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Abstract

Rationale: Outdoor air pollution contributes to asthma
development and exacerbations, yet its effects on airway
pathology have not been defined in children.

Objectives: To explore the possible link between air pollution
and airway pathology, we retrospectively examined the
relationship between environmental pollutants and pathological
changes in bronchial biopsy specimens from children undergoing
a clinically indicated bronchoscopy.

Methods: Structural and inflammatory changes (basementmembrane
[BM] thickness, epithelial loss, eosinophils, neutrophils,macrophages,
mast cells, and lymphocytes) were quantified in biopsy specimens by
using immunohistochemistry. The association between exposure to
particulatematter less than 10mmin aerodynamic diameter (PM10), SO2

andNO2 and biopsy findings was evaluated by using a generalized
additivemodel withGamma family to allow for overdispersion, adjusted
for atmospheric pressure, temperature, humidity, andwheezing.

Results: Overall, 98 children were included (age 5.36 2.9 yr; 53
with wheezing/45 without wheezing). BM thickness increased with

prolonged exposure to PM10 (rate ratio [RR], 1.29; 95% confidence
interval [CI], 1.09–1.52), particularly in children with wheezing.
Prolonged exposure to PM10 was also associated with eosinophilic
inflammation in children with wheezing (RR, 3.16; 95% CI,
1.35–7.39). Conversely, in children without wheezing, increased PM10

exposure was associated with a reduction of eosinophilic inflammation
(RR, 0.12; 95% CI, 0.02–0.6) and neutrophilic inflammation (RR, 0.36;
95% CI, 0.14–0.89). Moreover, NO2 exposure was also linked to
reductions in neutrophil infiltration (RR, 0.57; 95% CI, 0.34–0.93) and
eosinophil infiltration (RR, 0.33; 95% CI, 0.14–0.77).

Conclusions: Different patterns of association were observed in
children with wheezing and in children without wheezing.
In children without wheezing, exposure to PM10 and NO2 was
linked to reduced eosinophilic and neutrophilic inflammation.
Conversely, in children with wheezing, prolonged exposure to
PM10 was associated with increased BM thickness and
eosinophilic inflammation, suggesting that it might contribute to
asthma development by promoting airway remodeling and
inflammation.
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Asthma is a heterogeneous disease, usually
characterized by a range of respiratory
symptoms that vary over time across the life
course of individual patients (1, 2). Asthma is
a serious global health problem affecting all
age groups, and its prevalence is increasing,
especially among children, imposing an
unacceptable burden on healthcare systems
and society (1).

The pathological hallmarks of the
disease encompass both chronic airway
inflammation, usually eosinophilic, and
airway remodeling. This includes thickening
of the subepithelial basement membrane
(BM), shedding of the epithelial layer, an
increased smooth muscle area, increased
mucus production, and neoangiogenesis.
Our group has previously demonstrated that
some of these features, particularly BM
thickening, are early events in the natural
history of the disease, being already present
in early infancy, even in children with the
mildest forms of asthma and without atopy
(3–5).

Despite the growing burden of asthma,
causes and pathophysiological mechanisms
underlying the disease remain to be
established. Asthma is a multifactorial
disorder caused by the complex interaction
between genetic and environmental factors
(2, 6, 7).

Several epidemiological studies
demonstrated that outdoor air pollution is an
important contributing factor to both asthma
exacerbations and, possibly, new-onset cases
(2, 8–11).

A recent statement from the American
Thoracic Society concluded that there is
now enough epidemiological evidence to
indicate a causal link between long-term
exposure to outdoor air pollution and new
cases of incident asthma in children (10).
Of note, Khreis and colleagues (11) have
recently estimated the incidence of asthma
related to air pollution by using a validated
and harmonized European land-use
regression model: they suggested that
matching nitric dioxide, particulate matter,
and black carbon minimum concentrations
may prevent as much as 33% of the
incident cases of asthma in children. Of
note, outdoor air pollution is associated
with impaired lung function, with
increased hyperreactivity and airway
inflammation being measured indirectly
through fractional exhaled nitric oxide
(12–15). These observations highlight the
urgent need to reduce children’s exposure
to outdoor air pollution.

Despite such evidence, the
pathophysiological mechanisms linking air
pollution and asthma development have not
been fully understood. In particular, no study
has addressed the influence of long-term
outdoor air pollution exposure on
inflammatory and structural changes in the
airways of children with wheezing.

In this study, we sought to examine the
relationship between previous exposure to
nitrogen dioxide (NO2), particulate matter
less than 10mm in aerodynamic diameter
(PM10), and sulfur dioxide (SO2) levels and
the pathological traits typical of asthma in a
cohort of children living in Northeast Italy,
one of the most polluted regions in Europe.

Some of these results have been
published in the form of an abstract (16).

Methods

Study Population
Children were recruited at the Department
ofWoman and Child Health, University of
Padova, Padova, Italy, from 2002 to 2014.
The study was performed according to the
Declaration of Helsinki and was approved by
the local ethics committee. Written consent
was obtained from children’s parents. All
children underwent bronchoscopy (with
bronchoalveolar lavage [BAL] and bronchial
biopsy) on the basis of appropriate clinical
indications according to the European
Respiratory Society and American Thoracic
Society guidelines (17, 18), as summarized in
Table E1 in the online supplement. An
additional endobronchial biopsy for research
purposes was performed with approval of the
ethics committee and consent from the
parents. Fiberoptic bronchoscopy was well
tolerated by all children. Before
bronchoscopy, all patients were evaluated by
a respiratory pediatrician. The pediatrician
collected a detailed clinical history, examined
the child, and administered parental
interviews focused on the presence of
respiratory symptoms, frequency of
respiratory tract infections (RTIs) in the
previous year, and on-course treatment
focused on asthmamedications (inhaled
corticosteroids [ICSs] or oral
corticosteroids). The presence of wheezing
with a pattern suggestive of asthma was
based on reporting of repeated episodes of
wheezing in the previous year, which was
often associated with cough and dyspnea,
particularly at night or in the early morning.
Furthermore, wheezing had to be present

even apart from colds (multitrigger) and had
to be responsive to prescribed
bronchodilators. Wheezing frequency was
defined on a scale from 0 (no episodes) to 6
(daily episodes). At baseline, all children
underwent routine blood tests, including a
complete white blood cell count (total
leukocytes, neutrophils, lymphocytes,
monocytes, eosinophils, and basophils) and
testing for total/specific IgE. As previously
reported (5), the presence of atopy was
defined by an increase in the total (higher
than the age-related normal levels) and
specific IgE (.0.35 kU/L; ImmunoCap,
Phadia). In particular, specific IgEs for the
following aeroallergens were investigated in
all children: house dust mite
(Dermatophagoides pteronyssinus and
D. farinae), molds (Alternaria alternate), and
cat dander and grass pollens (Lolium
perenne, Poa pratensis, Phleum pratense,
Dactylis glomerata, and Cynodon dactylon).

Air Pollution Exposure Evaluation
Clinical and pathological data were
combined with information collected from
the regional air pollution monitoring system.

Data from 2002 onward on daily
concentrations of PM10, NO2, and SO2,
together with meteorological data on
temperature, relative humidity, and
atmospheric pressure, were retrieved from
the monitoring stations of the
Environmental Protection and Prevention
Agency of the Veneto Region. Children were
linked to the data of the monitoring station
nearest to their residence (with a maximum
distance set at 20 km) (19). The distribution
of pollutants in the Veneto region is highly
homogeneous because of its particular
morphological condition. The Po valley, of
which Veneto occupies the eastern part, is a
vast flat area in northern Italy surrounded by
mountains and a shallow sea. This particular
morphological structure leads to a very low
wind speed and facilitates air pollutants’
stagnation.

Methods and technologies used to
measure air pollutant concentrations were
those designated by national and
international consensus (20). Moreover, air
pollution concentrations were compared
with the 2005World Health Organization air
quality guidelines cutoffs (21) of 50mg/m3

for PM10 and 40 mg/m
3 for NO2. None of the

children changed residential addresses
during the study.
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Bronchial Biopsy
Full details on the bronchoscopy, bronchial
biopsy, and BAL procedures have been
previously described (3–5). Briefly,
bronchoscopy with endobronchial biopsy
and BAL was performed by using a flexible
bronchoscope with an external diameter of
4.9 mm. Bronchial biopsy specimens were
taken by using Olympus FB 19 C-1 bronchial
forceps, which were inserted through the
service channel of the bronchoscope (2-mm
diameter). Patients with insufficient or low-
quality biopsy specimens were excluded from
the study. Biopsy specimens were gently
extracted, fixed in 4% formaldehyde, and
dehydrated through alcohol series. They
were embedded in paraffin wax and
processed for histochemical and
immunohistochemical analysis. Analysis of
epithelial loss and reticular BM thickness was
performed on sections stained with
hematoxylin and eosin.

Inflammatory cells (eosinophils,
neutrophils, mast cells, macrophages, and
CD41 T lymphocytes) were quantified in the
area extending 50mm beneath the BM and
were expressed as the number of positive
cells per square millimeter of subepithelium.
Briefly, mouse monoclonal antibodies were
used as previously detailed (3, 5) for
identification of eosinophils (antieosinophil
cationic protein, Diagnostic Developments),
neutrophils (antielastase M752), mast cells
(antitryptase M7052), macrophages (anti-
CD68M814) and CD41 cells (anti-CD4
M834, all fromDako Ltd.). BAL fluid cell
counts (total cell counts, lymphocytes,
neutrophils, macrophages, and eosinophils)
were performed by the Hospital Central
Laboratory, as previously described (22).

Statistical Analysis
Children’s characteristics were expressed by
using the median and interquartile range
(IQR) for continuous variables and counts
and percentages for categorical variables.
Comparisons among groups were evaluated
with either the Student’s t test or the Mann-
WhitneyU test as appropriate. Distributions
of categorical variables were compared by
using the x2 test or Fisher’s exact test when
the sample size was small (n, 5). We
performed analysis by using a generalized
additive model with a Gamma in extenso
family (23) to evaluate the association
between air pollution and both inflammation
and structural parameters measured in the
biopsy specimen. We also analyzed the
impact of outdoor air pollution on relevant

clinical parameters (i.e., wheezing frequency,
RTI frequency).

We used penalized cubic regression
splines to account for the nonlinear
relationship between the pollutant and the
outcome. The possible delayed effect in time
was analyzed by using the average
concentrations of pollutants from 0 to 90
days before the bronchoscopy. Therefore,
“lag 0–90” indicates the average
concentration of the pollutant in the 90 days
preceding the bronchoscopy, “lag 0–89”
indicates the average concentration of the 89
days before, and so on. The model structure
was chosen according to the lowest Akaike
information criterion (24). All models were
adjusted for temperature, atmospheric
pressure, relative humidity, and wheezing.
To assess the potential influence of crucial
confounding factors on our study, such as
atopy, secondhand smoke exposure, ICS
treatment, and age of children at
bronchoscopy, we included them in the
model as possible covariates. However, these
covariates did not change the fit of the
models. A second analysis was performed
separately on the two subpopulations of
children with and without wheezing.

Results reported as rate ratios (RRs) and
relative 95% confidence intervals (CI) were
calculated for an increase in the IQR of the
pollutant. The lag with the highest RR in
absolute terms for each outcome is labeled as
the “best RR.”

Missing environmental data (4%) were
imputed by using multiple imputation with a
expectation-maximization with
bootstrapping algorithm (25). All analyses
were performed by using R statistical
software and the Amelia ad mgcv R package
(R Foundation for Statistical Computing)
(26, 27).

Results

Clinical and Demographic
Characteristics
Initially, 121 children were enrolled, clinical
data were recorded, and bronchial biopsy
specimens were examined for all children.
However, data on outdoor pollution
exposure were available for 98 out of 120
children (81%). The clinical and pathological
features of children excluded because of a
lack of pollution data did not differ from
those of children included in the study.

Clinical indications for bronchoscopy,
according to international guidelines, are

reported in Table E1. At the time of
bronchoscopy, 53 children (54%) had history
of repeated wheezing episodes even apart
from colds and were responsive to
bronchodilators, whereas 45 (46%) did not
have wheezing reported in their clinical
history. Clinical characteristics of the cohort
are summarized in Table 1. The mean age at
the onset of wheezing was 4.5 years, and
children with wheezing had an age and sex
distribution similar to those of children
without wheezing. Children with wheezing
showed higher levels of serum IgE (P=0.04).
ICS treatment tended to be more frequent in
children with wheezing than in children
without wheezing; only a minority of
children were receiving oral corticosteroids
in both groups. The two groups of children
had comparable histories of RTIs and
secondhand smoke exposure. Finally, no
differences were observed between children
with wheezing and children without
wheezing in the blood total and differential
cell counts, including those for blood
eosinophils (Table 1).

The pathological features (structural
and inflammatory) measured in bronchial
biopsy specimens are shown in Table 2. As
reported in our previous studies, the
pathological features characteristic of adult
asthma were already present in children with
wheezing (3–5). Children with wheezing had
an increased reticular BM thickness
(P, 0.0001) and epithelial shedding
(P=0.008) compared with children without
wheezing. Inflammatory infiltrates also
differed between the two groups, with
children with wheezing displaying more
eosinophils (P=0.0002) andmore mast cells
(P=0.01) than children without wheezing.
No differences were observed with regard to
neutrophil, macrophage, and CD41 T
lymphocyte counts in biopsy specimens.
BAL fluid inflammatory cell counts were
similar in the two groups (Table 2).

Outdoor Air Pollution Exposure
Data on average levels of outdoor air
pollutants during the 90 days before
bronchoscopy are summarized in Table 3.
Of note, SO2 levels measured during the
observation period were negligible across the
whole region, so we did not consider this
pollutant for further analyses. As shown in
Table 3, all children in our cohort were
exposed to high levels of pollutants.
Exposure to NO2 exceeded the World
Health Organization threshold for half of
the days, whereas PM10 exceeded the
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threshold for 38% of the days. Of note, the
levels of exposure to PM10 and NO2 did not
differ among different districts or between
children with wheezing and children
without wheezing.

As shown in Figure 1A, in the whole
cohort, BM thickness significantly increased
with prolonged exposure to PM10. For each
IQR increase in the PM10 concentration, we
observed a significant enlargement of the BM
of up to 30%, particularly from lag 0–15 to
lag 0–90 (best RR at lag 0–63, 1.29; 95% CI,
1.09–1.52).

When stratifying our study
population by the presence of wheezing
(Figure 1B), a positive association was
found in children with wheezing for an
exposure to PM10 longer than 13 days
(best RR at lag 0–80, 1.34; 95% CI,
1.09–1.66), whereas an association at
earlier time points was detected in
children without wheezing (best RR at lag
0–7, 1.23; 95% CI, 1.1–1.36). In our
cohort, we did not observe any influence
of NO2 on BM thickness (see Figure E1 in
the online supplement) or of PM10 or NO2

on epithelial integrity. Raw data are
reported in online supplement (Table E2).

With regard to the association between
air pollution and inflammatory features
(Figures 2 and 3), we observed different
patterns in children with wheezing and in
children without wheezing. In children with
wheezing, there was a positive association
between prolonged exposure to PM10 and
tissue eosinophilic inflammation, as shown
in Figure 2B. This association progressively
increased with prolonged exposure, reaching
its maximum value at lag 0–68, when the

Table 1. Clinical features and blood cell counts in the whole cohort and in children with and without wheezing

Whole Cohort With Wheezing Without Wheezing P

Subjects 98 (100%) 53 (54%) 45 (46%) —
Male 53 (54%) 27 (50%) 26 (57%) NS
Age, yr 4.5 (4–6) 5 (3–6.5) 4 (4–5.5) NS
Symptom onset, yr 1.5 (0.5–3) 1.5 (0.5–3) N/A —
Symptom frequency (scale of 0–6) 0 (0–3) 3 (2–4) 0 —
RTI during previous yr 1 (0.5–1) 0.5 (0.5–1) 1 (0.5–1.5) NS
ICS therapy at bronchoscopy 23 (23%) 16 (30%) 7 (15%) 0.06
OCS therapy at bronchoscopy 6 (6%) 2 (3%) 4 (6%) NS
Secondhand smoke 29 (41%) (n=70) 19 (48%) (n=40) 10 (33%) (n= 30) NS
Atopy 42 (43%) 26 (50%) 16 (34%) NS
Rhinitis prevalence 17 (22%) (n=74) 12 (28%) (n=42) 5 (15%) (n=32) NS
Dermatitis prevalence 29 (30%) (n=94) 18 (35%) (n=51) 11 (25%) (n=43) NS
Serum IgE, kU/L 57 (23–170) 72 (32–526) 50 (11–82) 0.04
Leukocytes, cells/ml (n=78/98) 7,350 (5,765–9,040) 6,880 (5,640–8,617) 7,919 (6,205–9,340) NS
Neutrophils cells/ml (n=78/98) 2,855 (1,845–4,152) 2,420 (1,810–3,750) 3,215 (2,500–4,690) NS
Lymphocytes, cells/ml (n=78/98) 3,135 (2,365–4,332) 3,140 (2,365–3,997) 3,050 (2,430–4,495) NS
Monocytes, cells/ml (n=78/98) 560 (420–675) 530 (427–660) 580 (400–745) NS
Eosinophils, cells/ml (n= 98/98) 190 (120–310) 220 (119–323) 170 (117–300) NS
Basophils, cells/ml (n=78/98) 30 (20–50) 30 (20–50) 30 (25–45) NS

Definition of abbreviations: ICS= inhaled corticosteroid; IgE= immunoglobulin E; kU/L= 2.5 ng/ml; OCS=oral corticosteroid; N/A=not applicable;
NS=not significant; RTI= respiratory tract infection.
Data are expressed as n (%) or the median (interquartile range). The P values refer to the Mann-Whitney U test, Student’s t test, or chi-square
test comparison between children with wheezing and children without wheezing.

Table 2. Pathological features in the whole cohort and in children with and without wheezing

Whole Cohort With Wheezing Without Wheezing P

Basement membrane, mm (n=98/98) 4.2 (3.4–5.1) 4.8 (3.8–6) 3.8 (3.1–4.4) ,0.0001
Destroyed epithelium, % (n=93/98) 60 (35–88) 67 (46–91) 44 (18–85) 0.008
Eosinophils, cells/mm2 (n=85/98) 28 (8–86) 62 (23–146) 9 (0–35) 0.0002
Neutrophils, cells/mm2 (n=85/98) 135 (72–275) 133 (65–342) 137 (77–209) NS
Mast cells, cells/mm2 (n=80/98) 128 (62–370) 220 (78–450) 100 (53–238) 0.01
CD41 T lymphocytes, cells/mm2 (n=70/98) 315 (152–560) 321 (84–690) 314 (175–524) NS
Macrophages, cells/mm2 (n=81/98) 101 (41–206) 113 (44–215) 82 (42–176) NS
Total cellularity, cells3103/ml (n=88/98) 200 (100–457) 173 (75–376) 315 (117–580) NS
Eosinophils, cells3103/ml (n= 86/98) 0 (0–1.3) 0 (0–2) 0 (0–0) NS
Neutrophils, cells3 103/ml (n=86/98) 29 (3.4–164) 22 (4–76) 46 (3.1–263) NS
Lymphocytes, cells3103/ml (n=85/98) 13 (4–25) 13 (5–24) 13 (3.7–28.5) NS
Macrophages, cells3103/ml (n=85/98) 142 (72–251) 139 (61–382) 149 (88–261) NS

Definition of abbreviation: NS=not significant.
Data are expressed as the median (interquartile range). The P values refer to the Mann-Whitney U test comparison between children with
wheezing and children without wheezing.
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number of eosinophils tripled for each IQR
increase in the PM10 concentration (RR,
3.16; 95% CI, 1.35–7.39).

Conversely, in children without
wheezing, prolonged exposure to PM10 was
associated with reduced eosinophil numbers
in bronchial biopsy specimens (Figure 2B)
(best RR at lag 0–77, 0.12; 95% CI,
0.02–0.6). In children without wheezing,
prolonged exposure to PM10 also reduced
the number of neutrophils (best RR at lag
0–70, 0.36; 95% CI, 0.14–0.89; Figure 3B),
although this association only trended
toward statistical significance. No influence

of PM10 exposure on neutrophils was found
in children with wheezing.

Regarding NO2 exposure, we observed
weak negative associations during longer lags
with eosinophils (best RR at lag 0–55, 0.33;
95% CI, 0.14–0.77) and during shorter lags
with neutrophils (best RR at lag 0–14, 0.57;
95% CI, 0.34–0.93) (Figures E2 and E3) in the
whole cohort. Raw data are reported in the
online supplement (Tables E3–E6). In our
cohort, other inflammatory cell subtypes
(lymphocytes, macrophages, mast cells) in
bronchial biopsy specimens were not
influenced by air pollution. Although
exposure to PM10 and NO2 influences airway

tissue inflammation, we did not observe any
significant relationship between air pollution
and BAL fluid or blood inflammatory cell
counts (including blood eosinophils).
Furthermore, there was no link with clinical
parameters, such as the frequency of wheezing
symptoms and frequency of RTIs.

Discussion

To assess whether outdoor air pollution
might affect airway pathology in
children with wheezing, we investigated
the association between the pathological
hallmarks of asthma in airway biopsy
specimens and exposure to the major air
pollutants detected by regional air
quality sensors. Our study illustrates for
the first time, in vivo, a significant
association between chronic air
pollution exposure and histopathological
changes in children. In children with
wheezing, we found that exposure to
high levels of particulate matter is
associated with airway structural
changes and chronic eosinophilic
inflammation, possibly contributing to
the pathophysiological mechanisms
leading to asthma. Conversely, in
children without wheezing, exposure to
outdoor air pollution is associated with
decreased eosinophilic and neutrophilic
infiltrate in tissue, possibly reflecting
a general impairment of innate
immunity.

Thickening of the reticular BM
represents a key structural change in
bronchial asthma. Its pathogenetic role has
been increasingly appreciated in recent
decades, as it has been identified as a marker
of epithelial–mesenchymal cross-talk, which
may even anticipate inflammatory changes

Table 3. Pollutant exposure during the 90 days before bronchoscopy stratified for children’s district of residence for the whole
cohort, children with wheezing, and children without wheezing

n (%)

Whole Cohort With Wheezing Without Wheezing

PM10 (mg/m3) NO2 (mg/m3) PM10 (mg/m3) NO2 (mg/m3) PM10 (mg/m3) NO2 (mg/m3)

Whole region 98 (100) 40 (25–66) 40 (27–53) 37 (24–60) 37 (25–50) 45 (27–75) 43 (30–57)
Padova 35 (35) 58 (41–68) 45 (39–54) 43 (35–66) 42 (39–53) 63 (58–74) 49 (42–56)
Venezia 34 (34) 43 (32–54) 32 (25–41) 40 (31–54) 31 (25–41) 45 (37–54) 39 (28–45)
Vicenza 13 (14) 45 (35–59) 38 (32–47) 42 (33–51) 35 (31–39) 54 (42–64) 45 (38–50)
Treviso 16 (17) 36 (29–60) 37 (32–50) 31 (29–50) 33 (30–44) 46 (31–61) 41 (33–51)

Definition of abbreviations: NO2=nitric dioxide; PM10= particulate matter less than 10 mm in aerodynamic diameter.
Data are expressed as the median (interquartile range).
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Figure 1. The strength of the association between basement membrane thickness and
exposure to particulate matter less than 10 mm in aerodynamic diameter. The membrane
thickness rate ratio (RR) for each interquartile range increase of the moving average
concentration of particulate matter less than 10 mm in aerodynamic diameter (PM10) from 0 to
90 days before bronchoscopy is shown. (A) Data for the whole cohort. (B) Data for children
with wheezing (blue) and children without wheezing (red) shown separately. The line indicates
the RR and its variation in each lag duration, and the shaded area indicates the confidence
interval (CI). When the lowest (or the highest) limit of the CI (shaded area) does not include 1,
the association is statistically significant.
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(28). Of importance, BM thickening is
detectable from the beginning of the natural
history (3–5) and is associated with airway

hyperresponsiveness and lung function
decline (29). Moreover, our group has
recently shown that, among the different

inflammatory and structural changes present
in the airways of young children, BM
thickening is the one that best correlates
with the persistence of asthma across
adolescence (5).

Our study shows that children with
wheezing who live in areas with poor air
quality (i.e., those exposed to high levels of
PM10) have a significant thickening of the
reticular BM. This association was
independent of potential confounding
factors, including age, atopy, ICS
treatment, and secondhand smoke
exposure, suggesting that particulate
matter might have a major role in
promoting remodeling early in life. To our
knowledge, this is the first study in vivo to
suggest a potential contribution of air
pollution to airway remodeling in children
with wheezing, who are at high risk for
asthma. Previously, only Churg and
colleagues (30) had demonstrated similar
in vivo results, showing greater amounts of
airway fibrosis in the autoptic sections
from 20 healthy women who were lifelong
residents of a high-PM10 area. Our results
expand previous studies that demonstrated
in in vitro or animal models that PM
enhances airway remodeling (11) and the
production of proremodeling factors
(VEGF, IL8, MUC5A) (31) or the
activation of fibroblastic activation
pathways (32, 33).

Eosinophilic inflammation represents
the typical inflammatory trait of asthma,
generally considered as the hallmark of an
atopy-driven T-helper cell type 2 cytokine
environment (2). However, it is increasingly
recognized that, besides atopy, many other
factors may enhance eosinophilic
inflammation (2). The present study
demonstrates that chronic exposure to air
pollution might be one such factor. Indeed,
children with wheezing exposed to PM10 for
a long time show an increased number of
eosinophils, increased by even more than
three times, which is independent from the
presence of atopy and ICS treatment.

It is conceivable that the airways of this
high-risk population were more susceptible
to various stimuli, thus supporting the
hypothesis that particulate matter enhances
existing mechanisms that amplify airway
remodeling and inflammation (11). The
eosinophil increase we observed in vivo is in
line with the findings of many in vitro or
animal model studies demonstrating that air
pollution enhances the T-helper cell type 2
cytokine environment. Possible mechanisms
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before bronchoscopy is shown. (A) Data for the whole cohort. (B) Data for children with
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association is statistically significant.
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involved can act through the release of IL-33
or IL-13 or throughmodulation of the
antigen presentation process (34–38).
Although there was a clear association
between PM10 exposure and eosinophil
amounts in airway biopsy specimens, no
such association was detectable with
peripheral blood eosinophils. These results
confirm that blood eosinophils poorly
represent the mechanisms regulating
eosinophilic inflammation in the lung tissue
(39).

Of interest, chronic exposure to air
pollution was related to different patterns of
tissue inflammation in children with and
without wheezing in our cohort. Children
without wheezing who live in more polluted
areas show reduced numbers of eosinophils
and neutrophils in bronchial biopsy
specimens. Similar reductions in airway
neutrophils were observed with prolonged
exposure to PM10 but were also observed
with short-term exposure to NO2. Our
results in children in vivo are in line with
recent evidence in vitro showing that air
pollutants may impair innate immune
responses to influenza virus infection,
particularly by downregulating type 1
interferons, downregulating IL-6, and
preventing NLRP3 inflammasome formation
(40, 41). Conversely, other studies reported
an enhancement of luminal airway

inflammation (in sputum or BAL fluid),
particularly after acute exposure (42, 43).
Interestingly, Stenfors and colleagues (42),
who found increased neutrophils in BAL
fluid, reported a reduction in neutrophils in
biopsy specimens of healthy subjects,
suggesting a movement of cells from the
airway wall into the airway lumen. Thus, it is
conceivable that air pollution may weaken
the normal innate immunemechanisms in
the tissue, possibly promoting respiratory
infections (44, 45)

Limitations
The retrospective design of this study is
certainly a limitation; however, this is the
only ethical way to study the effects of
chronic outdoor air pollution exposure on
the lung in vivo. Furthermore, we could not
assess the levels of particulate matter<2.5
mm in aerodynamic diameter in our cohort,
which is another potential limitation of our
study.We also acknowledge that the cohort
of children who underwent a clinically
indicated bronchoscopy may not be
representative of the entire population and
that the condition prompting the
bronchoscopy might have influenced the
results. However, these concomitant
conditions were evenly present among the
study groups and are unlikely to have
affected the observed differences. Finally, the

relatively low number of patients, especially
when analyzing the two subgroups of
children with and without wheezing, led to a
widening of confidence intervals.

Conclusions
In conclusion, this study reports an
association between air pollution and
histopathological changes in the airways of
children with wheezing. First, prolonged
exposure to high levels of PM10 promotes
BM thickening and enhances eosinophilic
inflammation in children with wheezing,
who are at high risk for asthma. Second, in
subjects without wheezing, exposure to high
levels of air pollution reduces the levels of
eosinophils and neutrophils, suggesting an
impairment of innate immunity. These
results reveal for the first time in vivo in
children the mechanisms linking air
pollution and the pathological hallmarks of
asthma, with important implications for
improved understanding of the
pathophysiology andmechanisms of
progression in this disease being
demonstrated. The importance of air quality
control to promote lung health cannot be
overemphasized.�

Author disclosures are available with the
text of this article at www.atsjournals.org.
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