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To the Editor
Traffic-related air pollutants, such as diesel exhaust particles (DEP), significantly contribute
to the pathogenesis of wheezing and asthma in early childhood.1 These illnesses are
characterized by chronic airway inflammation caused by a dysregulated immune system.2

Attention has recently been directed towards regulatory T cells (Tregs) because they are
important in suppressing immune responses against non-specific stimuli3, such as DEP. The
suppressive phenotype of Tregs is conferred by stable expression of the forkhead box
protein 3 (FOXP3).3 Transcriptional silencing of FOXP3, via hypermethylation of CpG
islands in the promoter and intronic regions, has been identified as a hallmark of committed
Tregs and human diseases including asthma.3,4 As such, Nadeau et al.4 reported increased
FOXP3 hypermethylation in blood DNA to be associated with diminished Treg function and
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increased asthma severity in children exposed to polycyclic aromatic hydrocarbons, a
component of DEP. In this study, we test the novel hypothesis that early (birth) and
consistent exposure to high levels of traffic pollution alters FOXP3 methylation status, in
saliva DNA, in a manner that correlates with DEP exposure and/or predicts wheezing/
asthma in later-life. The oral cavity provides an important first line of defense against DEP
exposure for children, as mouth breathing is a common path of exposure.5 Further, other
aerodigestive track tissues, such as buccal cells, have been successful in characterizing DNA
methylation with respect to air pollutants and airway inflammation.6,7 The ancillary goal is
to establish a non-invasive, high throughput and quantitative assay for measuring risk of
developing asthma linked to traffic-related air pollution.

A subset of children (n=92) were selected from the Cincinnati Childhood Allergy and Air
Pollution Study (CCAAPS) 8 using stringent inclusion criteria as described in the online
repository. Inclusion required children to have a consistent DEP exposure throughout
childhood and no exposure to environmental tobacco smoke. DEP exposure was calculated
by estimating each child’s exposure to elemental carbon attributable to traffic (ECAT), a
proxy for DEP, using a land-use regression model. 9 The model captures all subsequent
changes in exposure throughout childhood including exposures outside of the home.

At age seven, an asthma diagnosis was based on symptom history, spirometry, exhaled nitric
oxide, and airway reversibility.10 Wheezing phenotypes were defined as follows: 1) never
wheeze - No parental report of wheeze in the previous 12 months at ages one through four
and at age seven, 2) early transient wheeze - parental report of wheeze at ages one or two or
three or four but not at age seven, and 3) persistent wheeze - parental report of wheeze at age
seven and at least one age at or prior to four. DNA was extracted from saliva and was
bisulfite-converted using the EZ Methylation Kit (Zymo Research, Irvine, CA). The
methylation status of the only CpG island in the 5′ region of FOXP3 (chromosome X:
49125644-49125671) was measured by quantitative pyrosequencing using a Qiagen
PyroMark CpG Assay (PM00032620) in the Q96 MD system (Qiagen). This region
encompasses 4 CpG sites in the 3′ end of the island.

Chi-square tests or t-tests were performed to investigate differences in binary/categorical
and continuous variables, respectively, between the study cohort and study sample.
Univariate analyses were conducted to assess the association between independent variables
(DEP exposure or FOXP3 methylation) and potential covariates (race, gender, maternal
education, child obesity and parental history of asthma, as defined in the online repository)
with each dependent variable (FOXP3 methylation, longitudinal wheezing phenotypes, or
asthma). Other covariates not collected, such as dietary intake, could affect the epigenetic
state of FOXP3 and this is acknowledged as a limitation.

FOXP3 methylation was not normally distributed; therefore, a negative binomial regression
model was applied. The final model included variables and product terms significant at the
15% level. The adjusted β-coefficients and 95% confidence intervals are presented for an
interquartile range (IQR) increase (0.14 μg/m3) in DEP. Multinomial logistic regression was
used to assess the relationship between FOXP3 methylation and respiratory outcomes. The
parameter estimate and standard error for methylation changed less than 15% when adjusted
for covariates and interactions; therefore, unadjusted odds ratios are reported. The odds of
each outcome represent a one standard deviation increase (17.4%) in methylation. For all
analyses a 5% alpha level indicated significance. Analyses were performed using SAS,
Version 9.2 (SAS Institute, Cary, NC).

The sample was representative of the cohort population with regard to gender, race, and
prevalence of respiratory outcomes (Table E1 in the online repository). The prevalence of
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persistent and early transient wheezing was 16.3% and 35.8%, respectively, and 16.3% of
the children were considered asthmatic. The average daily exposure to DEP during the first
12 months of life was 0.38 μg/m3 (Table E2 in the online repository). FOXP3 methylation
ranged from 0–62.4% (SD: 17.4%). A significant two-fold increase in the mean level of
FOXP3 methylation was observed among persistent wheezers compared with non-wheezers
(p <0.01) (Table 1). Similarly, early transient wheezers and asthmatic children had
significantly higher mean levels of FOXP3 methylation compared with non-wheezers
(p=0.04) and non-asthmatic children (p=0.02).

The final negative binomial regression model showed a 4.01% (95% CI: 1.83–6.18) increase
in FOXP3 methylation per IQR increase in estimated DEP exposure, while controlling for
gender and obesity. Increased FOXP3 methylation was associated with three times the risk
of experiencing persistent wheezing during childhood (OR=3.05; 95% CI, 1.54–6.05),
compared with children who had never wheezed (Figure 1). Similarly, increased FOXP3
methylation was associated with increased risk for early transient wheezing (OR=1.57; 95%
CI, 1.01–2.41). Children with increased FOXP3 methylation were also two times more
likely to develop asthma than children with lower FOXP3 methylation (OR=2.12; 95% CI,
1.14–3.85).

This study provides the first evidence that FOXP3 methylation is associated with chronic
DEP exposure during childhood and increased risk for developing persistent wheezing and
asthma. Further, we were able to identify epigenetic changes associated with environmental
exposure and respiratory disease in saliva. This is an important finding as it represents a less
invasive and inexpensive procedure for collecting DNA, which is highly conducive to large
epidemiological studies of children. These findings support future strategies targeting Treg
expansion through boosting FOXP3 up-regulation for asthma prevention/intervention.
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Figure 1. Unadjusted Association between FOXP3 %Methylation* and Wheezing Phenotypes
and Asthma at Age Seven
*OR’s calculated for a standard deviation increase in %Methylation
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Table 1

Distribution of FOXP3 %methylation in sample population and stratified by respiratory outcomes

Description Mean Min Max Std Dev

Study Sample 21.30 0.00 62.40 17.40

Wheezing Phenotype

 Non-wheezers 17.00 0.00 55.10 16.20

 Persistent wheezers* 35.84 18.10 58.35 15.20

 Early Transient wheezers* 24.16 0.32 61.30 17.90

Asthma Status

 Non-asthmatic 19.50 0.00 62.40 16.90

 Asthmatic** 32.70 1.10 58.40 17.90

*
Significant difference between persistent wheezers (p<0.01) and early transient wheezers (p<0.05) compared with non-wheezers

**
Significant difference between asthmatic and non-asthmatic children (p<0.05)
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