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Abstract

Respiratory syncytial virus (RSV) is a major cause of acute lower respiratory infections (AL-
Rls) in young children, especially bronchiolitis, with significant global health and economic
impact. Increasing evidence links early-life RSV infection to long-term respiratory com-
plications, notably recurrent wheezing and asthma. This narrative review examines these
associations, emphasizing predictive factors and emerging biomarkers for risk stratification.
Early RSV infection can trigger persistent airway inflammation and immune dysregulation,
increasing the likelihood of chronic respiratory outcomes. Risk factors include severity of
the initial infection, age at exposure, genetic susceptibility, prematurity, air pollution, and
tobacco smoke. Biomarkers such as cytokines and chemokines are showing promise in
identifying children at higher risk, potentially guiding early interventions. RSV-related
bronchiolitis may also induce airway remodeling and promote Th2/Th17-skewed immune
responses, mechanisms closely linked to asthma development. Advances in molecular
profiling are shedding light on these pathways, suggesting novel targets for early ther-
apeutic strategies. Furthermore, passive immunization and maternal vaccination offer
promising approaches to reducing both acute and long-term RSV-related morbidity. A
deeper understanding of RSV’s prolonged impact is essential to develop targeted preven-
tion, enhance risk prediction, and improve long-term respiratory health in children. Future
studies should aim to validate biomarkers and refine immunoprophylactic strategies.
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1. Introduction

Respiratory syncytial virus (RSV) represents one of the leading causes of acute lower
respiratory infections (ALRIs) in young children, in particular bronchiolitis, resulting in
high rates of hospital admissions with a substantial burden on healthcare services. RSV
contributes significantly to morbidity and mortality burden globally in children aged
0-60 months, especially during the first 6 months of life and in low-income and middle-
income countries [1,2]. Furthermore, RSV-associated infections represent an enormous
economic cost to healthcare systems [3]. As shown in Table 1, a recent observational study
that analyzed RSV infections over a 9-year period in Italy (from September 2014 to March
2023) showed that, out of all the included children diagnosed with RSV infection, 70%
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of them younger than 1 year old at the time of hospitalization and ~50% younger than
3 months, with numbers still significantly high in the post-pandemic seasons [4].

Table 1. Distribution of registered cases according to age (in years) and epidemic season, described as
an absolute number and percentage over the total cases [n] recorded in the given season. The “POST
COVID-19” column shows the total cases of season 2021-2022 to 2022-2023 and the “PRE-COVID-19”
shows those of season 2014-2015 to season 2019-2020.

Age (Years)

Post COVID-19 (n/%) [n = 645] 20/21 (n/%) [n =71 PRE COVID-19 (n/%) [n = 610]

0-1 390 (60.4%) 5 (71.4%) 479 (78.5%)
1-2 106 (16.4%) 1(14.2%) 78 (12.8%)
2-3 65 (10.1%) 1(14.2%) 26 (4.3%)
3-4 48 (7.4%) 0 (0%) 14 (2.3%)
4-5 24 (3.7%) 0 (0%) 7 (1.1%)
5-6 12 (1.9%) 0 (0%) 6 (1%)

Adapted from Lodi et al. [4].

Another study showed that intensive care support is strongly related to the age of
patients, with more than 80% of children under 1 year old and over 70% of children under
3 months needing access to the intensive care unit (ICU). In the post pandemic period,
the seasonal trend of RSV infections highly occurred between November and December
for 79.8% of cases. Conversely, during the pre-pandemic period, the peak was observed
between December and February. On the other hand, the epidemic season begins in
November and lasts until the month of April [4,5].

Comorbidities play a pivotal role in the hospitalization of infants and children with
RSV infection. The most common comorbidity reported in hospitalized pediatric patients is
prematurity [4,5]. Other well known risk factors that increase the risk of hospitalization are
represented by low birth weight, being small for gestational age (SGA), maternal smoking
during pregnancy or in the post-natal period, cesarean delivery, exposure to passive
smoking, indoor air pollution, and certain medical conditions (e.g., as bronchopulmonary
dysplasia (BPD), human immunodeficiency virus (HIV) infection, congenital heart disease
(CHD), Down syndrome, and cystic fibrosis), which are all associated with an increased
risk of developing RSV-related ALRI and subsequently requiring hospitalization [6].

RSV infection in early life can also lead to long-term consequences, such as recur-
rent wheezing and asthma [7,8], hence why many biomarkers of these chronic conditions
are currently at study. The purpose of our narrative review (clinical trial number: not
applicable) is to examine the long-term risks associated with RSV infection in children
(at term and preterm) and to evaluate potential biomarkers that may serve as prognostic
indicators for identifying pediatric patients at greater risk of developing severe RSV-related
sequelae. This narrative review was conducted through a comprehensive literature search
of peer-reviewed articles in databases such as PubMed, Scopus, and Web of Science of
the last 15 years (March 2010-March 2025). The inclusion criteria focused on studies pub-
lished in the last two decades that investigated the long-term respiratory outcomes of
RSV infection in children, with particular attention to recurrent wheezing and asthma
development. Additional sources included systematic reviews, meta-analyses, and clin-
ical guidelines relevant to RSV-related respiratory diseases. Key search terms included
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“RSV,” “bronchiolitis,” “recurrent wheezing,” “asthma,” “biomarkers,” and “risk factors”

and “neonate”, “newborn”, “infant”, “children”, “pediatric” and “paediatric.” Articles
were screened for relevance based on title and abstract, followed by full-text evaluation.

Data extraction was performed independently by two researchers to ensure accuracy, with
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discrepancies resolved through discussion. This review synthesizes current knowledge
on the pathophysiological mechanisms linking RSV infection to chronic respiratory dis-
eases, examines predictive factors for severe outcomes, and evaluates the potential role of
emerging biomarkers.

2. Impact of RSV Infection in Pediatric Population

RSV is the most common virus to cause bronchiolitis in children with its peak in
the winter months when people usually gather indoors [9,10]. In the United States, it is
estimated that approximately 2.1 million children younger than 5 years require medical care
as inpatients or as outpatients for RSV infection annually [11]. Bronchiolitis is a respiratory
condition marked by acute inflammation, oedema, and epithelial lining necrosis of the
small airways in children’s respiratory systems involving increased mucus production and
bronchospasm. Common signs and symptoms include nasal congestion, rapid breathing
(tachypnea), wheezing, coughing, crackling sounds in the lungs, use of auxiliary muscles
for breathing, and/or nasal flaring. Bronchiolitis may be due to several respiratory viruses,
although RSV is the most common cause. Viruses invade airway cells causing a local inflam-
matory response, ciliary destruction and increased mucus secretion. Parietal inflammation,
mucus and cellular debris reduce the cross-sectional area available for airflow and, in the
worst-case scenario, may produce bronchiolar plugs and atelectasis. These processes lead
to gas trapping with a typically obstructive respiratory failure. When the infection is severe
enough, and the inflammatory reaction spreads from the airways to the lung parenchyma,
bronchiolitis may be associated with various degrees of alveolar injury [9,12].

As mentioned above, prematurity represents one of the main risk factors for a seri-
ous RSV infection. Preterm neonates present immature innate immune system and the
predisposition to develop chronic pulmonary and/or cardiac diseases. These conditions
increase their susceptibility to develop severe and life-threatening RSV diseases. Research
studies involving preterm and term infants with RSV have revealed comparable levels
of interferon (IFN)-y, interleukin (IL)-10, and RANTES (regulated on activation, normal
T-cell expressed and secreted) from nasal swabs. This suggests that cytokine secretions
from the upper airway may not play a significant role in the development of severe disease
in preterm infants [13,14]. Mucosal IgA is another key component in protection against
RSV: during RSV infection, IgA secretion from B-cells is activated through IFN-«, which is
decreased in preterm infants, suggesting that IgA responses may be diminished, increasing
susceptibility to develop severe disease, which is associated with long-term complications
such as wheezing and asthma [15]. Moreover, the microbiome of preterm infants is altered
and has a relatively low diversity compared to term infants at birth, which may partially
explain their enhanced risk of asthma development. In fact, microbial dysbiosis in early
life negatively affects the immune system development [14,16].

3. Recurrent Wheezing and Asthma Risk Factors

3.1. Clinical and Epidemiological Factors
3.1.1. Risk Factors

Understanding the risk factors for developing wheezing or asthma in the pediatric
population is important both for asthma prevention strategies and for offering guidance
after an initial wheezing episode. Children up to 5 years of age are prone to episodic
wheezing caused by viral pathogens, most commonly by Rhinovirus (RV) and RSV, and
viral wheezing within the first three years is the most important risk factor for asthma
at age 6 [17]. The main risk and protective factors associated with the development of
wheezing and asthma after an RSV infection are illustrated in Figure 1.
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Figure 1. Risk and protective factors involved in severe RSV infection in childhood and the subsequent
development of recurrent wheezing and asthma.

It would be useful to determine the role of RSV infection and the patient’s own genetic
and immune factors in the development of chronic respiratory disease to identify the risk
factors responsible for severe viral infection [18]. Further studies in this field could identify
which children require more attention in terms of prevention, diagnosis and treatment.

Although recurrent wheezing and asthma are closely related, important distinctions
exist between these conditions [19,20]. Recurrent wheezing refers to multiple episodes of
wheezing, typically in children under five years old, often triggered by viral infections, and
may resolve over time without persistent symptoms. Asthma, in contrast, is characterized
by chronic airway inflammation, variable airflow obstruction, and bronchial hyperrespon-
siveness, with symptoms such as wheezing, cough, and dyspnea persisting beyond early
childhood. Pathophysiologically, asthma involves sustained airway remodeling and im-
mune dysregulation, including Th2 and Th17 pathways, whereas wheezing episodes may
reflect transient inflammation without structural airway changes [19,20]. Prognostically,
many children with recurrent wheezing do not progress to asthma; however, certain risk
factors—such as early severe viral infections, atopy, and genetic predisposition—increase
the likelihood of developing persistent asthma [19]. Clarifying these distinctions is crucial
for appropriate diagnosis, risk stratification, and tailored management.

3.1.2. The Prematurity Factor

The association of preterm births with pulmonary complications early in life is well
established. Furthermore, recent studies have also highlighted the correlation with an
increased long-term risk of asthma. In a national cohort study in Sweden, following
4,079,878 singletons born during 1973-2013, the outcomes showed an increased asthma
risk in all age groups (<10, 10-17, 18-46 years), with a maximum follow-up duration of
46 years into adulthood [21]. Moreover, the risk increased as gestational age decreased, but
was significant even for late preterm and early term infants [21]. This suggests that the
increased risk is not fully explained by the underdevelopment of lung structures, which is
the primary hypothesis for pulmonary complications in very preterm infants. When an
infant is born in the extremely or very preterm range (before the 32 weeks of gestation),
lung development is still in the saccular period, meaning that the division of the alveolar
saccules and ducts in true alveoli is yet to occur and proliferation of the capillary network
is still incomplete. At 36 weeks in the alveolar period, the patterns of arteries and vein are
complete, and the lung is now more able to support respiration [22]. In addition to this
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structural factor of underdeveloped lungs, the reason behind this increased susceptibility is
likely to be multifactorial. These factors may include increased susceptibility to respiratory
infections, which we have already seen as an important risk factor for recurrent wheeze
and asthma. This highlights the importance of early interventions to reduce the risk of
asthma in preterm infants. To further investigate these preventative measures, a case—
control study in Japan followed 444 preterm infants (33/35 GA), 349 of which received
a passive immunoprophylaxis against RSV through palivizumab and 95 received only a
placebo. Although there was a significant reduction in the palivizumab group of physician-
diagnosed recurrent wheezing at 3 years of age, no differences were observed in the
diagnosis of asthma at 6 years follow-up [23,24]. Future identification of additional risk
factors may open the door for targeted preventive strategies to reduce the long-term risk of
asthma in this vulnerable population [25].

3.1.3. Age at Time of RSV Infection and Development of Wheezing

Age at the time of RSV infection is an important factor in the subsequent development
of recurrent wheezing and asthma. An early RSV infection can cause more significant
damage to the airways, increasing the remodeling of the neuronal pathways in the lung
epithelium and altering the immune system [26]. Younger patients are more inclined to
develop a severe infection requiring hospitalization, respiratory support, and sometimes
ICU admission [18,27-30]. In addition, age younger than 6 months seems to be related
to a higher severity of infection (in fact, 46% of RSV deaths occur in patients younger
than 6 months of age) and therefore to a higher risk of developing recurrent wheezing and
asthma in childhood as shown by several studies in the literature [31].

In the study by McGinley et al., the mean age at the time of RSV infection in the
analyzed population who had developed wheezing in childhood was 3.7 months, whereas
it was 4.3 months in patients who did not develop the condition [30]. The Tennessee
Asthma Bronchiolitis Study (TABS), which investigated the relationship between patient
age at the time of the winter peak of viral infections and the development of asthma in
childhood by analyzing a sample of approximately 95,000 children, pointed out that the
major risk of bronchiolitis and asthma development was in children who were 4 months
old at the time of the peak of winter viral infections. This study did not specify whether the
patient population that developed asthma in childhood had contracted a specific virus, but
it is reported that 70% of severe bronchiolitis cases had been caused by RSV [31].

Several studies, however, show that the development of recurrent wheezing and
asthma following RSV infection in the first 3—4 years of life is a transient condition that
occurs around the age of 6-7 years; in fact, in the cohorts of patients investigated by several
studies, there were no longer any significant differences between the infected population
and the control group at 13 years [26,32,33].

3.2. Virological and Infectious Factors

According to several studies in the literature, the main predictive factors for the devel-
opment of asthma and wheezing have been identified as greater severity of manifestations
at the time of RSV bronchiolitis diagnosis, the need for hospitalization, longer hospital
stays, and the necessity for intensive care treatment. Clinically, increased respiratory rate,
fever and a high score on the RSV bronchiolitis severity score during acute RSV infec-
tion have been associated with recurrent wheezing. These factors appear to predispose
both patients with specific risk factors (such as prematurity, cardiovascular, pulmonary, or
neuromuscular diseases) and those without underlying conditions [23,27,28,34-39].

Risk factors can differ for allergic and non-allergic asthma. A 2017 study conducted on
infants hospitalized for the first wheezing episode found that the positivity of RV infection
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alone or related to allergic sensitization or eczema predicted the development of allergic
asthma at school age. The exposure to parental smoking, the identification of RSV infection
during the first wheezing episode and the evidence of wheezing in the first year of life were
defined as risk factors for non-allergic asthma at school age [36]. Moreover, the severity of
RSV infection seems to be a significant risk factor for the development of asthma [37].

Recent studies have suggested the possibility to distinguish different forms of bron-
chiolitis due to the heterogeneity of the disease [19]. In 2019, a cohort study on American
infants hospitalized with bronchiolitis in their first year of life followed these children
after hospitalization to identify several bronchiolitis profiles and to investigate their asso-
ciations with allergy, inflammatory and immune response biomarkers, nasopharyngeal
microbiota, and the risk of developing recurrent wheezing by 3 years of age [38]. Three
bronchiolitis profiles were identified: profile A infants (15%) were characterized by a more
relevant history of respiratory problems, eczema and a higher association with RV infec-
tions; profile B (49%) had the largest proportion of RSV infections and a lower prevalence
of respiratory problems or eczema; profile C (36%) was the most severe ill group, with
the longest duration of hospitalization and the most severe course of symptoms, mainly
related to RSV infections. The profile A infants were characterized by a higher eosinophil
count compared to the other two groups. Interesting results were found in the respiratory
outcomes. Profile A children had a 2-fold increased risk to develop recurrent wheezing at
3 years old compared to profile B infants. The same risk was increased as well, in a less
significant way, in profile C children [38]. Thus, specific respiratory viruses could have a
different impact on the development of recurrent wheezing and asthma. Profile A children
already had a prior clinical story suggestive of atopic disease, leading to the associations
that children with an increased susceptibility to asthma also have a higher propensity to RV
infection. Profile C did not have a distinctive clinical history; however, they were the most
severely ill group, which is a factor that increases asthma risk in a dose-response manner
and seems to suggest a causal role of an unknown mechanism. To sum up, the differences
in the populations of profiles A and C suggest that these forms of bronchiolitis are to be
associated with recurrent wheezing through different pathways [38,39].

3.3. Immunological Mechanisms
3.3.1. The Role of the Immune System

An immune response to RSV infection with predominance of Th2- and Th17-type
lymphocytes appears to be a predisposing factor for development of recurrent wheez-
ing and asthma in childhood [31]. RSV stimulates the proliferation and differentiation
of lymphocytes into Th2 lymphocytes, which are responsible for the production of spe-
cific cytokines (such as IL-4, IL-5, and IL-13), and the recall of eosinophils, generating an
airway inflammatory infiltrate like the inflammatory infiltrate in atopy and in asthmatic
subjects [26,29]. The set of cytokines produced during primary infection is very important
in increasing the risk of developing chronic inflammation. Severe RSV infection promotes a
pro-inflammatory environment through the production of cytokines and chemokines such
as IL-6, IL-8, IL-11, IFN-y and monocyte chemotactic protein (MCP)-1a, which increase
bronchial hyper-responsiveness [40]. Elevated levels of Th17 lymphocytes and IL-17 have
also been found in the respiratory secretions of patients with severe infection. This inflam-
matory profile correlates with airway mucus hypersecretion, altered CD8* T-lymphocyte
response and reduced viral clearance [41]. RSV infection can alter the function of regulatory
T lymphocytes, which mediate the immunotolerance through their action on dendritic cells,
leading to increased susceptibility to inhalant allergens [42].
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Figure 2 shows the immunological pathways linking RSV infection to recurrent wheez-
ing and asthma, highlighting Th2 /Th17 imbalance, cytokine profiles (including IL-33 and
TSLP), airway remodeling, and genetic susceptibility factors.

RSV Infection — Epithelial Damage — 1 1L-33, TSLP

N /
Th2 Response Th17 Response
) }

Eosinophilic Inflammation  Neutrophilic Inflammation

1 !
Airway Remodeling Persistent Inflammation
1 !
Wheezing, Asthma Wheezing, Asthma

IL, interleukin; TSLP, thymic stromal lymphopoietin.

Figure 2. Proposed immunological pathways linking RSV infection to recurrent wheezing and
asthma, highlighting Th2/Th17 imbalance, cytokine profiles, airway remodeling, and genetic suscep-
tibility factors.

An immune response to RSV infection with predominance of Th2- and Th17-type
lymphocytes appears to be a predisposing factor for development of recurrent wheezing
and asthma in childhood [31]. RSV stimulates the proliferation and differentiation of
lymphocytes into Th2 lymphocytes, which are responsible for the production of specific
cytokines (such as IL-4, IL-5, and IL-13), and the recruitment of eosinophils, generating
an airway inflammatory infiltrate similar to that observed in atopic and asthmatic sub-
jects [26,29]. The set of cytokines produced during primary infection is very important in
increasing the risk of developing chronic inflammation. Severe RSV infection promotes a
pro-inflammatory environment through the production of cytokines and chemokines such
as IL-6, IL-8, IL-11, IFN-y, and monocyte chemotactic protein (MCP)-1a, which increase
bronchial hyperresponsiveness [40].

Beyond the nasal cytokine measurements reported in some studies, further evidence
has shown differences in immune responses between term and preterm infants. For
example, Anderson et al. demonstrated that preterm infants exhibit lower expression of
Toll-like receptors (TLRs) and impaired activation of plasmacytoid dendritic cells upon RSV
exposure, potentially contributing to weaker antiviral defenses [14]. Moreover, Anderson
et al. reported alterations in type I interferon responses in preterm infants, suggesting that
deficits in early antiviral immunity may partially explain the higher risk of severe RSV
disease and subsequent asthma development in this population [16].

Elevated levels of Th17 lymphocytes and IL-17 have also been found in the respiratory
secretions of patients with severe infection. This inflammatory profile correlates with
airway mucus hypersecretion, altered CD8" T-lymphocyte response, and reduced viral
clearance [41]. RSV infection can alter the function of regulatory T lymphocytes, which
mediate immunotolerance through their action on dendritic cells, leading to increased
susceptibility to inhalant allergens [42].
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3.3.2. Host Risk Factors: Sensitization and Microbiome

Asthma is a heterogeneous and multifactorial disease, as well as recurrent wheez-
ing [19,20]. Allergic sensitization plays an important role in the development of these con-
ditions. A positive history for atopy, such as food allergy or eczema, has been long linked
with an increased risk of asthma. In a 2019 study, children <3 years old previously hospi-
talized for wheezing were followed up to analyze which variables could predict the risk of
developing recurrent wheezing. The main risk factors in this population were represented
by eczema, high eosinophil count and eosinophil derived neurotoxin (EDN; eosinophil:
3.10 £ 2.54% vs. 1.31 &+ 1.15%, p < 0.001; EDN: 68.67 £ 55.05 vs. 27. 36 & 19.51 ng/mL,
p < 0.001), and a previous RSV infection [23]. In a randomized clinical trial on asthmatic
children treated with omalizumab, a seasonal reduction in exacerbations was detected in
the intervention group compared to controls (placebo group), despite both groups having
a similar rate of viral detection [34]. This result suggested that allergic sensitization can
increase individual susceptibility to seasonal exacerbations together with viral infections.

The role of bacteria and host microbiota seem to be equally important in the pathogen-
esis of wheezing and asthma. A 2012 study retrospectively analyzed the bronchoalveolar
lavage (BAL) of a population of young wheezers unresponsive to topic corticosteroids. In
total, 48.5% of BAL were positive for bacteria: Haemophilus influenzae was detected in 30.3%
of patients, Streptococcus pneumoniae in 12.1% and Moraxella catarrhalis in 12.1%. These
findings show that bacterial findings are common in persistent preschool wheezers [35].

Importantly, it remains a matter of ongoing research whether atopic patients who
experience RSV infection have an increased probability of developing recurrent wheezing
and asthma compared to atopic children without RSV infection [19,43,44]. Some studies
suggest that RSV infection acts as an additional trigger in atopic individuals, amplifying the
underlying Th2-skewed immune response and promoting airway inflammation and remod-
eling. For example, Lukkarinen et al. demonstrated that infants with atopic predisposition
who experienced viral wheezing episodes—including RSV—had a significantly higher
risk of developing allergic asthma at school age compared to atopic infants without such
viral episodes [36]. Furthermore, Busse et al. (2011) highlighted that viral infections may
synergize with allergic inflammation to increase asthma exacerbations, implying that RSV
could worsen respiratory outcomes in children with atopic tendencies [34]. Nonetheless,
other studies report that the presence of atopy alone, even without documented RSV infec-
tion, is already a strong predictor for later asthma development. Therefore, while atopy
independently predisposes children to asthma, RSV infection appears to further increase
the risk, potentially through additive or synergistic immune mechanisms. Clarifying these
interactions remains crucial for targeted prevention and management strategies.

3.4. Genetic and Molecular Factors

Polymorphisms with gain of function of specific chemokine genes (e.g., IL-8 and
CCLD5) or their receptors (CX3CR1) may facilitate the onset of chronic inflammation. A
study conducted in China on a cohort of 320 children who had acquired RSV infection
in the first 12 months of life demonstrated an increased risk of severe RSV infection and
development of recurrent wheezing, asthma, and atopy in patients with polymorphisms at
the promoter region of CCL5, a chemokine critical for the chemotaxis of Th2 lymphocytes,
NK cells, eosinophils, basophils, and dendritic cells [45]. Polymorphisms with gain of
function of genes related to cytokines regulating the Th2-mediated immune response (e.g.,
IL-4 and IL-13) predispose to severe RSV infection and increase the risk to develop asthma
and recurrent wheezing [29,45]. A study found that a deficit in IFN-y expression at the age
of 9 months may be associated with the development of recurrent wheezing [46]. These
results indicate how polymorphisms of genes regulating the expression of specific molecules
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of the immune system can influence the development of chronic diseases following an
infectious trigger such as RSV bronchiolitis.

In recent years, genome-wide association studies (GWASs) have uncovered novel
loci associated with asthma susceptibility following viral infections, identifying key SNPs
linked to immune regulation and airway remodeling pathways [47-50]. Furthermore,
single-cell RNA sequencing (scRNA-seq) technologies have revealed cell-type specific
expression patterns of these risk alleles, providing unprecedented resolution in understand-
ing genetic predisposition to post-RSV asthma. Studies have shown that variants in genes
such as IL-33, TSLP, and CCLS5 exhibit differential expression in epithelial and immune
cell subpopulations, further supporting their mechanistic role in driving persistent airway
inflammation and remodeling after RSV bronchiolitis [45,51]. Future research leveraging
integrated multi-omics and single-cell approaches will be crucial to fully elucidate these
complex genetic underpinnings.

3.5. Environmental Influences

Environmental factors such as exposure to second-hand smoke, maternal smoking
during pregnancy, low socioeconomic status, and air pollution have been consistently
associated with an increased risk of recurrent wheezing and asthma development following
RSV infection [31].

Several studies have demonstrated that both prenatal and postnatal exposure to
tobacco smoke significantly elevate the risk of respiratory morbidity. Wu et al. reported
that infants exposed to household smoking during infancy had a significantly higher risk
of developing asthma after RSV bronchiolitis, with a dose-response relationship observed
between the number of cigarettes smoked and asthma incidence [31]. Similarly, Henderson
et al. (2005) found maternal smoking to be associated with increased wheezing and asthma
in children hospitalized for RSV bronchiolitis in infancy [52].

Air pollution, particularly exposure to particulate matter (PM2.5 and PM10), nitrogen
dioxide (NO2), and other pollutants, has been implicated as a co-factor in respiratory
disease progression. A cohort study by Koenig et al. demonstrated that urban air pollution
contributes to airway inflammation and hyperresponsiveness in children following viral
respiratory infections, exacerbating the risk of chronic respiratory symptoms [53]. Moreover,
the European Study of Cohorts for Air Pollution Effects (ESCAPE) highlighted that exposure
to traffic-related pollutants was significantly linked to increased incidence of wheezing and
asthma in children [54].

Socioeconomic factors are equally important. Children from lower socioeconomic
backgrounds may face increased RSV exposure due to crowded living conditions, limited
access to healthcare, and higher exposure to indoor pollutants. Pullan and Hey observed
persistent wheezing and decreased lung function in children from socioeconomically
disadvantaged households following severe RSV bronchiolitis [32].

Emerging evidence also suggests that birth by caesarean section may influence the
infant microbiome and immune system development, possibly modifying susceptibility
to wheezing disorders after RSV infection. Bager et al. found a higher incidence of
asthma among children delivered via caesarean section, potentially related to differences in
microbial colonization [55].

Additionally, co-infections with other respiratory viruses, including rhinovirus, parain-
fluenza virus type 3, and SARS-CoV-2, may exacerbate RSV-related inflammation and
increase the risk of chronic respiratory sequelae. Lukkarinen et al. demonstrated that co-
detection of rhinovirus during an initial wheezing episode increases the risk of developing
allergic asthma at school age [36].
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These findings underscore that environmental exposures are not merely passive con-
tributors but active modifiers of immune responses and disease trajectories in children
infected with RSV. Addressing these modifiable risk factors through public health strategies,
such as smoking cessation programs and air quality improvements, may help reduce the
burden of RSV-related recurrent wheezing and asthma.

4. Prevention Strategies

To date, prevention remains the cornerstone in reducing the burden of respiratory
syncytial virus (RSV) infection, particularly among infants and young children. Non-
pharmaceutical interventions continue to play a critical role in limiting RSV transmission.
Basic hygiene measures—such as frequent and thorough hand washing, respiratory eti-
quette, limiting close contact with symptomatic individuals, and avoiding crowded indoor
spaces during the RSV season—are simple yet essential strategies to reduce exposure
risk [56,57]. These measures are particularly important for protecting infants during the
first six months of life, when they are most vulnerable to severe disease.

A major breakthrough in RSV prevention has come with the introduction of long-
acting monoclonal antibodies (mAbs), which offer passive immunity during the peak of
RSV circulation [58]. Nirsevimab, a recombinant human monoclonal antibody targeting the
prefusion form of the RSV F protein, has demonstrated high efficacy in preventing lower
respiratory tract infections. Compared to Palivizumab, which required monthly dosing,
Nirsevimab offers season-long protection with a single intramuscular dose. Approved by
the European Medicines Agency in 2022, Nirsevimab significantly reduces RSV-related hos-
pitalizations and medically attended lower respiratory tract infections for at least 150 days,
matching the typical duration of an RSV season [11,59-62]. It is now recommended for all
infants entering their first RSV season, including healthy full-term newborns, preterm in-
fants, and those with comorbidities such as congenital heart or lung disease, in accordance
with recent WHO recommendations.

Recent real-world studies have provided encouraging evidence on the efficacy and
safety of nirsevimab in broader infant populations [63-65]. Notably, data from prospective
biomarker cohorts such as the COPSAC (Copenhagen Prospective Studies on Asthma
in Childhood) and INSPIRE (Infant Susceptibility to Pulmonary Infections and Asthma
Following RSV Exposure) studies have offered valuable insights. For instance, recent
COPSAC analyses demonstrated that nirsevimab administration significantly reduced RSV-
related hospitalizations and was associated with lower biomarker levels indicative of Th2-
type inflammation, suggesting potential benefits beyond acute infection prevention [66,67].
Similarly, the INSPIRE cohort has begun to provide longitudinal data linking early RSV
immunoprophylaxis to a reduced risk of recurrent wheezing and possible modulation of
immune pathways implicated in asthma development [68]. Such findings underscore the
importance of integrating real-world evidence into clinical practice guidelines and future
prevention strategies. To date, there are limited published data comparing immune profiles
of infants treated with Nirsevimab who nonetheless developed severe RSV infection versus
those fully protected. Ongoing studies such as COPSAC and INSPIRE are expected to
address this knowledge gap through biomarker analyses and immunological profiling in
treated cohorts.

In addition to passive immunization, maternal vaccination against RSV represents
an important complementary strategy [69]. Vaccination during pregnancy, typically in the
late second or early third trimester, induces high titers of neutralizing antibodies that are
transferred transplacentally, thereby conferring passive immunity to the newborn. This
protection is particularly valuable during the first months of life, when the infant’s immune
system is immature and endogenous antibody production is limited. The RSVpreF vaccine
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(Abrysvo®, Pfizer, New York, NY, USA), containing a bivalent stabilized pre-fusion F
protein, has demonstrated a favorable safety profile and strong efficacy in clinical trials and
has been approved for use in several countries. According to WHO, maternal immunization
significantly reduces the risk of severe RSV disease and related hospitalizations in early
infancy [70].

Comparative studies suggest that while both maternal vaccination and Nirsevimab
provide substantial protection against RSV disease, Nirsevimab appears to be more effective
in preventing severe bronchiolitis during the first RSV season [70]. The complementary use
of these two strategies—maternal vaccination for passive protection during the first months
of life and monoclonal antibody administration for broader seasonal coverage—represents
a paradigm shift in RSV prevention.

Together, these advances offer a robust framework for reducing RSV-associated mor-
bidity and mortality globally. Future research and real-world data will be critical for
evaluating the long-term effectiveness of these interventions, identifying optimal imple-
mentation strategies, and ensuring equitable access in both high- and low-income settings.

5. Markers of RSV Infection

The emergence of protein expression pattern analysis as a diagnostic tool has signifi-
cantly enhanced our understanding of respiratory infections, particularly those caused by
RSV. Various biological samples, including blood and nasopharyngeal aspirates, have been
employed to identify potential biomarkers correlating with the severity of RSV bronchioli-
tis [40,59,71-78], as shown in Table 2.

Table 2. Markers of severity and of recurrent wheezing/asthma after RSV bronchiolitis and biological
samples to be dosed.

Marker Sample Associated with Reference
IL-33 NPA Severity Garcia-Garcia et al., 2017 [73]
IL-6 NPA Severity Tabarani et al., 2013 [72]
IL-8 NPA Severity Oh et al., 2002 [40]
IFN-o NPA Severity Vazquez et al., 2019 [71]
TSLP Serum Severity Lee et al., 2012 [74]
MUC5AC NPA Severity Feltes et al., 2003 [59]
LDH NPA Severity Brown et al., 2015 [75]
Periostin Serum Recurrent wheezing/asthma Bertrand et al., 2015 [76]
EDN Serum Recurrent wheezing/asthma Kim et al., 2013 [77]
CD14 Serum Recurrent wheezing /asthma Soferman et al., 2004 [78]
IL-3 BALF/NPA Recurrent wheezing/asthma Bertrand et al., 2015 [76]
IL-12 BALF Recurrent wheezing/asthma Bertrand et al., 2015 [76]

LDH: lactate dehydrogenase; MUC5AC: Mucin 5AC; TSLP: thymic stromal lymphopoietin; NPA: nasopharyngeal
aspirate; EDN: eosinophil derived neurotoxin; MIP-1a: macrophage inflammatory protein 1-alpha; BALF:
bronchoalveolar lavage fluid.

Elevated levels of serum transaminases, aminotransferases, and antidiuretic hormones
have been associated with severe RSV bronchiolitis. These markers suggest hepatic or renal
involvement and may serve as indicators of systemic responses to the infection. Moreover,
lactate dehydrogenase (LDH) levels in nasopharyngeal samples have demonstrated an
impressive predictive value of 88% for identifying the severity of bronchiolitis in young pa-
tients [71]. LDH is often released during tissue damage, and its elevated levels may reflect
the extent of lung injury associated with severe viral infections [59]. Mucin 5AC (MUC5AC)
is emerging as a significant biomarker in the context of RSV infections, particularly among
pediatric populations. This glycoprotein, produced in the respiratory tract, serves as a criti-
cal component of the airway mucus, contributing to mucosal defense mechanisms against
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pathogens. Research has shown that elevated levels of MUC5AC in nasal aspirates from
children infected with RSV correlate with the severity of respiratory illness, highlighting its
potential role in both the diagnosis and monitoring of disease progression [11]. The utility
of MUC5AC as a non-invasive biomarker not only aids in assessing the severity of RSV
infections but may also enhance clinical decision-making by providing insights into the pa-
tient’s response to the infection. This could lead to more tailored management strategies for
affected pediatric patients, ultimately improving outcomes and guiding interventions that
are appropriate for the level of illness. The exploration of soluble molecules like MUC5AC
in clinical settings reflects a growing interest in leveraging biomarkers to optimize the
care of children suffering from viral respiratory infections [11]. Importantly, the simplicity
of sample collection for these biomarkers provides a practical and reassuring aspect to
their use, underscoring the evolving landscape of diagnostic approaches in respiratory
infections [71].

The identification of Th2-like cytokines as potential biomarkers for predicting disease
severity in children infected with RSV is an important aspect of understanding the patho-
physiology of respiratory infections. The immune response to RSV can vary significantly
among individuals, and some children experience more severe symptoms than others.
Understanding the role of cytokines, particularly those associated with the T-helper 2 (Th2)
immune response, can provide insights into the inflammatory processes involved in the
disease [59]. The reported increase in cytokines such as IL-33, IL-8, TSLP (thymic stromal
lymphopoietin), IL-6, periostin, and IFN-« in various biological samples (bronchoalveolar
lavage fluid or BALF, serum, blood, plasma, nasopharyngeal aspirates) suggests a strong
association with inflammatory responses and could be indicative of disease severity. The
association between these cytokines and clinical outcomes may enable clinicians to stratify
patients based on risk and tailor more effective management strategies [71,79,80].

The role of IL-33 in the immune response, particularly in relation to RSV infection
and bronchiolitis, is significant and multifaceted. The elevation of IL-33 levels detected in
nasopharyngeal aspirates (NPAs) suggests that it may be involved in the inflammatory
processes that occur during bronchiolitis. The correlation between higher IL-33 levels
and the need for respiratory support indicates that this cytokine may be a marker for the
severity of the disease. Notably, a 2015 study highlighted how children with a familiar
history of atopy exhibited high IL-33 expression in NPAs during bronchiolitis caused by
RSV [76]. Similarly, another study associated increased IL-33 levels with cases of bronchi-
olitis, especially in instances of co-infection [73]. In summary, the accumulating evidence
suggests that IL-33 is pivotal in driving the Th2 immune response in RSV infections and
serves as a potential biomarker for assessing disease severity and prognosis in infants
suffering from bronchiolitis. These findings point towards the possibility of utilizing IL-33
levels in clinical settings to enhance the management of respiratory infections in young
children [71].

IL-8 is a chemotactic cytokine primarily produced by monocytes, endothelial cells,
macrophages, and T cells. IL-8 emerges as an important cytokine in RSV infection, closely
tied to disease severity and overall immune response. Its elevated levels not only provide
insight into the inflammatory processes during viral infections but also upend potential
avenues for clinical prediction and management strategies. Future research could further
clarify these associations and explore therapeutic implications [71].

TSLP is a cytokine primarily produced by epithelial cells and keratinocytes, with two
main isoforms identified: a long form and a short form. The short isoform is constitutively
expressed in various tissues prone to inflammation, while the long isoform has been
associated with intensified immune responses, particularly in contexts like atopic dermatitis,
where it correlates with allergic reactions and asthma development. A study by Lee et al.



Viruses 2025, 17,1073

13 of 19

highlighted how viral antigen recognition activates a signaling pathway involving nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-«kB) and retinoic acid-inducible
gene I (RIG-1), leading to increased TSLP production and a robust Th2 immune response,
contributing to the pathology of severe bronchiolitis in some cases, potentially progressing
to asthma [74]. Complementing this, Garcia-Garcia et al. demonstrated a correlation
between elevated TSLP levels and the severity of respiratory infections in children, noting
associations with RSV bronchiolitis, co-infections with RV, and increased rates of severe
disease requiring admission to intensive care units [73]. These findings underscore the
pivotal role of TSLP in the immune response to viral infections and its implications for
asthma and allergic diseases [71].

IL-6 plays a crucial role as a soluble mediator in the immune response, primarily
produced by macrophages and epithelial cells. This cytokine significantly promotes the
differentiation of naive CD4" and CD8"* T cells, bridging innate and adaptive immune
responses [71,79,80]. Research has increasingly highlighted the association between IL-6
levels and respiratory illnesses, particularly those caused by RSV [71]. For instance, a study
by Tabarani et al. identified a correlation between elevated IL-6 levels in nasopharyngeal
wash samples from children with lower respiratory tract infections and severe clinical
manifestations of RSV [72]. Similarly, Brown et al. suggested that high plasma IL-6 levels
might predict a greater likelihood of hospitalization for infants suffering from severe
bronchiolitis due to RSV [75]. The convergence of these findings suggests that IL-6 and
potentially other cytokines could serve as reliable biomarkers for assessing the severity of
RSV infections, thereby aiding clinicians in managing and anticipating treatment needs in
affected children [71].

Periostin is an important protein that plays a significant role in various biological
processes, especially in respiratory diseases [71]. It is generally expressed at low levels
in almost all human tissues but shows elevated expression in the respiratory epithelium,
particularly in asthmatic children. This increase is linked to eosinophils” production of
periostin in response to IL-4 and IL-13 signaling pathways. The protein is involved in
allergic inflammation and the promotion of a Th2-type immune response, both of which
are critical in the pathology of asthma. Periostin has been identified as a relevant biomarker
in various respiratory conditions, including asthma. Its elevated levels in serum can reflect
underlying airway inflammation and remodeling processes, which may correlate with
disease severity, particularly in children. The overlap in clinical features of asthma and
bronchiolitis, especially in young children, raises important questions about the long-
term respiratory health of those who experience severe bronchiolitis. RSV is a common
cause of bronchiolitis and has been linked to an increased risk of developing asthma in
later childhood. Tracking biomarkers like periostin in children with RSV infections could
provide valuable prognostic information, allowing healthcare providers to stratify patients
based on their risk of developing chronic respiratory issues. By monitoring periostin levels
during acute bronchiolitis and subsequent follow-up, clinicians may better understand
disease progression and tailor interventions to improve management strategies [71].

IL-12, a pro-inflammatory cytokine produced by dendritic cells (DCs) and other
antigen-presenting cells, plays a crucial role in the immune response to viral and bacterial
infections by facilitating the differentiation of naive T cells into Th1 cells. This differentiation
is essential for an effective adaptive immune response against intracellular pathogens.
Recent research by Bertrand et al. has demonstrated a correlation between high levels of
IL-12p40 in BALF and the subsequent development of recurrent wheezing and asthma in
infants who experienced bronchiolitis due to RSV infection [76]. Elevated or altered levels
of IL-12 may influence not only the immediate reactions to viral infections but also have
lasting effects that could predispose infants to conditions such as wheezing and asthma
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later in life. Understanding the relationship between IL-12 and respiratory outcomes can
help in identifying biomarkers for at-risk infants, leading to early interventions that may
mitigate the risk of developing chronic respiratory issues [71].

IL-3 plays a significant role in the immune response, particularly in the context of
airway inflammation and asthma. It is primarily produced by mast cells and activated T
cells found within the airways. IL-3 is known to stimulate the production of basophils and
eosinophils, which are key players in allergic responses and asthma pathogenesis [71]. In a
pivotal 2015 study by Bertrand et al., the researchers observed elevated levels of IL-3 in
BALF and nasopharyngeal aspirates (NPA) from children under 9 months of age suffering
from acute bronchiolitis caused by RSV. The study highlighted a significant correlation
between high IL-3 levels and subsequent episodes of wheezing, suggesting that these
children may be at a higher risk for developing asthma later in life [76]. Further reinforcing
these findings, Lu et al. identified similarly elevated IL-3 levels in NPAs of children with
RSV-induced bronchiolitis, indicating that higher levels were associated with more severe
disease. Their research underscores the potential role of IL-3 not in the acute phase of
respiratory infections as a biomarker for the risk of chronic inflammatory airway diseases,
such as asthma [18]. These findings suggest that measuring IL-3 levels could provide
valuable insights for predicting outcomes in patients with RSV LRTIs and may aid in
identifying those at risk for developing long-term respiratory complications. As such, IL-3
presents as a promising target for therapeutic intervention and a candidate for clinical
prognostication in pediatric respiratory illness [71].

Macrophage inflammatory protein 1-alpha (MIP-1«), also called chemokine (C-C
motif) ligand 3, is produced by macrophages, dendritic cells, and lymphocytes and exhibits
chemotactic properties for eosinophils, monocytes, and lymphocytes. MIP-1o has been
implicated in airway inflammation related to asthma, and it plays a key role in driving
the late-phase allergic reaction through eosinophil infiltration. Eosinophils play a key
role in tissue remodeling in murine asthma models. MIP-1« itself also induces airway
tissue remodeling through airway smooth muscle proliferation and survival. Infection with
RSV31 and RV32 increases MIP-1c levels in the airways [81].

EDN levels serve as a promising biomarker for diagnosing, treating, and monitoring
eosinophil-associated diseases in young children. EDN levels, particularly those measured
at 3 months, have predictive value for recurrent wheezing following RSV bronchiolitis
as well as for other conditions such as asthma and atopic dermatitis. By leveraging
the strengths of EDN in creating diagnostic assays and monitoring protocols, healthcare
professionals can better understand and address the underlying immunologic processes
involved in these conditions. This approach not only enhances clinical decision-making
but also provides insight into the mechanisms that contribute to symptom development in
eosinophil-associated diseases [81].

CD14 helps initiate an immune response, facilitating innate immune cell activation,
cytokine production, and the overall inflammatory response. In terms of allergy and
the development of the allergic phenotype, CD14 can influence how the immune system
perceives environmental allergens. It is thought that CD14 may modulate the balance
between Th1 and Th2 immune responses. A Th2-dominant response is often associated with
allergic diseases, such as asthma, allergic rhinitis, and eczema. It has been demonstrated
that high serum levels of sCD14 modulate the influence of RSV on subsequent recurrent
episodes of wheezing [78].

The identification and validation of these biomarkers not only enhance our understand-
ing of the pathophysiology of RSV bronchiolitis but also pave the way for improved clinical
decision-making. By utilizing these biomarkers, healthcare professionals can better assess
disease severity, predict outcomes, and tailor management strategies for pediatric patients.
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This approach aims to optimize care and potentially mitigate the long-term respiratory
complications associated with severe RSV infections and bronchiolitis. In conclusion, the
integration of biomarker analysis into clinical practice represents a significant advancement
in the management of respiratory infections in children, fostering a more personalized
approach to treatment and care.

6. Conclusions

RSV remains one of the leading causes of respiratory infections in infants and young
children, contributing to significant morbidity, mortality, and economic strain on healthcare
systems. While the acute burden of RSV is substantial, its long-term impact, especially
its association with recurrent wheezing and asthma, further exacerbates healthcare costs
and challenges. The relationship between RSV and chronic respiratory conditions is
multifactorial, influenced by a complex interplay of host factors, viral characteristics, and
environmental exposures.

As summarized in Figure 1, key determinants of RSV-related asthma and wheezing in-
clude infection severity and age at first exposure, underscoring the need for early diagnostic
tools and predictive markers to improve patient management.

The emergence of biomarker-based risk stratification, particularly through protein
expression profiling of ILs and chemokines, represents a promising frontier in RSV research.
These advances could enable personalized prevention and treatment strategies, ensuring
that high-risk infants receive timely interventions to mitigate long-term complications.
Looking ahead, future research should focus on validating and integrating biomarkers
into clinical practice, optimizing early detection, and refining preventive strategies such as
monoclonal antibody therapies and maternal vaccination. A multidisciplinary, proactive
approach—combining biomarker-driven risk assessment, immunoprophylaxis, and tai-
lored follow-up care—will be essential to reducing RSV-related morbidity and improving
long-term respiratory health outcomes in pediatric populations. By advancing our under-
standing of RSV pathophysiology and leveraging innovative prevention and treatment
strategies, we can significantly reduce the burden of RSV-associated respiratory diseases
and enhance the quality of life for affected children.

Despite significant progress, several key questions remain unanswered. It is still
unclear whether non-atopic children undergo a shift toward a Th2-skewed inflammatory
profile following RSV infection, potentially predisposing them to asthma development.
Additionally, further research is needed to identify which specific features of the preterm
immune system most significantly contribute to increased susceptibility to severe RSV dis-
ease and subsequent asthma. Addressing these gaps through advanced methodologies such
as single-cell analyses and multi-omics approaches will be critical for developing targeted
interventions and improving long-term outcomes in vulnerable pediatric populations.

Author Contributions: L.B. wrote the first draft of the manuscript; E.C., S.G. and P.L. performed the
literature review; A.G. supported the writing of the revised version of the manuscript and contributed
to the literature review; S.M. wrote the second draft of the manuscript and made a substantial scientific
contribution; S.E. critically reviewed and revised the final article before submission. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by “EU funding within the NextGenerationEU-MUR M4C2.1.1.3
PNRR Extended Partnership initiative on Emerging Infectious Diseases (PE00000007, INF-ACT) “One
Health Basic and Translational Research Actions addressing Unmet Needs on Emerging Infectious Dis-
eases” through the INF-ACT Cascade Open Call 2023 (COC-1- 2023-IS5-01)—CUP 183C22001810007”.

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



Viruses 2025, 17,1073 16 of 19

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Shi, T.; McAllister, D.A.; O’Brien, K.L.; Simoes, E.A.F.,; Madhi, S.A.; Gessner, B.D.; Polack, EP; Balsells, E.; Acacio, S.; Aguayo, C.;
et al. Global, regional, and national disease burden estimates of acute lower respiratory infections due to respiratory syncytial
virus in young children in 2015: A systematic review and modelling study. Lancet 2017, 390, 946-958. [CrossRef]

Li, Y.; Wang, X.; Blau, D.M.; Caballero, M.T.; Feikin, D.R.; Gill, C.J.; Madhi, S.A.; Omer, S.B.; Simdes, E.A.F.; Campbell, H.; et al.
Global, regional, and national disease burden estimates of acute lower respiratory infections due to respiratory syncytial virus in
children younger than 5 years in 2019: A systematic analysis. Lancet 2022, 399, 2047-2064. [CrossRef]

Gil-Prieto, R.; Pérez, ].].; Drago, G.; Kieffer, A.; Roiz, ].; Kazmierska, P.; Sardesai, A.; de Boisvilliers, S.; Lo6pez-Belmonte, J.L.;
Beuvelet, M; et al. Modelling the potential clinical and economic impact of universal immunisation with nirsevimab versus
standard of practice for protecting all neonates and infants in their first respiratory syncytial virus season in Spain. BMC Infect.
Dis. 2024, 24, 924. [CrossRef] [PubMed]

Lodi, L.; Catamero, F.; Voarino, M.; Barbati, F.; Moriondo, M.; Nieddu, F.; Sarli, W.M.; Citera, F.; Astorino, V.; Pelosi, C.; et al.
Epidemiology of respiratory syncytial virus in hospitalized children over a 9-year period and preventive strategy impact. Front.
Pharmacol. 2024, 15, 1381107. [CrossRef] [PubMed]

Barbati, F.; Moriondo, M.; Pisano, L.; Calistri, E.; Lodi, L.; Ricci, S.; Giovannini, M.; Canessa, C.; Indolfi, G.; Azzari, C.
Epidemiology of Respiratory Syncytial Virus-Related Hospitalization Over a 5-Year Period in Italy: Evaluation of Seasonality and
Age Distribution Before Vaccine Introduction. Vaccines 2020, 8, 15. [CrossRef] [PubMed]

Deng, S.; Cong, B.; Edgoose, M.; De Wit, F.; Nair, H.; Li, Y. Risk factors for respiratory syncytial virus-associated acute lower
respiratory infection in children under 5 years: An updated systematic review and meta-analysis. Int. |. Infect. Dis. 2024,
146, 107125. [CrossRef]

Sigurs, N.; Gustafsson, PM.; Bjarnason, R.; Lundberg, F.; Schmidt, S.; Sigurbergsson, F.; Kjellman, B. Severe respiratory syncytial
virus bronchiolitis in infancy and asthma and allergy at age 13. Am. J. Respir. Crit. Care Med. 2005, 171, 137-141. [CrossRef]
Henderson, J.; Hilliard, T.N.; Sherriff, A.; Stalker, D.; Al Shammari, N.; Thomas, H.M. Hospitalization for RSV bronchiolitis before
12 months of age and subsequent asthma, atopy and wheeze: A longitudinal birth cohort study. Pediatr. Allergy Immunol. 2005, 16,
386-392. [CrossRef]

American Academy of Pediatrics Subcommittee on Diagnosis and Management of Bronchiolitis. Diagnosis and management of
bronchiolitis. Pediatrics 2006, 118, 1774-1793. [CrossRef]

Rago, A.R.P; D’Arrigo, S.F; Osmani, M.; Espinosa, C.M.; Torres, C.M. Respiratory Syncytial Virus: Epidemiology, Burden of
Disease, and Clinical Update. Adv. Pediatr. 2024, 71, 107-118. [CrossRef]

American Academy of Pediatrics Committee on Infectious Diseases; American Academy of Pediatrics Bronchiolitis Guidelines
Committee. Updated guidance for palivizumab prophylaxis among infants and young children at increased risk of hospitalization
for respiratory syncytial virus infection. Pediatrics 2014, 134, e620-e638. [CrossRef] [PubMed]

De Luca, D.; Pezza, L.; Vivalda, L.; Di Nardo, M.; Lepainteur, M.; Baraldi, E.; Piastra, M.; Ricciardi, W.; Conti, G.; Gualano, M.R.
Critical care of severe bronchiolitis during shortage of ICU resources. eClinicalMedicine 2024, 69, 102450. [CrossRef] [PubMed]
Pancham, K,; Perez, G.F,; Huseni, S.; Jain, A.; Kurdi, B.; Rodriguez-Martinez, C.E.; Preciado, D.; Rose, M.C.; Nino, G. Premature
infants have impaired airway antiviral IFNy responses to human metapneumovirus compared to respiratory syncytial virus.
Pediatr. Res. 2015, 78, 389-394. [CrossRef] [PubMed]

Anderson, J.; Do, L.A.H.; Wurzel, D.; Quan Toh, Z.; Mulholland, K.; Pellicci, D.G.; Licciardi, P.V. Severe respiratory syncytial virus
disease in preterm infants: A case of innate immaturity. Thorax 2021, 76, 942-950. [CrossRef]

Wan, A.K.L.; Seow, WK_; Purdie, D.M.; Bird, P.S.; Walsh, L.J.; Tudehope, D.I. Immunoglobulins in saliva of preterm and full-term
infants. Oral. Microbiol. Immunol. 2003, 18, 72-78. [CrossRef]

Anderson, J.; Do, L.A.H.; Wurzel, D.; Licciardi, P.V. Understanding the increased susceptibility to asthma development in preterm
infants. Allergy 2023, 78, 928-939. [CrossRef]

Hansel, T.T.; Johnston, S.L.; Openshaw, P.J. Microbes and mucosal immune responses in asthma. Lancet 2013, 381, 861-873.
[CrossRef]

Lu, S.; Hartert, T.V,; Everard, M.L.; Giezek, H.; Nelsen, L.; Mehta, A.; Patel, H.; Knorr, B.; Reiss, T.F. Predictors of asthma following
severe respiratory syncytial virus (RSV) bronchiolitis in early childhood. Pediatr. Pulmonol. 2016, 51, 1382-1392. [CrossRef]
Grandinetti, R.; Fainardi, V.; Caffarelli, C.; Capoferri, G.; Lazzara, A.; Tornesello, M.; Meoli, A.; Bergamini, B.M.; Bertelli, L.;
Biserna, L.; et al. Risk Factors Affecting Development and Persistence of Preschool Wheezing: Consensus Document of the
Emilia-Romagna Asthma (ERA) Study Group. J. Clin. Med. 2022, 11, 6558. [CrossRef]

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]

Crump, C.; Sundquist, J.; Sundquist, K. Preterm or early term birth and long-term risk of asthma into midadulthood: A national
cohort and cosibling study. Thorax 2023, 78, 653-660. [CrossRef]


https://doi.org/10.1016/S0140-6736(17)30938-8
https://doi.org/10.1016/S0140-6736(22)00478-0
https://doi.org/10.1186/s12879-024-09642-0
https://www.ncbi.nlm.nih.gov/pubmed/39242545
https://doi.org/10.3389/fphar.2024.1381107
https://www.ncbi.nlm.nih.gov/pubmed/38841370
https://doi.org/10.3390/vaccines8010015
https://www.ncbi.nlm.nih.gov/pubmed/31947976
https://doi.org/10.1016/j.ijid.2024.107125
https://doi.org/10.1164/rccm.200406-730OC
https://doi.org/10.1111/j.1399-3038.2005.00298.x
https://doi.org/10.1542/peds.2006-2223
https://doi.org/10.1016/j.yapd.2024.02.003
https://doi.org/10.1542/peds.2014-1666
https://www.ncbi.nlm.nih.gov/pubmed/25070304
https://doi.org/10.1016/j.eclinm.2024.102450
https://www.ncbi.nlm.nih.gov/pubmed/38333363
https://doi.org/10.1038/pr.2015.113
https://www.ncbi.nlm.nih.gov/pubmed/26086642
https://doi.org/10.1136/thoraxjnl-2020-216291
https://doi.org/10.1034/j.1399-302X.2003.00044.x
https://doi.org/10.1111/all.15662
https://doi.org/10.1016/S0140-6736(12)62202-8
https://doi.org/10.1002/ppul.23461
https://doi.org/10.3390/jcm11216558
https://doi.org/10.3390/jcm11164763
https://doi.org/10.1136/thorax-2022-218931

Viruses 2025, 17,1073 17 of 19

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Smith, L.J.; McKay, K.O.; van Asperen, P.P; Selvadurai, H.; Fitzgerald, D.A. Normal development of the lung and premature
birth. Paediatr. Respir. Rev. 2010, 11, 135-142. [CrossRef]

Zhai, J.; Zou, Y,; Liu, J.; Jin, X.; Ma, C,; Li, J.; Guo, R.,; Huang, B. Analysis of the predicting factors of recurrent wheezing in infants.
Ital. ]. Pediatr. 2019, 45, 19. [CrossRef] [PubMed]

Mochizuki, H.; Kusuda, S.; Okada, K.; Yoshihara, S.; Furuya, H.; Simoes, E.A.F,; Scientific Committee for Elucidation of Infantile
Asthma. Palivizumab Prophylaxis in Preterm Infants and Subsequent Recurrent Wheezing. Six-Year Follow-up Study. Am. J.
Respir. Crit. Care Med. 2017, 196, 29-38. [CrossRef] [PubMed]

Caffarelli, C.; Gracci, S.; Gianni, G.; Bernardini, R. Are Babies Born Preterm High-Risk Asthma Candidates? J. Clin. Med. 2023,
12, 5400. [CrossRef] [PubMed]

Manti, S.; Piedimonte, G. An overview on the RSV-mediated mechanisms in the onset of non-allergic asthma. Front. Pediatr. 2022,
10, 998296. [CrossRef]

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]
Simoes, E.A.E,; Groothuis, ].R.; Carbonell-Estrany, X.; Rieger, C.H.L.; Mitchell, I.; Fredrick, L.M.; Kimpen, J.L.L.; Palivizumab
Long-Term Respiratory Outcomes Study Group. Palivizumab prophylaxis, respiratory syncytial virus, and subsequent recurrent
wheezing. |. Pediatr. 2007, 151, 34—42.el. [CrossRef]

Knudson, CJ.; Varga, S.M. The relationship between respiratory syncytial virus and asthma. Vet. Pathol. 2015, 52, 97-106.
[CrossRef]

McGinley, J.P; Lin, G.L.; Oner, D.; Golubchik, T.; O’Connor, D.; Snape, M.D.; Gruselle, O.; Langedijk, A.C.; Wildenbeest, J.;
Openshaw, P; et al. Clinical and Viral Factors Associated With Disease Severity and Subsequent Wheezing in Infants With
Respiratory Syncytial Virus Infection. J. Infect. Dis. 2022, 226, S45-554. [CrossRef]

Wu, P,; Dupont, W.D; Griffin, M.R.; Carroll, K.N.; Mitchel, E.F; Gebretsadik, T.; Hartert, T.V. Evidence of a causal role of winter
virus infection during infancy in early childhood asthma. Am. J. Respir. Crit. Care Med. 2008, 178, 1123-1129. [CrossRef]

Pullan, C.R.; Hey, E.N. Wheezing, asthma, and pulmonary dysfunction 10 years after infection with respiratory syncytial virus in
infancy. BM] 1982, 284, 1665-1669. [CrossRef] [PubMed]

Stein, R.T.; Sherrill, D.; Morgan, W.J.; Holberg, C.]J.; Halonen, M.; Taussig, L.M.; Wright, A.L.; Martinez, F.D. Respiratory syncytial
virus in early life and risk of wheeze and allergy by age 13 years. Lancet 1999, 354, 541-545. [CrossRef] [PubMed]

Busse, W.W.; Morgan, W.].; Gergen, PJ.; Mitchell, H.E.; Gern, ].E.; Liu, A.H.; Gruchalla, R.S.; Kattan, M.; Teach, S.J.; Pongracic, ].A.;
et al. Randomized trial of omalizumab (anti-IgE) for asthma in inner-city children. N. Engl. J. Med. 2011, 364, 1005-1015.
[CrossRef] [PubMed]

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. BMIC Pediatr. 2012, 12, 83. [CrossRef]
Lukkarinen, M.; Koistinen, A.; Turunen, R.; Lehtinen, P.; Vuorinen, T.; Jartti, T. Rhinovirus-induced first wheezing episode
predicts atopic but not nonatopic asthma at school age. J. Allergy Clin. Immunol. 2017, 140, 988-995. [CrossRef]

Mikhail, I.; Grayson, M.H. Asthma and viral infections: An intricate relationship. Ann. Allergy Asthma Immunol. 2019, 123,
352-358. [CrossRef]

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

Carroll, K.N.; Wu, P,; Gebretsadik, T.; Griffin, M.R.; Dupont, W.D.; Mitchel, E.F,; Hartert, T.V. The severity-dependent relationship
of infant bronchiolitis on the risk and morbidity of early childhood asthma. J. Allergy Clin. Immunol. 2009, 123, 1055-1061.e1.
[CrossRef]

Oh, ].-W.; Lee, H.-B.; Park, I.-K; Kang, J.-O. Interleukin-6, interleukin-8, interleukin-11, and interferon-gamma levels in nasopha-
ryngeal aspirates from wheezing children with respiratory syncytial virus or influenza A virus infection. Pediatr. Allergy Immunol.
2002, 13, 350-356. [CrossRef]

Mukherjee, S.; Lindell, D.M.; Berlin, A.A.; Morris, S.B.; Shanley, T.P.; Hershenson, M.B.; Lukacs, N.W. IL-17-induced pulmonary
pathogenesis during respiratory viral infection and exacerbation of allergic disease. Am. J. Pathol. 2011, 179, 248-258. [CrossRef]
Krishnamoorthy, N.; Khare, A.; Oriss, T.B.; Raundhal, M.; Morse, C.; Yarlagadda, M.; Wenzel, S.E.; Moore, M.L.; Peebles, R.S.;
Ray, A,; et al. Early infection with respiratory syncytial virus impairs regulatory T cell function and increases susceptibility to
allergic asthma. Nat. Med. 2012, 18, 1525-1530. [CrossRef]

Esposito, S.; Abu Raya, B.; Baraldi, E.; Flanagan, K.; Martinon Torres, E; Tsolia, M.; Zielen, S. RSV Prevention in All Infants:
Which Is the Most Preferable Strategy? Front. Immunol. 2022, 13, 880368. [CrossRef]

Bosis, S.; Esposito, S.; Niesters, H.G.; Zuccotti, G.V.; Marseglia, G.; Lanari, M.; Zuin, G.; Pelucchi, C.; Osterhaus, A.D.; Principi, N.
Role of respiratory pathogens in infants hospitalized for a first episode of wheezing and their impact on recurrences. Clin.
Microbiol. Infect. 2008, 14, 677-684. [CrossRef]


https://doi.org/10.1016/j.prrv.2009.12.006
https://doi.org/10.1186/s13052-019-0609-y
https://www.ncbi.nlm.nih.gov/pubmed/30696464
https://doi.org/10.1164/rccm.201609-1812OC
https://www.ncbi.nlm.nih.gov/pubmed/28152315
https://doi.org/10.3390/jcm12165400
https://www.ncbi.nlm.nih.gov/pubmed/37629440
https://doi.org/10.3389/fped.2022.998296
https://doi.org/10.1111/irv.12770
https://doi.org/10.1016/j.jpeds.2007.02.032
https://doi.org/10.1177/0300985814520639
https://doi.org/10.1093/infdis/jiac163
https://doi.org/10.1164/rccm.200804-579OC
https://doi.org/10.1136/bmj.284.6330.1665
https://www.ncbi.nlm.nih.gov/pubmed/6805648
https://doi.org/10.1016/S0140-6736(98)10321-5
https://www.ncbi.nlm.nih.gov/pubmed/10470697
https://doi.org/10.1056/NEJMoa1009705
https://www.ncbi.nlm.nih.gov/pubmed/21410369
https://doi.org/10.1186/1471-2431-12-83
https://doi.org/10.1016/j.jaci.2016.12.991
https://doi.org/10.1016/j.anai.2019.06.020
https://doi.org/10.1016/j.jaci.2018.08.043
https://doi.org/10.1016/j.jaci.2009.02.021
https://doi.org/10.1034/j.1399-3038.2002.02018.x
https://doi.org/10.1016/j.ajpath.2011.03.003
https://doi.org/10.1038/nm.2896
https://doi.org/10.3389/fimmu.2022.880368
https://doi.org/10.1111/j.1469-0691.2008.02016.x

Viruses 2025, 17,1073 18 of 19

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Tian, M,; Liu, F.; Wen, G.; Shi, S.; Chen, R.; Zhao, D. Effect of variation in RANTES promoter on serum RANTES levels and risk of
recurrent wheezing after RSV bronchiolitis in children from Han, Southern China. Eur. J. Pediatr. 2009, 168, 963-967. [CrossRef]
[PubMed]

Stern, D.A.; Guerra, S.; Halonen, M.; Wright, A.L.; Martinez, ED. 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] [PubMed]

Moffatt, M.E; Gut, 1.G.; Demenais, F,; Strachan, D.P.; Bouzigon, E.; Heath, S.; von Mutius, E.; Farrall, M.; Lathrop, M;
Cookson, W.O.C,; et al. A large-scale, consortium-based genomewide association study of asthma. N. Engl. |. Med. 2010,
363, 1211-1221. [CrossRef] [PubMed]

Zhu, Z.; Lee, PH.; Chaffin, M.D.; Chung, W.; Loh, PR,; Lu, Q.; Christiani, D.C.; Liang, L.; Moffatt, M.F.; Demenais, F.; et al. 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]

Dijk, EN.; Smit, H.A.; Jamieson, E.; Sayers, I.; Laprise, C.; Bossé, Y.; Granell, R.; Henderson, J.; Koppelman, G.H.; Bennelykke, K.;
et al. Genetic risk scores for asthma and allergic disease predict respiratory illness in infancy. J. Allergy Clin. Immunol. 2022, 149,
1615-1625.e7. [CrossRef]

Torgerson, D.G.; Ampleford, E.J.; Chiu, G.Y.; Gauderman, W.J.; Gignoux, C.R;; Graves, PE.; Levin, AM.; Eng, C.; Pino-Yanes, M,;
Salam, M.T.; et al. Meta-analysis of genome-wide association studies of asthma in ethnically diverse North American populations.
Nat. Genet. 2011, 43, 887-892. [CrossRef]

Fahy, J.V. Type 2 inflammation in asthma—Present in most, absent in many. Nat. Rev. Immunol. 2015, 15, 57-65. [CrossRef]
[PubMed]

Henderson, J.; Granell, R.; Heron, J.; Sherriff, A.; Simpson, A.; Woodcock, A.; Custovic, A.; Shaheen, S.O.; Sterne, ].A.; Golding,
J. Associations of wheezing phenotypes in the first 6 years of life with atopy, lung function and airway responsiveness in
mid-childhood. Pediatr. Allergy Immunol. 2005, 16, 386-392. [CrossRef] [PubMed]

Koenig, ].Q.; Mar, T.E; Allen, RW.,; Jansen, K.; Lumley, T.; Sullivan, J.H.; Trenga, C.A.; Larson, T.V,; Liu, L.J. Pulmonary effects of
indoor- and outdoor-generated particles in children with asthma. Env. Health Perspect. 2005, 113, 1265-1270. [CrossRef]

Beelen, R.; Hoek, G.; Raaschou-Nielsen, O.; Stafoggia, M.; Andersen, Z.J.; Weinmayr, G.; Hoffmann, B.; Wolf, K.; Samoli, E.;
Fischer, P; et al. Effects of long-term exposure to air pollution on natural-cause mortality: An analysis of 22 European cohorts
within the multicentre ESCAPE project. Lancet 2014, 383, 785-795. [CrossRef] [PubMed]

Bager, P.; Wohlfahrt, J.; Westergaard, T.; Rostgaard, K.; Melbye, M. Caesarean delivery and risk of atopy and allergic disease:
Meta-analyses. Clin. Exp. Allergy 2008, 38, 634-642. [CrossRef]

Messina, A.; Germano, C.; Avellis, V.; Tavella, E.; Dodaro, V.; Massaro, A.; Vitale, R.; Masturzo, B.; Manzoni, P. New strategies for
the prevention of respiratory syncytial virus (RSV). Early Hum. Dev. 2022, 174, 105666. [CrossRef]

Manti, S.; Staiano, A.; Orfeo, L.; Midulla, F; Marseglia, G.L.; Ghizzi, C.; Zampogna, S.; Carnielli, V.P,; Favilli, S.; Ruggieri, M.; et al.
UPDATE-2022 Italian guidelines on the management of bronchiolitis in infants. Ital. |. Pediatr. 2023, 49, 19. [CrossRef]

Esposito, S.; Principi, N. Past, present and future of respiratory syncytial infection prevention in infants and young children.
Expert. Opin. Pharmacother. 2025, 26, 783-786. [CrossRef]

Feltes, T.F,; Cabalka, A.K.; Meissner, H.C.; Piazza, EM.; Carlin, D.A.; Top, EH.; Connor, E.M.; Sondheimer, H.M.; Cardiac
Synagis Study Group. Palivizumab prophylaxis reduces hospitalization due to respiratory syncytial virus in young children with
hemodynamically significant congenital heart disease. ]. Pediatr. 2003, 143, 532-540. [CrossRef]

Griffin, M.P; Yuan, Y.; Takas, T.; Domachowske, ].B.; Madhi, S.A.; Manzoni, P.; Simées, E.A.F,; Esser, M.T.; Khan, A.A.; Dubovsky,
F.; et al. Single-Dose Nirsevimab for Prevention of RSV in Preterm Infants. N. Engl. J. Med. 2020, 383, 415-425. [CrossRef]

Ricco, M.; Cascio, A.; Corrado, S.; Bottazzoli, M.; Marchesi, F.; Gili, R.; Giuri, P.G.; Gori, D.; Manzoni, P. Impact of Nirsevimab
Immunization on Pediatric Hospitalization Rates: A Systematic Review and Meta-Analysis (2024). Vaccines 2024, 12, 640.
[CrossRef]

ATFA-Ricerca Farmaco. Available online: https://medicinali.aifa.gov.it/it/#/it/dettaglio /0000063955 (accessed on 5 September 2024).
Sumsuzzman, D.M.; Wang, Z.; Langley, ].M.; Moghadas, S.M. Real-world effectiveness of nirsevimab against respiratory syncytial
virus disease in infants: A systematic review and meta-analysis. Lancet Child. Adolesc. Health 2025, 9, 393-403. [CrossRef]
Barsosio, H.C.; Bont, L.J.; Groome, M.].; Karron, R.A.; Kragten-Tabatabaie, L.; Madhi, S.A.; Martinén-Torres, F.; Pecenka, C.;
Zar, H.J. How Gavi support for RSV immunisation will advance health equity. Lancet 2025, 406, 127-128. [CrossRef]

Mallah, N.; Martinén-Torres, F. RSV prevention: Public health lessons from the southern hemisphere. Lancet Infect. Dis. 2025, 10,
51473-3099(25)00314-7. [CrossRef] [PubMed]

Bisgaard, H.; Hermansen, M.N.; Bennelykke, K.; Stokholm, J.; Baty, E; Skytt, N.; Kreiner-Meller, E.; Chawes, B.L.; Vissing, N.H.;
Thorsen, J.; et al. Association of bacteria and viruses with wheezy episodes in young children: Prospective birth cohort study.
BM]J 2010, 341, c4978. [CrossRef] [PubMed]

Thorsen, J.; Rasmussen, M.A.; Waage, J.; Mortensen, M.S.; Brejnrod, A.D.; Bennelykke, K.; Bisgaard, H. Infant airway microbiota
and topical immune perturbations in the origins of childhood asthma. Nat. Commun. 2019, 10, 5003. [CrossRef] [PubMed]


https://doi.org/10.1007/s00431-008-0870-3
https://www.ncbi.nlm.nih.gov/pubmed/19005677
https://doi.org/10.1016/j.jaci.2007.05.050
https://www.ncbi.nlm.nih.gov/pubmed/17689598
https://doi.org/10.1056/NEJMoa0906312
https://www.ncbi.nlm.nih.gov/pubmed/20860503
https://doi.org/10.1038/s41588-018-0121-0
https://doi.org/10.1016/j.jaci.2021.10.010
https://doi.org/10.1038/ng.888
https://doi.org/10.1038/nri3786
https://www.ncbi.nlm.nih.gov/pubmed/25534623
https://doi.org/10.1111/j.1399-3038.2005.00298.x
https://www.ncbi.nlm.nih.gov/pubmed/16101930
https://doi.org/10.1289/ehp.7511
https://doi.org/10.1016/S0140-6736(13)62158-3
https://www.ncbi.nlm.nih.gov/pubmed/24332274
https://doi.org/10.1111/j.1365-2222.2008.02939.x
https://doi.org/10.1016/j.earlhumdev.2022.105666
https://doi.org/10.1186/s13052-022-01392-6
https://doi.org/10.1080/14656566.2025.2495091
https://doi.org/10.1067/S0022-3476(03)00454-2
https://doi.org/10.1056/NEJMoa1913556
https://doi.org/10.3390/vaccines12060640
https://medicinali.aifa.gov.it/it/#/it/dettaglio/0000063955
https://doi.org/10.1016/S2352-4642(25)00093-8
https://doi.org/10.1016/S0140-6736(25)01117-1
https://doi.org/10.1016/S1473-3099(25)00314-7
https://www.ncbi.nlm.nih.gov/pubmed/40513592
https://doi.org/10.1136/bmj.c4978
https://www.ncbi.nlm.nih.gov/pubmed/20921080
https://doi.org/10.1038/s41467-019-12989-7
https://www.ncbi.nlm.nih.gov/pubmed/31676759

Viruses 2025, 17,1073 19 of 19

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.
81.

Rosas-Salazar, C.; Shilts, M.H.; Turi, K.N.; Shaw-Saliba, K.; Wymore, E.M.; Larkin, E.K.; Gebretsadik, T.; Das, S.R.; Peebles, R.S., Jr.;
Hartert, T.V. Respiratory syncytial virus infection during infancy and asthma during childhood in the USA (INSPIRE): A
population-based, prospective birth cohort study. Lancet 2023, 401, 1669-1680. [CrossRef]

Ricco, M.; Abu-Raya, B.; Icardi, G.; Spoulou, V.; Greenberg, D.; Pecurariu, O.F.; Hung, LE,; Osterhaus, A.; Sambri, V.; Esposito, S.
Respiratory Syncytial Virus: A WAidid Consensus Document on New Preventive Options. Vaccines 2024, 12, 1317. [CrossRef]
Lépez-Lacort, M.; Corberan-Vallet, A.; Santonja, FJ.; Mufioz-Quiles, C.; Diez-Domingo, J.; Orrico-Sanchez, A. Potential impact of
nirsevimab and bivalent maternal vaccine against RSV bronchiolitis in infants: A population-based modelling study. J. Infect.
Public Health 2024, 17, 102492. [CrossRef]

Véazquez, Y.; Gonzélez, L.; Noguera, L.; Gonzdlez, P.A.; Riedel, C.A.; Bertrand, P.; Bueno, S.M. Cytokines in the Respiratory
Airway as Biomarkers of Severity and Prognosis for Respiratory Syncytial Virus Infection: An Update. Front. Immunol. 2019,
10, 1154. [CrossRef]

Tabarani, C.M.; Bonville, C.A.; Suryadevara, M.; Branigan, P.; Wang, D.; Huang, D.; Rosenberg, H.F.; Domachowske, ].B. Novel
inflammatory markers, clinical risk factors and virus type associated with severe respiratory syncytial virus infection. Pediatr.
Infect. Dis. ]. 2013, 32, e437-e442. [CrossRef]

Garcia-Garcfa, M.L.; Calvo, C.; Moreira, A.; Cafas, ].A.; Pozo, F; Sastre, B.; Quevedo, S.; Casas, L; Del Pozo, V. Thymic stromal
lymphopoietin, IL-33, and periostin in hospitalized infants with viral bronchiolitis. Medicine 2017, 96, €6787. [CrossRef]

Lee, H.-C.; Headley, M.B.; Loo, Y.-M.; Berlin, A.; Gale, M.; Debley, ].S.; Lukacs, N.W.; Ziegler, S.F. Thymic stromal lymphopoietin
is induced by respiratory syncytial virus-infected airway epithelial cells and promotes a type 2 response to infection. J. Allergy
Clin. Immunol. 2012, 130, 1187-1196.e5. [CrossRef]

Brown, PM.; Schneeberger, D.L.; Piedimonte, G. Biomarkers of respiratory syncytial virus (RSV) infection: Specific neutrophil
and cytokine levels provide increased accuracy in predicting disease severity. Paediatr. Respir. Rev. 2015, 16, 232-240. [CrossRef]
Bertrand, P.; Lay, M.K,; Piedimonte, G.; Brockmann, P.E.; Palavecino, C.E.; Hernadndez, J.; Le6n, M.A ; Kalergis, A.M.; Bueno, S.M.
Elevated IL-3 and IL-12p40 levels in the lower airway of infants with RSV-induced bronchiolitis correlate with recurrent wheezing.
Cytokine 2015, 76, 417-423. [CrossRef]

Kim, C.-K.; Seo, ] K.; Ban, S.H.; Fujisawa, T.; Kim, D.W.; Callaway, Z. Eosinophil-derived neurotoxin levels at 3 months
post-respiratory syncytial virus bronchiolitis are a predictive biomarker of recurrent wheezing. Biomarkers 2013, 18, 230-235.
[CrossRef]

Soferman, R.; Bar-Zohar, D.; Jurgenson, U.; Fireman, E. Soluble CD14 as a predictor of subsequent development of recurrent
wheezing in hospitalized young children with respiratory syncytial virus-induced bronchiolitis. Ann. Allergy Asthma Immunol.
2004, 92, 545-548. [CrossRef]

Becker, Y. Respiratory syncytial virus (RSV) evades the human adaptive immune system by skewing the Th1/Th2 cytokine
balance toward increased levels of Th2 cytokines and IgE, markers of allergy--a review. Virus Genes. 2006, 33, 235-252. [CrossRef]
Bush, A. Cytokines and Chemokines as Biomarkers of Future Asthma. Front. Pediatr. 2019, 7, 72. [CrossRef]

Sugai, K.; Kimura, H.; Miyaji, Y.; Tsukagoshi, H.; Yoshizumi, M.; Sasaki-Sakamoto, T.; Matsunaga, S.; Yamada, Y.; Kashiwakura, J.;
Noda, M.; et al. MIP-1« level in nasopharyngeal aspirates at the first wheezing episode predicts recurrent wheezing. . Allergy
Clin. Immunol. 2016, 137, 774-781. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/S0140-6736(23)00811-5
https://doi.org/10.3390/vaccines12121317
https://doi.org/10.1016/j.jiph.2024.102492
https://doi.org/10.3389/fimmu.2019.01154
https://doi.org/10.1097/INF.0b013e3182a14407
https://doi.org/10.1097/MD.0000000000006787
https://doi.org/10.1016/j.jaci.2012.07.031
https://doi.org/10.1016/j.prrv.2015.05.005
https://doi.org/10.1016/j.cyto.2015.07.017
https://doi.org/10.3109/1354750X.2013.773078
https://doi.org/10.1016/S1081-1206(10)61762-0
https://doi.org/10.1007/s11262-006-0064-x
https://doi.org/10.3389/fped.2019.00072
https://doi.org/10.1016/j.jaci.2015.08.032

	Introduction 
	Impact of RSV Infection in Pediatric Population 
	Recurrent Wheezing and Asthma Risk Factors 
	Clinical and Epidemiological Factors 
	Risk Factors 
	The Prematurity Factor 
	Age at Time of RSV Infection and Development of Wheezing 

	Virological and Infectious Factors 
	Immunological Mechanisms 
	The Role of the Immune System 
	Host Risk Factors: Sensitization and Microbiome 

	Genetic and Molecular Factors 
	Environmental Influences 

	Prevention Strategies 
	Markers of RSV Infection 
	Conclusions 
	References

