, R.W.H.; Kelder, J.C.; van der Ent, C.K.; Balemans, W.A.F. Sensitization predicts asthma development
among wheezing toddlers in secondary healthcare. Pediatr. Pulmonol. 2017, 52, 729–736. [CrossRef] [PubMed]

74. Vermeulen, E.M.; Koplin, J.J.; Dharmage, S.C.; Gurrin, L.C.; Peters, R.L.; McWilliam, V.; Ponsonby, A.L.; Dwyer, T.; Lowe, A.J.;
Tang, M.L.K.; et al. Food Allergy Is an Important Risk Factor for Childhood Asthma, Irrespective of Whether It Resolves. J. Allergy
Clin. Immunol. Pract. 2018, 6, 1336–1341.e3. [CrossRef] [PubMed]

75. Illi, S.; von Mutius, E.; Lau, S.; Nickel, R.; Niggemann, B.; Sommerfeld, C.; Wahn, U.; Multicenter Allergy Study Group. The
pattern of atopic sensitization is associated with the development of asthma in childhood. J. Allergy Clin. Immunol. 2001,
108, 709–714. [CrossRef]

http://doi.org/10.1164/rccm.200712-1818OC
http://doi.org/10.1111/j.1365-2222.2008.02966.x
http://www.ncbi.nlm.nih.gov/pubmed/18325032
http://doi.org/10.1016/j.jaci.2016.09.028
http://www.ncbi.nlm.nih.gov/pubmed/27777180
http://doi.org/10.1517/14656566.2014.896340
http://www.ncbi.nlm.nih.gov/pubmed/24611506
http://doi.org/10.2332/allergolint.O-08-544
http://doi.org/10.1038/s41390-018-0268-5
http://doi.org/10.1002/ppul.22926
http://doi.org/10.1590/S1518-8787.2016050005100
http://doi.org/10.12932/AP0355.32.1.2014
http://doi.org/10.1016/S0140-6736(08)61451-8
http://doi.org/10.1111/imr.12562
http://doi.org/10.1016/j.jaci.2014.04.018
http://www.ncbi.nlm.nih.gov/pubmed/24908147
http://doi.org/10.1136/thx.2007.093187
http://www.ncbi.nlm.nih.gov/pubmed/18678704
http://doi.org/10.3109/02770900903584035
http://doi.org/10.1016/j.jaci.2012.03.042
http://www.ncbi.nlm.nih.gov/pubmed/22607991
http://doi.org/10.1016/j.jaci.2018.12.1014
http://doi.org/10.1016/j.jaci.2008.08.034
http://www.ncbi.nlm.nih.gov/pubmed/19000580
http://doi.org/10.1016/j.jmii.2018.10.003
http://doi.org/10.1186/1471-5945-12-11
http://doi.org/10.1186/1471-2431-12-168
http://doi.org/10.1016/j.jmii.2019.04.007
http://doi.org/10.1371/journal.pone.0099609
http://www.ncbi.nlm.nih.gov/pubmed/24914552
http://doi.org/10.1002/ppul.23668
http://www.ncbi.nlm.nih.gov/pubmed/28076664
http://doi.org/10.1016/j.jaip.2017.10.019
http://www.ncbi.nlm.nih.gov/pubmed/29153880
http://doi.org/10.1067/mai.2001.118786


J. Clin. Med. 2022, 11, 6558 23 of 31

76. Illi, S.; von Mutius, E.; Lau, S.; Niggemann, B.; Grüber, C.; Wahn, U.; Multicentre Allergy Study (MAS) Group. Perennial allergen
sensitisation early in life and chronic asthma in children: A birth cohort study. Lancet 2006, 368, 763–770. [CrossRef]

77. Kenmoe, S.; Bowo-Ngandji, A.; Kengne-Nde, C.; Ebogo-Belobo, J.T.; Mbaga, D.S.; Mahamat, G.; Demeni Emoh, C.P.; Njouom, R.
Association between early viral LRTI and subsequent wheezing development, a meta-analysis and sensitivity analyses for studies
comparable for confounding factors. PLoS ONE 2021, 16, e0249831. [CrossRef]

78. Kovesi, T.A.; Cao, Z.; Osborne, G.; Egeland, G.M. Severe early lower respiratory tract infection is associated with subsequent
respiratory morbidity in preschool Inuit children in Nunavut, Canada. J. Asthma 2011, 48, 241–247. [CrossRef]

79. Lin, H.W.; Lin, S.C. Environmental factors association between asthma and acute bronchiolitis in young children—A perspective
cohort study. Eur. J. Pediatr. 2012, 171, 1645–1650. [CrossRef]

80. Mikalsen, I.B.; Halvorsen, T.; Eide, G.E.; Øymar, K. Severe bronchiolitis in infancy: Can asthma in adolescence be predicted?
Pediatr. Pulmonol. 2013, 48, 538–544. [CrossRef]

81. Jeng, M.J.; Lee, Y.S.; Tsao, P.C.; Yang, C.F.; Soong, W.J. A longitudinal study on early hospitalized airway infections and subsequent
childhood asthma. PLoS ONE 2015, 10, e0121906. [CrossRef]

82. Nicolai, A.; Frassanito, A.; Nenna, R.; Cangiano, G.; Petrarca, L.; Papoff, P.; Pierangeli, A.; Scagnolari, C.; Moretti, C.; Midulla, F.
Risk Factors for Virus-Induced Acute Respiratory Tract Infections in Children Younger Than 3 Years and Recurrent Wheezing at
36 Months Follow-Up After Discharge. Pediatr. Infect. Dis. J. 2017, 36, 179–183. [CrossRef] [PubMed]

83. Díez-Domingo, J.; Pérez-Yarza, E.G.; Melero, J.A.; Sánchez-Luna, M.; Aguilar, M.D.; Blasco, A.J.; Alfaro, N.; Lázaro, P. Social,
economic, and health impact of the respiratory syncytial virus: A systematic search. BMC Infect. Dis. 2014, 14, 544. [CrossRef]

84. Rinawi, F.; Kassis, I.; Tamir, R.; Kugelman, A.; Srugo, I.; Miron, D. Bronchiolitis in young infants: Is it a risk factor for recurrent
wheezing in childhood? World J. Pediatr. 2017, 13, 41–48. [CrossRef] [PubMed]

85. Skirrow, H.; Wincott, T.; Cecil, E.; Bottle, A.; Costelloe, C.; Saxena, S. Preschool respiratory hospital admissions following infant
bronchiolitis: A birth cohort study. Arch. Dis. Child. 2019, 104, 658–663. [CrossRef] [PubMed]

86. Dumas, O.; Hasegawa, K.; Mansbach, J.M.; Sullivan, A.F.; Piedra, P.A.; Camargo, C.A., Jr. Severe bronchiolitis profiles and risk of
recurrent wheeze by age 3 years. J. Allergy Clin. Immunol. 2019, 143, 1371–1379.e7. [CrossRef]

87. Bacharier, L.B.; Cohen, R.; Schweiger, T.; Yin-Declue, H.; Christie, C.; Zheng, J.; Schechtman, K.B.; Strunk, R.C.; Castro, M.
Determinants of asthma after severe respiratory syncytial virus bronchiolitis. J. Allergy Clin. Immunol. 2012, 130, 91–100.e3.
[CrossRef]

88. Mansbach, J.M.; Hasegawa, K.; Geller, R.J.; Espinola, J.A.; Sullivan, A.F.; Camargo, C.A., Jr.; MARC-35 Investigators. Bronchiolitis
severity is related to recurrent wheezing by age 3 years in a prospective, multicenter cohort. Pediatr. Res. 2020, 87, 428–430.
[CrossRef]

89. Régnier, S.A.; Huels, J. Association between respiratory syncytial virus hospitalizations in infants and respiratory sequelae:
Systematic review and meta-analysis. Pediatr. Infect. Dis. J. 2013, 32, 820–826. [CrossRef]

90. Coutts, J.; Fullarton, J.; Morris, C.; Grubb, E.; Buchan, S.; Rodgers-Gray, B.; Thwaites, R. Association between respiratory syncytial
virus hospitalization in infancy and childhood asthma. Pediatr. Pulmonol. 2020, 55, 1104–1110. [CrossRef]

91. Nguyen-Van-Tam, J.; Wyffels, V.; Smulders, M.; Mazumder, D.; Tyagi, R.; Gupta, N.; Gavart, S.; Fleischhackl, R. Cumulative
incidence of post-infection asthma or wheezing among young children clinically diagnosed with respiratory syncytial virus
infection in the United States: A retrospective database analysis. Influenza Other Respir. Viruses 2020, 14, 730–738. [CrossRef]

92. Shi, T.; Ooi, Y.; Zaw, E.M.; Utjesanovic, N.; Campbell, H.; Cunningham, S.; Bont, L.; Nair, H.; RESCEU Investigators. Association
Between Respiratory Syncytial Virus-Associated Acute Lower Respiratory Infection in Early Life and Recurrent Wheeze and
Asthma in Later Childhood. J. Infect. Dis. 2020, 222 (Suppl. 7), S628–S633. [CrossRef] [PubMed]

93. Romero, J.R.; Stewart, D.L.; Buysman, E.K.; Fernandes, A.W.; Jafri, H.S.; Mahadevia, P.J. Serious early childhood wheezing after
respiratory syncytial virus lower respiratory tract illness in preterm infants. Clin. Ther. 2010, 32, 2422–2432. [CrossRef] [PubMed]

94. Escobar, G.J.; Masaquel, A.S.; Li, S.X.; Walsh, E.M.; Kipnis, P. Persistent recurring wheezing in the fifth year of life after
laboratory-confirmed, medically attended respiratory syncytial virus infection in infancy. BMC Pediatr. 2013, 13, 97. [CrossRef]
[PubMed]

95. Tan, S.; Szatkowski, L.; Moreton, W.; Fiaschi, L.; McKeever, T.; Gibson, J.; Sharkey, D. Early childhood respiratory morbidity and
antibiotic use in ex-preterm infants: A primary care population-based cohort study. Eur. Respir. J. 2020, 56, 2000202. [CrossRef]
[PubMed]

96. Van Wijhe, M.; Johannesen, C.K.; Simonsen, L.; Jørgensen, I.M.; RESCEU Investigators; Fischer, T.K. A retrospective cohort study
on infant respiratory tract infection hospitalizations and recurrent wheeze and asthma risk: Impact of respiratory syncytial virus.
J. Infect. Dis. 2022, 226, S55–S62. [CrossRef] [PubMed]

97. Brunwasser, S.M.; Snyder, B.M.; Driscoll, A.J.; Fell, D.B.; Savitz, D.A.; Feikin, D.R.; Skidmore, B.; Bhat, N.; Bont, L.J.; Dupont, W.D.;
et al. Assessing the strength of evidence for a causal effect of respiratory syncytial virus lower respiratory tract infections on
subsequent wheezing illness: A systematic review and meta-analysis. Lancet Respir. Med. 2020, 8, 795–806, Erratum in Lancet
Respir. Med. 2021, 9, e10. [CrossRef]

98. Korppi, M.; Kotaniemi-Syrjänen, A.; Waris, M.; Vainionpää, R.; Reijonen, T.M. Rhinovirus-associated wheezing in infancy:
Comparison with respiratory syncytial virus bronchiolitis. Pediatr. Infect. Dis. J. 2004, 23, 995–999. [CrossRef]

99. Jartti, T.; Gern, J.E. Rhinovirus-associated wheeze during infancy and asthma development. Curr. Respir. Med. Rev. 2011,
7, 160–166. [CrossRef]

http://doi.org/10.1016/S0140-6736(06)69286-6
http://doi.org/10.1371/journal.pone.0249831
http://doi.org/10.3109/02770903.2011.560320
http://doi.org/10.1007/s00431-012-1788-3
http://doi.org/10.1002/ppul.22675
http://doi.org/10.1371/journal.pone.0121906
http://doi.org/10.1097/INF.0000000000001385
http://www.ncbi.nlm.nih.gov/pubmed/27798551
http://doi.org/10.1186/s12879-014-0544-x
http://doi.org/10.1007/s12519-016-0056-4
http://www.ncbi.nlm.nih.gov/pubmed/27650524
http://doi.org/10.1136/archdischild-2018-316317
http://www.ncbi.nlm.nih.gov/pubmed/30842095
http://doi.org/10.1016/j.jaci.2018.08.043
http://doi.org/10.1016/j.jaci.2012.02.010
http://doi.org/10.1038/s41390-019-0589-z
http://doi.org/10.1097/INF.0b013e31829061e8
http://doi.org/10.1002/ppul.24676
http://doi.org/10.1111/irv.12770
http://doi.org/10.1093/infdis/jiz311
http://www.ncbi.nlm.nih.gov/pubmed/31370064
http://doi.org/10.1016/j.clinthera.2011.01.007
http://www.ncbi.nlm.nih.gov/pubmed/21353110
http://doi.org/10.1186/1471-2431-13-97
http://www.ncbi.nlm.nih.gov/pubmed/23782528
http://doi.org/10.1183/13993003.00202-2020
http://www.ncbi.nlm.nih.gov/pubmed/32366482
http://doi.org/10.1093/infdis/jiac141
http://www.ncbi.nlm.nih.gov/pubmed/35426942
http://doi.org/10.1016/S2213-2600(20)30109-0
http://doi.org/10.1097/01.inf.0000143642.72480.53
http://doi.org/10.2174/157339811795589423


J. Clin. Med. 2022, 11, 6558 24 of 31

100. Sun, H.; Sun, Q.; Jiang, W.; Chen, Z.; Huang, L.; Wang, M.; Ji, W.; Shao, X.; Yan, Y. Prevalence of rhinovirus in wheezing children:
A comparison with respiratory syncytial virus wheezing. Braz. J. Infect. Dis. 2016, 20, 179–183. [CrossRef]

101. Cox, D.W.; Bizzintino, J.; Ferrari, G.; Khoo, S.K.; Zhang, G.; Whelan, S.; Lee, W.M.; Bochkov, Y.A.; Geelhoed, G.C.; Goldblatt, J.;
et al. Human rhinovirus species C infection in young children with acute wheeze is associated with increased acute respiratory
hospital admissions. Am. J. Respir. Crit. Care Med. 2013, 188, 1358–1364. [CrossRef]

102. Jartti, T.; Kuusipalo, H.; Vuorinen, T.; Söderlund-Venermo, M.; Allander, T.; Waris, M.; Hartiala, J.; Ruuskanen, O. Allergic
sensitization is associated with rhinovirus-, but not other virus-, induced wheezing in children. Pediatr. Allergy Immunol. 2010,
21, 1008–1014. [CrossRef] [PubMed]

103. Hasegawa, K.; Mansbach, J.M.; Bochkov, Y.A.; Gern, J.E.; Piedra, P.A.; Bauer, C.S.; Teach, S.J.; Wu, S.; Sullivan, A.F.; Ca-
margo, C.A., Jr. Association of Rhinovirus C Bronchiolitis and Immunoglobulin E Sensitization During Infancy with Development
of Recurrent Wheeze. JAMA Pediatr. 2019, 173, 544–552. [CrossRef] [PubMed]

104. Reimerink, J.; Stelma, F.; Rockx, B.; Brouwer, D.; Stobberingh, E.; van Ree, R.; Dompeling, E.; Mommers, M.; Thijs, C.; Koopmans,
M. Early-life rotavirus and norovirus infections in relation to development of atopic manifestation in infants. Clin. Exp. Allergy
2009, 39, 254–260. [CrossRef] [PubMed]

105. Li, S.; Williams, G.; Jalaludin, B.; Baker, P. Panel studies of air pollution on children’s lung function and respiratory symptoms: A
literature review. J. Asthma 2012, 49, 895–910. [CrossRef] [PubMed]

106. Nordling, E.; Berglind, N.; Melén, E.; Emenius, G.; Hallberg, J.; Nyberg, F.; Pershagen, G.; Svartengren, M.; Wickman, M.;
Bellander, T. Traffic-related air pollution and childhood respiratory symptoms, function and allergies. Epidemiology 2008,
19, 401–408. [CrossRef] [PubMed]

107. Freid, R.D.; Qi, Y.S.; Espinola, J.A.; Cash, R.E.; Aryan, Z.; Sullivan, A.F.; Camargo, C.A., Jr. Proximity to Major Roads and Risks
of Childhood Recurrent Wheeze and Asthma in a Severe Bronchiolitis Cohort. Int. J. Environ. Res. Public Health 2021, 18, 4197.
[CrossRef] [PubMed]

108. Brunst, K.J.; Ryan, P.H.; Brokamp, C.; Bernstein, D.; Reponen, T.; Lockey, J.; Hershey, G.K.K.; Levin, L.; Grinshpun, S.A.; LeMasters,
G. Timing and Duration of Traffic-related Air Pollution Exposure and the Risk for Childhood Wheeze and Asthma. Am. J. Respir.
Crit. Care Med. 2015, 192, 421–427. [CrossRef]

109. Hasunuma, H.; Sato, T.; Iwata, T.; Kohno, Y.; Nitta, H.; Odajima, H.; Ohara, T.; Omori, T.; Ono, M.; Yamazaki, S.; et al. Association
between traffic-related air pollution and asthma in preschool children in a national Japanese nested case-control study. BMJ Open
2016, 6, e010410. [CrossRef]

110. Esposito, S.; Galeone, C.; Lelii, M.; Longhi, B.; Ascolese, B.; Senatore, L.; Prada, E.; Montinaro, V.; Malerba, S.; Patria, M.F.; et al.
Impact of air pollution on respiratory diseases in children with recurrent wheezing or asthma. BMC Pulm. Med. 2014, 14, 130.
[CrossRef]

111. Bonato, M.; Gallo, E.; Turrin, M.; Bazzan, E.; Baraldi, F.; Saetta, M.; Gregori, D.; Papi, A.; Contoli, M.; Baraldo, S. Air Pollution
Exposure Impairs Airway Epithelium IFN-β Expression in Pre-School Children. Front. Immunol. 2021, 12, 731968. [CrossRef]

112. Bonato, M.; Gallo, E.; Bazzan, E.; Marson, G.; Zagolin, L.; Cosio, M.G.; Barbato, A.; Saetta, M.; Gregori, D.; Baraldo, S. Air Pollution
Relates to Airway Pathology in Children with Wheezing. Ann. Am. Thorac. Soc. 2021, 18, 2033–2040. [CrossRef] [PubMed]

113. Norbäck, D.; Lu, C.; Zhang, Y.; Li, B.; Zhao, Z.; Huang, C.; Zhang, X.; Qian, H.; Sun, Y.; Sundell, J.; et al. Onset and remission of
childhood wheeze and rhinitis across China—Associations with early life indoor and outdoor air pollution. Environ. Int. 2019,
123, 61–69. [CrossRef] [PubMed]

114. Holst, G.J.; Pedersen, C.B.; Thygesen, M.; Brandt, J.; Geels, C.; Bønløkke, J.H.; Sigsgaard, T. Air pollution and family related
determinants of asthma onset and persistent wheezing in children: Nationwide case-control study. BMJ 2020, 370, m2791.
[CrossRef] [PubMed]

115. Zhang, Y.; Wei, J.; Shi, Y.; Quan, C.; Ho, H.C.; Song, Y.; Zhang, L. Early-life exposure to submicron particulate air pollution in
relation to asthma development in Chinese preschool children. J. Allergy Clin. Immunol. 2021, 148, 771–782.e12. [CrossRef]

116. Brand, A.; McLean, K.E.; Henderson, S.B.; Fournier, M.; Liu, L.; Kosatsky, T.; Smargiassi, A. Respiratory hospital admissions in
young children living near metal smelters, pulp mills and oil refineries in two Canadian provinces. Environ. Int. 2016, 94, 24–32.
[CrossRef]

117. Makrinioti, H.; Camargo, C.A.; Zhu, Z.; Freishtat, R.J.; Hasegawa, K. Air pollution, bronchiolitis, and asthma: The role of nasal
microRNAs. Lancet Respir. Med. 2022, 10, 733–734. [CrossRef]

118. Ji, H.; Myers, J.M.B.; Brandt, E.B.; Brokamp, C.; Ryan, P.H.; Hershey, G.K.K. Air pollution, epigenetics, and asthma. Allergy Asthma
Clin. Immunol. 2016, 12, 51. [CrossRef]

119. Sharma, S.; Yang, I.V.; Schwartz, D.A. Epigenetic regulation of immune function in asthma. J. Allergy Clin. Immunol. 2022,
150, 259–265. [CrossRef]

120. Cai, J.; Li, B.; Yu, W.; Wang, H.; Du, C.; Zhang, Y.; Huang, C.; Zhao, Z.; Deng, Q.; Yang, X.; et al. Household dampness-
related exposures in relation to childhood asthma and rhinitis in China: A multicentre observational study. Environ. Int. 2019,
126, 735–746. [CrossRef]

121. Saijo, Y.; Yoshioka, E.; Sato, Y.; Azuma, H.; Tanahashi, Y.; Ito, Y.; Kobayashi, S.; Minatoya, M.; Bamai, Y.A.; Yamazaki, K.; et al.
Relations of mold, stove, and fragrance products on childhood wheezing and asthma: A prospective cohort study from the Japan
Environment and Children’s Study. Indoor Air 2022, 32, e12931. [CrossRef]

http://doi.org/10.1016/j.bjid.2015.12.005
http://doi.org/10.1164/rccm.201303-0498OC
http://doi.org/10.1111/j.1399-3038.2010.01059.x
http://www.ncbi.nlm.nih.gov/pubmed/20977499
http://doi.org/10.1001/jamapediatrics.2019.0384
http://www.ncbi.nlm.nih.gov/pubmed/30933255
http://doi.org/10.1111/j.1365-2222.2008.03128.x
http://www.ncbi.nlm.nih.gov/pubmed/19032360
http://doi.org/10.3109/02770903.2012.724129
http://www.ncbi.nlm.nih.gov/pubmed/23016510
http://doi.org/10.1097/EDE.0b013e31816a1ce3
http://www.ncbi.nlm.nih.gov/pubmed/18379426
http://doi.org/10.3390/ijerph18084197
http://www.ncbi.nlm.nih.gov/pubmed/33921001
http://doi.org/10.1164/rccm.201407-1314OC
http://doi.org/10.1136/bmjopen-2015-010410
http://doi.org/10.1186/1471-2466-14-130
http://doi.org/10.3389/fimmu.2021.731968
http://doi.org/10.1513/AnnalsATS.202010-1321OC
http://www.ncbi.nlm.nih.gov/pubmed/34004126
http://doi.org/10.1016/j.envint.2018.11.033
http://www.ncbi.nlm.nih.gov/pubmed/30496983
http://doi.org/10.1136/bmj.m2791
http://www.ncbi.nlm.nih.gov/pubmed/32816747
http://doi.org/10.1016/j.jaci.2021.02.030
http://doi.org/10.1016/j.envint.2016.05.002
http://doi.org/10.1016/S2213-2600(22)00133-3
http://doi.org/10.1186/s13223-016-0159-4
http://doi.org/10.1016/j.jaci.2022.06.002
http://doi.org/10.1016/j.envint.2019.03.013
http://doi.org/10.1111/ina.12931


J. Clin. Med. 2022, 11, 6558 25 of 31
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