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To the Editor,
Prenatal exposure to air pollution is increasingly recognized as a 
potential contributor to early immune dysregulation [1] and the 
development of allergic disease in childhood [2]. Although sub-
stantial research has linked early-life environmental exposures 
to adverse immunological outcomes, important uncertainties 
remain regarding the specific timing, mechanisms, and suscep-
tibility factors that shape these relationships.

Using data from the NorthPop Birth Cohort Study (NorthPop), 
an ongoing population-based study in Västerbotten County, 
Sweden (described in [3]), we examined whether prenatal expo-
sure to nitrogen oxides (NOx) and fine particulate matter (PM2.5) 
was associated with food sensitization at 18 months and atopic 
dermatitis (AD) and food allergy (FA) by 3 years of age. We also 
explored whether cord blood DNA methylation mediates these 
associations, and whether intrinsic or contextual characteristics 
modify them.

Our analyses included up to 4358 mother–child pairs for AD and 
FA, and 2468 pairs for food sensitization. Air pollution expo-
sures were estimated using high-resolution dispersion model-
ling [4] based on maternal residential addresses. To account for 
temporal variation in exposure distributions across pregnancy 
and distinguish between potentially relevant time periods for 
immune system development, the pollutant exposures were 
categorized into trimester-specific quartiles. This allowed for 
comparison of relative exposure levels within each trimester; 

however, effect estimates across trimesters are not directly com-
parable due to differences in the quartile cut-off points. Clinical 
outcomes were derived from both the Swedish National Patient 
Register [5] and parental questionnaires, and food sensitization 
was determined using allergen-specific IgE levels obtained at 
18 months. This combination of biomarker, register, and survey-
based outcome data allowed for a comprehensive evaluation of 
allergic manifestations across early childhood.

We observed that higher prenatal exposure to NOx, particularly 
during the second and third trimesters, was associated with 
an increased risk of food sensitization at 18 months (Table  1). 
These associations appeared strongest when comparing the 
second-lowest exposure category (Q2) to the reference (Q1), 
rather than when comparing the highest exposure quartiles to 
Q1. For instance, during the second trimester, Q2 exposure lev-
els corresponded to substantially higher relative risks of food 
sensitization, while both Q3 and Q4 also demonstrated elevated 
risks in the later trimesters. This pattern suggests that the expo-
sure–outcome relationship may not be strictly linear and that 
even moderate increases in NOx exposure may be relevant for 
fetal immune programming. In contrast, no associations were 
detected between prenatal NOx exposure and either AD or FA 
by age 3.

For PM2.5, we found no evidence that prenatal exposure in-
creased the risk of food sensitization or FA. However, second-
trimester PM2.5 exposure was significantly associated with 
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higher risks of an AD diagnosis by 3 years of age. This finding 
was supported across multiple statistical analyses, including 
continuous modelling of exposures, mutual pollutant adjust-
ment, and spline-based evaluations of potential non-linearity.

To assess the robustness of our findings, we conducted an exten-
sive set of sensitivity analyses. These included restricting out-
comes to questionnaire-based diagnoses, limiting analyses to 
complete cases, evaluating both pollutants simultaneously, ex-
ploring non-linearity, considering trimester-adjusted exposures, 

Summary

•	 Air pollution exposure during development was asso-
ciated with food sensitization (NOx) and atopic derma-
titis (PM2.5).

•	 The associations were trimester-specific, with evi-
dence of effect modification by extrinsic and intrinsic 
factors.

TABLE 1    |    Associations between trimester-specific prenatal exposure to NOx and PM2.5 and the risk of childhood allergic outcomes.

Pollutant Quartile

First trimestera Second trimestera Third trimestera

RRb 95% CI RRb 95% CI RRb 95% CI

Food sensitizationc

NOx Q1 1.00 (ref) — 1.00 (ref) — 1.00 (ref) —

Q2 1.05 0.79–1.38 1.41 1.07–1.86 1.28 0.97–1.71

Q3 1.21 0.92–1.58 1.22 0.92–1.63 1.37 1.04–1.82

Q4 1.17 0.89–1.55 1.37 1.04–1.83 1.35 1.02–1.80

PM2.5 Q1 1.00 (ref) — 1.00 (ref) — 1.00 (ref) —

Q2 1.07 0.81–1.42 1.01 0.78–1.32 0.99 0.75–1.30

Q3 1.23 0.94–1.61 0.85 0.64–1.11 1.05 0.81–1.38

Q4 1.14 0.87–1.51 0.93 0.71–1.22 1.01 0.77–1.33

Atopic dermatitisc

NOx Q1 1.00 (ref) — 1.00 (ref) — 1.00 (ref) —

Q2 1.03 0.84–1.27 1.16 0.96–1.41 1.04 0.85–1.28

Q3 1.13 0.92–1.38 0.96 0.78–1.18 1.07 0.87–1.31

Q4 1.16 0.95–1.42 1.02 0.83–1.25 1.15 0.94–1.40

PM2.5 Q1 1.00 (ref) — 1.00 (ref) — 1.00 (ref) —

Q2 0.99 0.81–1.21 1.20 0.98–1.47 1.04 0.86–1.27

Q3 0.92 0.75–1.13 1.23 1.01–1.50 0.99 0.82–1.21

Q4 0.99 0.81–1.21 1.09 0.89–1.34 0.91 0.74–1.11

Food allergyc

NOx Q1 1.00 (ref) — 1.00 (ref) — 1.00 (ref) —

Q2 1.11 0.80–1.54 0.96 0.68–1.34 1.00 0.73–1.39

Q3 1.11 0.81–1.53 1.16 0.84–1.60 0.95 0.69–1.33

Q4 0.95 0.68–1.33 1.02 0.73–1.41 1.00 0.73–1.39

PM2.5 Q1 1.00 (ref) — 1.00 (ref) — 1.00 (ref) —

Q2 1.24 0.89–1.73 0.89 0.64–1.23 0.87 0.63–1.18

Q3 1.34 0.97–1.87 0.93 0.67–1.28 0.83 0.61–1.14

Q4 1.13 0.80–1.59 1.00 0.73–1.37 0.75 0.54–1.03

Note: Bold values show a statistically significant estimate.
aEach outcome was modelled separately based on each pollutant for the first, second, and third trimesters of pregnancy. Quartile cutoffs for NOx and PM2.5 were based 
on trimester-specific distributions.
bResults are presented as relative ratios (RRs) with 95% confidence intervals (CIs) comparing higher quartiles of exposure (Q2–Q4) to the reference quartile (Q1).
cThe models were adjusted for the highest level of education, maternal age at delivery, maternal smoking during pregnancy, parental history of disease, parity, and pet 
exposure.
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and examining the average exposure across the entire preg-
nancy. Across these models, the direction and magnitude of 
effect estimates were generally consistent, particularly for the 
associations between NOx and food sensitization and between 
PM2.5 and AD. These results reinforce the robustness of the 
trimester-specific findings and highlight the importance of ex-
posure timing in early immune development.

We also examined potential effect modification by three charac-
teristics: maternal exposure to the COVID-19 pandemic during 
pregnancy, child sex, and parental history of allergic disease. 
Interactions revealed notable heterogeneity. For example, the 
associations between early pregnancy exposure to NOx or PM2.5 
and FA were stronger among girls than boys, consistent with 
previous findings that immune responses and susceptibility to 
pollutants may differ by sex [6]. Likewise, parental history of 
allergic disease amplified the risk associated with prenatal pol-
lutant exposures for several outcomes, suggesting that genetic 
or familial predisposition may heighten vulnerability to air pol-
lution. The COVID-19 pandemic emerged as another important 
contextual factor. Associations between pollutant exposures and 
FA appeared weaker among children whose mothers were preg-
nant during the pandemic, possibly reflecting reduced mobility, 
altered exposure patterns, or shifts in healthcare use during this 
period [7]. Taken together, these findings emphasize that prena-
tal pollutant effects are not uniform across populations but are 
shaped by both biological and contextual modifiers.

To further explore biological mechanisms, we performed 
epigenome-wide association studies (EWAS) using cord blood 
DNA methylation profiles in a subset of 499 children. Although 
several CpG sites showed nominal associations with prenatal 
NOx exposure or food sensitization, none survived correction 
for multiple testing. High-dimensional mediation analyses sim-
ilarly did not provide evidence that DNA methylation mediates 
the relationship between NOx exposure and food sensitization. 
The absence of statistically significant findings of DNA methyl-
ation mediation should be interpreted in light of several meth-
odological considerations. First, the relatively small subsample 
size with methylation data may have limited statistical power 
to detect modest mediation effects, particularly in the context 
of EWAS involving many CpG sites and stringent multiple-
testing correction [8]. Second, the biological effects of prenatal 
air pollution exposure on DNA methylation may be subtle and 
distributed across multiple loci in a genomic region, rather than 
concentrated at individual CpG sites [9], which reduces the like-
lihood of identifying single-site associations that meet signifi-
cance thresholds. It is also possible that prenatal air pollution 
influences allergic disease risk through alternative or comple-
mentary pathways, including inflammatory mechanisms and 
the immune system [2], which may not be fully mediated by de-
tectable changes in DNA methylation at birth.

In summary, our findings indicate that higher prenatal exposure 
to NOx during mid-to-late pregnancy is associated with food 
sensitization at 18 months, while increased second-trimester 
PM2.5 exposure is associated with AD by age 3. These associa-
tions were trimester-specific, context-dependent, and displayed 
possible non-linear patterns. We found no evidence of media-
tion through DNA methylation. The results suggest that even 
moderate levels of air pollution may influence early immune 

development, highlighting the importance of temporal exposure 
windows and individual susceptibility characteristics.
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