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Abstract

Background: Differential DNA methylation associated with allergy might provide novel insights 

into shared or unique etiology of asthma, rhinitis and eczema.

Objective: We sought to identify DNA methylation profiles associated with childhood allergy.

Methods: Within the European Mechanisms of the Development of ALLergy (MeDALL) 

consortium, we performed an epigenome-wide association study of whole blood DNA methylation 

using a cross-sectional design. Allergy is defined as having symptoms from at least one allergic 

disease (asthma/rhinitis/eczema) and positive serum specific IgE to common aeroallergens. The 

discovery study included 219 cases and 417 controls at age 4 and 228 cases and 593 controls at 

age 8 from three birth cohorts, with replication analyses in 325 cases and 1,111 controls. We 
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performed additional analyses on 21 replicated sites in 785 cases and 2,124 controls by allergic 

symptoms only from eight cohorts, three not previously included in analyses.

Results: We identified 80 differentially methylated CpG sites (CpGs) which showed 1–3% 

methylation difference in the discovery phase, of which 21, including five novel CpGs, passed 

genome-wide significance after meta-analysis. All 21 CpGs were also significantly differentially 

methylated with allergic symptoms, and shared between asthma, rhinitis and eczema. The 21 

CpGs mapped to relevant genes, including ACOT7, LMAN3 and CLDN23. All 21 CpGs were 

differently methylated in asthma in isolated eosinophils, and ten were replicated in respiratory 

epithelium.

Conclusion: Reduced whole blood DNA methylation at 21 CpGs was significantly associated 

with childhood allergy. The findings provide novel insights into the shared molecular mechanisms 

underlying asthma, rhinitis and eczema.

Capsule Summary

This large-scale epigenome-wide meta-analysis identified 21 CpG sites in whole blood to be 

consistently associated with childhood allergic disease and implicates shared epigenetic 

mechanisms of asthma, rhinitis and eczema.
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Epigenetics; DNA methylation; allergy; IgE; children

Introduction

Allergic diseases, such as asthma, rhinitis and eczema are of great public health concern and 

constitute the most prevalent childhood illnesses worldwide.1 Many allergic diseases have a 

strong hereditary component, yet large-scale genome-wide association studies2–4 (GWAS) 

indicate that genetic polymorphisms explain only a limited proportion of the susceptibility to 

allergy. Moreover, the dramatic rise in prevalence of IgE-mediated allergic diseases in 

Western European countries over the last decades cannot be explained by genetic factors, but 

likely by environmental factors and life style changes.5 The analysis of DNA methylation in 

relation to allergic diseases has therefore attracted much interest because epigenetic 

modification may mediate environmental effects on the development of allergic diseases6,7. 

So far, many studies have linked the DNA methylome to one single trait, such as asthma8,9 

rhinitis10, eczema,11 total12,13 and allergen-specific IgE levels,14–16 as well as food allergy.
14,17 However, allergic diseases often coexist in the same individual,18 an overlap that is 

partly explained by IgE sensitization. A recent large-scale GWAS2 indicated that the 

majority of genetic risk factors for allergy are shared between asthma, eczema and rhinitis, 

suggesting many shared causal mechanisms18,19. So far, no study has assessed shared 

epigenetic factors related to these three allergic diseases.

To address this question, we implemented a large-scale epigenome-wide association study 

(EWAS) of allergy and whole-blood DNA methylation in three birth cohorts participating in 

the Mechanisms of the Development of ALLergy (MeDALL) consortium. This is a follow-

up of our previous report on childhood asthma.8 In the current study, we investigated DNA 
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methylation associated with IgE-mediated allergic diseases, asthma, rhinitis or eczema in 

children at ages 4 and 8 years followed by replication and meta-analysis of children aged up 

to 16 years. We further tested if our differently methylated CpGs were associated with 

allergic symptoms only without including specific IgE in our case definition, were shared or 

different between children with asthma, rhinitis or eczema only and also investigated DNA 

methylation of replicated CpGs in isolated eosinophils and nasal epithelial cells. Finally, we 

functionally annotated these CpGs.

Methods

The methods section in this article’s Online Repository provides details on the methods used 

and cohorts included in this study. Study design and structure of this paper is presented in 

Fig 1.

Allergy definition

The primary outcome of the study is allergy, defined as agreed upon by experts from the 

MeDALL consortium.18 A child was considered to have allergy if he/she had at least one of 

three diseases: asthma/rhinitis/eczema, as well as specific IgE against any of the tested 

allergen (>0.35 lU/mL).

Allergy symptoms-only is defined when a child had at least one of the three diseases: 

asthma/rhinitis/eczema, without considering specific IgE results information. This definition 

was also used for comparisons between single diseases.

Detailed definitions of allergy, asthma, rhinitis, eczema and specific IgE positivity in each 

cohort are provided in the Online Repository.

Study population and design

The present study was conducted within the framework of the MeDALL consortium, and 

included cohorts with DNA methylation data measured at birth and/or during childhood. The 

study consisted of two phases, discovery and replication. In discovery and replication, 

allergic disease endpoint/IgE were collected at the same time as DNA methylation analyses.

In the discovery phase, whole blood DNA methylation was measured in participants of three 

cohorts, namely, BAMSE (Sweden), INMA (Sabadel [SAB], Spain) and PIAMA (the 

Netherlands) (Table I and E1). As DNA methylation is age-specific,20 we specified 

beforehand that the discovery analysis would be performed in two age-groups separately, 4 

and 8 years. The discovery study was enriched with cases with allergic disease, and 

consisted of 219 allergy cases and 417 controls at age 4 years, and 228 allergy cases and 593 

controls at age 8 years. After identification of differentially methylated CpGs, we performed 

replication analysis in 325 allergy cases and 1,111 controls from five cohorts, namely EDEN 

(France), ECA (Norway), PIAMA (the Netherlands), INMA (MEN, Spain) and Karelia 

(Finland), and meta-analyzed the results (Table I and E1). Any individuals whose samples 

have been used in the discovery studies have been excluded in the replication.
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We conducted an allergy symptoms-only additional analysis to test the association of allergy 

replicated CpGs in 785 cases and 2,124 controls from eight cohorts, including BIB (UK), 

EDEN (France), ECA (Norway), Karelia (Finland), PIAMA, RHEA (Greece), Robbic (Italy; 

subsets Bologna and Rome), and INMA (Spain; subsets Gipuzkoa [GIP], Menorca [MEN] 

and Valencia [VAL]) (Table I and E1).

Furthermore, we investigated potential shared or disease specific DNA methylation markers 

by comparing three non-overlapping groups of cases that had a single allergic disease: only 

asthma or only rhinitis or only eczema. Thus, the following groups were compared: asthma 

vs rhinitis (118 vs 118), asthma vs eczema (252 vs 179) and rhinitis vs eczema (156 vs 170). 

Information on IgE sensitization status was not considered in the case-only analyses.

We investigated whether cord blood DNA methylation levels at replicated CpGs could 

predict allergy at age 4–5 years in 298 children from the EDEN, and INMA-SAB cohorts 

(Table E2). We subsequently studied if the allergy replicated CpGs in whole blood were also 

differentially methylated in nasal brushed samples from 16-year-old children in the PIAMA 

cohort and isolated eosinophils (16 asthma cases, 8 controls, age 2–56 years) from families 

from the Saguenay-Lac-Saint-Jean (SLSJ) region in Canada21 (Table E2). Detailed 

information of these cohorts is provided in supplementary documents.

Medical Ethical Committees of all institutions approved this study. Written informed 

consent was obtained from parents or legal guardians of all participating children.

DNA methylation measurements

In the discovery analysis, DNA methylation was measured by Illumina Infinium 

HumanMethylation450 BeadChips (450K), whereas in the cohorts contributing to the 

replication, it was measured by either 450K or iPlex (Agena Biosciences). We applied the 

same quality control (QC) of DNA methylation data and covariates as published previously.8

Functional follow-up of significant DNA methylation findings

We searched for the effects of genetic variants on DNA methylation variation (cis and trans- 

methylation quantitative trait loci (meQTLs)) by using the public Biobank-Based Integrative 

Omics Studies (BIOS) Consortium database (the BIOS QTL browser, http://genenetwork.nl/

biosqtlbrowser/). We associated blood CpG methylation to whole genome gene expression 

by RNA-Seq in the BIOS consortium dataset.22 CpGs were annotated by Genomic Regions 

Enrichment of Annotations Tool (GREAT).23 Functional enrichment analysis was done by 

overlapping our replicated CpGs with histone marks and chromatin states of 27 blood cell 

types in the Roadmap epigenome project.24 Gene expression sets associated with replicated 

CpGs were interrogated for cell type specificity using the 500 functional genomics (500FG) 

dataset.25,26

Statistical analyses

Allergy-associated differentially methylated CpGs were identified by robust linear 

regression to account for potential outliers and heteroscedasticity in the data,27 adjusted for 

sex, cohort and technical co-variables. We used models without adjustment for blood cell 
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type as main model for discovery and replication, and report cell type corrected models by 

inclusion of estimated cell type proportions28 as covariates in sensitivity analyses. For 

regional analysis, comb-p29 was used to identify differentially methylated regions (DMRs) 

by using the summary statistics from models of single CpG site analysis.

We defined genome-wide significance using Bonferroni correction (P <1.14×10−7, 439,306 

tests). In each age group, genome-wide significant CpGs were taken further for replication. 

If less than 10 CpGs met the genome-wide significance level, the top 10 CpGs were selected 

for replication. We performed inverse variance-weighted fixed-effects meta-analyses with 

METAL,30 or random effects meta-analysis31, the latter in case of a heterogeneity χ2 test P 
< 0.05. Our replicated CpGs comprised those that were significantly associated with allergy 

in the meta-analysis of the replication samples (Bonferroni correction, P < 0.0006, 80 tests) 

and passed the epigenome-wide significance threshold using Bonferroni correction (P 
<1.14×10−7) in the meta-analysis of all studies (discovery and replication). To avoid 

unstable effect estimates due to small numbers, we set a minimum of 10 cases per 

participating cohort to be included in the analyses. Detailed description of the functional 

follow-up is provided in the Online Supplemental Methods.

Results

Discovery analyses

The baseline characteristics of the study populations are presented in Table I and E1. In the 

discovery population, allergy prevalence ranged from 22.9% to 47.4% at the age of 4 years, 

and 19.6% to 40.9% at age 8 years. In the replication population with IgE data available, 

12.7% to 16.4% of children fulfilled the definition of allergy at preschool and school age, 

respectively, and 18.7% to 35.7% during adolescence.

At age 4 years, the discovery EWAS analysis identified one genome-wide significant CpG-

site, namely cg15344640, annotated to Max dimerization protein 3 (MXD3) and Lectin, 

Mannose Binding 2 (LMAN2) gene (P=2.97 × 10−8; Table E3, Fig 2a, Fig E1a, genomic 

inflation factor λ=1.15). Based on our pre-specified plan, we selected the top 10 CpGs for 

replication at age 4 years (Table E3). At age 8 years, 74 CpGs passed genome-wide 

significance threshold with the strongest association (P=1.76 × 10−10) found for cg03695871 

annotated to Adaptor Related Protein Complex 5 Subunit Beta 1 (AP5B1) and Ribonuclease 

H2 Subunit C (RNASEH2C) genes (Table E4, Fig 2b, Fig E1b, λ=1.09). White blood cell 

composition was estimated in all discovery cohorts, and we did not observe significant, 

consistent cell composition differences between allergy and control group in seven cell types 

in our discovery cohorts at age 4 and 8 years (Fig E2, Table E5). However, the association of 

CpG methylation with allergy became less significant after eosinophil and neutrophil 

correction: p values after correction ranged from 1.71 × 10−2 to 1.12 × 10−5 vs 3.58 × 10−7 

to 8.27 × 10−10 before correction (Table E3–4), which did suggest that at least part of the 

results was driven by cell type. Between the top 10 CpGs at age 4 years and the 74 genome-

wide significant CpGs at age 8, four CpGs (cg13628444, cg20885063, cg11456013 and 

cg03131767) were overlapping, thus 80 unique CpGs were selected for replication. DMR 

analyses identified regions near genes that were previously implicated in the development of 

allergy such as RUNX3, IL1B, IL13 and AP5B1 (Table E6–7).
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Replication and meta-analysis

Iplex assays for 70 of these 80 CpGs were available using the Iplex design and passed 

Quality Control (QC). Two CpGs out of 10 selected at age 4 and 19 out of 74 significant 

CpGs at age 8 years were significantly associated with allergy across childhood in the 

replication setting (Table II). Of all 21 replicated CpGs, allergic subjects had lower 

methylation levels than controls. Genes annotated to these 21 CpGs were investigated via 

literature review (Table E8). In the meta-analysis of the discovery and replication results 

(Table II), the most significant association (P=9.84 ×10−21) was observed for cg06483820 

annotated to A-Kinase Anchoring Protein 1 (AKAP1) and Musashi RNA Binding Protein 2 

(MSI2). Forest plots showing cohort-specific and combined estimates and 95% CIs of all 

replicated and not replicated CpGs are shown in Fig E3 –E6 in this article’s Online 

Repository.

Additional replication and functional analyses

In an additional analysis, all 21 abovementioned CpGs were significantly associated with 

allergy defined by symptoms only (Table III, Fig E7). In a comparison of cases with only 

asthma, only rhinitis, or only eczema while not taking specific IgE into account, none of the 

21 CpGs was differentially methylated (i.e. disease-specific) in relation to any of these three 

individual diseases (Table E9).

Methylation of the 21 allergy-associated CpGs in 298 cord blood DNA samples at birth was 

not associated with allergy development during early childhood (Table E10), while 10 out of 

21 tested CpGs were associated with allergic disease with nominal significance (P <0.05) in 

nasal respiratory epithelial cells of 16-year-old children of the PIAMA cohort, with 

matching direction of effect (Table E11).

In the SLSJ cohort, we found all 21 CpG sites to be significantly associated with asthma 

within eosinophils: Participants with asthma had on average 19% lower DNA methylation of 

these 21 CpG sites compared to those without asthma. (Table E12).

Functional analyses using Roadmap epigenomics data showed that 17 out of 21 allergy-

associated CpGs were significantly enriched for enhancer markers in whole blood Roadmap 

and Encode data (Tables E13 and E14).

We next investigated whether DNA methylation of the 21 allergy-associated CpGs is driven 

by allergy-associated genetic variants. Looking up MeQTL from the BIOS QTL browser 

(https://genenetwork.nl/biosqtlbrowser/), we found one out of 21 CpGs, cg06528816, 

annotated to tetratricopeptide repeat domain 7A (TTC7A), and calmodulin 2 (CALM2) to be 

significantly associated in trans to the asthma-associated polymorphism rs2381416 in the 

Interleukin-33 gene (FDR p value =0.03) (Table E15).32 Interestingly, rs2381416-A has been 

associated with higher methylation and lower eosinophil levels and higher neutrophil 

percentage levels (Table E15 and E16).33 Expression quantitative trait methylation (eQTM) 

of the 21 CpGs with gene expression in cis in 2,353 adults identified 15 CpGs to be 

associated with 38 blood gene transcripts (Table E17). All CpGs that showed significant 

trans-eQTM with whole-blood gene expression are shown in Table E18. In the trans-eQTM 

analysis, we identified four gene expression patterns in whole blood by hierarchical 
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clustering (Fig E8), with cluster 1 and 3 showing distinct patterns. In Cluster 1, CpG 

methylation was correlated with gene expression of C-C chemokine receptor type 7 (CCR7), 

Charged Multivesicular Body Protein 7 (CHMP7) and Lymphoid Enhancer Binding Factor 1 

(LEF1). In cluster 3, CpG methylation was correlated with gene expression of Sialic Acid 

Binding Ig Like Lectin 8 (SIGLEC8), Oligodendrocyte Transcription Factor 2 (OLIG2), 
Adenosine A3 Receptor (ADORA3) and Interleukin 5 Receptor Subunit Alpha (IL5RA), all 

genes related to blood eosinophils. An RNA-Seq dataset of 89 individuals with 75 measured 

immune cell (sub)-populations25 from 500 functional genomics project (500FG) showed 

clustered RNA-transcripts associated with allergy CpGs to be strongly associated with 

effect/memory CD8 and NK cells and naïve CD8+ CD4+ cells. (Fig E9).

Discussion

This large consortium-based meta-analysis identified 21 CpGs in whole blood to be 

associated with childhood allergic disease. Consistently lower methylation levels at two 

CpGs were observed in children with allergy at the age of 4 years and 19 CpGs at the age of 

8 years, which were all replicated in independent cohorts up to adolescence. These CpGs 

associated with allergy defined by asthma, rhinitis or eczema in combination with specific 

IgE, but also when allergy was defined by disease symptoms only. We found no evidence for 

single disease-specific CpG methylation signatures, suggesting shared DNA methylation 

signatures of allergy in blood. DNA methylation at these 21 CpGs in cord blood was not 

predictive of allergy during early childhood, indicating that postnatal changes in DNA 

methylation may play an important role in the development of allergy.

Five out of 21 differentially methylated CpGs represent novel findings in the context of 

EWAS on allergy. One of them is cg21932513, annotated to Regulator of chromosome 

condensation 2 (RCC2) and Peptidyl arginine deiminase 4 (PADI4). PADI4, being a well-

established genetic risk factor for rheumatoid arthritis,34 has recently been implicated in 

acute peanut allergic reactions.35 Other novel findings include cg11725101, mapping to 

Neuroblastoma Breakpoint Family Member 16 (NBPF16); cg16673806 - receptor accessory 

protein 2 (REEP2); cg26235490 - ABR activator of RhoGEF and GTPase (ABR) and 

translocase of inner mitochondrial membrane 22 (TIMM22), as well as cg01330991 - lysine 

demethylase 6B (KDM6B) and dynein axonemal heavy chain 2 (DNAH2). These genes 

have not been previously implicated in allergic disease.

Some of the differentially methylated CpGs found in this study were previously reported. 

We identified two overlapping CpGs, cg15344640 (MXD3, LMAN2), and cg06483820 

(MSI2, AKAP1) that were found in our previous MeDALL EWAS on asthma,18 as well as 

six overlapping CpGs (cg11699125, cg21498475, cg00170714, cg13576859, cg08969102, 

cg13458609) with the PACE consortium study on asthma.8 Further, two of 21 CpGs were 

previously reported in relation to total or specific IgE levels: cg11699125 belonging to G 

Protein-Coupled Receptor 153 (GPR153) and Acyl-CoA Thioesterase 7 (ACOT7) was found 

in the Project Viva birth cohort in USA,36 as well as in two studies of Hispanic children.11 

Cg11699125 (GPR153, ACOT7), and cg12077460 mapping to Exoribonuclease 1 (ERI1), 

and Claudin 23 (CLDN23) were previously reported in the Isle of Wight cohort.16 Taken 
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together, these nine CpGs represent replicated DNA methylation markers of allergic disease 

across multiple populations.

Our top significant CpG, cg06483820, mapped to AKAP1 and MSI2. A-kinase anchoring 

proteins have been identified in T-cells and contribute to the maintenance of T-cell 

homeostasis.37 The second most significant finding was cg11699125 in ACOT7, known to 

play a role in inflammation responses through the production of arachidonic acid and is 

involved in increased prostaglandin production.38 ACOT7 is particularly interesting, since 

differential methylation in ACOT7 was previously identified in an EWAS of blood in 

relation to both total and allergen-specific IgE,13,39 asthma,8,40,41 as well as in an EWAS of 

nasal epithelium to asthma.42 In this study, we also observed differential methylation of 

cg11699125 in nasal respiratory epithelial cells associated with allergy. Thus, ACOT7 
methylation may relate to asthma, IgE sensitization in both blood and epithelial cells, and 

provide a cross-tissue allergy associated methylation site. In fact, we observed replication of 

10 of the 21 CpGs in respiratory nasal epithelial cells that further support our findings in 

whole blood. This suggests that many allergy associated DNA methylation markers may be 

replicable across different tissues. To further investigate this possibility, we did a look-up of 

published nasal methylation sites that were significantly associated with allergic asthma43 or 

IgE sensitization15 in our whole blood DNA methylation data at ages 4 and 8 years, and 

found many CpGs to be significantly associated in blood (Table E19–20).

A recent large genome-wide association study on allergic disease defined by having either 

asthma, rhinitis or eczema identified 136 SNPs to be significantly associated with allergic 

disease 2, with case only analyses strongly suggesting that 130 of these 136 SNPs are 

associated with multimorbidity rather than with single disease phenotypes. Our epigenetic 

study is the first to confirm this finding for DNA methylation in blood: all 21 CpGs were 

similarly associated with either allergic disease and no disease specificity could be shown. 

This could be due to shared epigenetic signatures of IgE sensitization in blood cells, as 

disease specificity may be more visible in the end organ. We acknowledge that a limitation 

of this analysis is the lack of data on IgE sensitization, so we suggest that further studies that 

compare epigenetic patterns in lung, nose and skin in combination with IgE sensitization are 

needed to address this important question.

Integration of genetic and DNA methylation data revealed two genes that were implicated 

both by genetic and epigenetic studies. First, LMAN2, which encodes a type I 

transmembrane lectin that shuttles between the endoplasmic reticulum, the Golgi apparatus, 

and the plasma membrane. This gene has previously been reported in allergy GWAS 2 and 

EWAS of childhood asthma.8 Thus, both genetic and epigenetic markers in LMAN2 are 

associated with allergy, which prompted us to investigate if allergy associated SNPs could be 

related to our top CpGs. However, no significant association between SNPs and CpGs in 

LMAN2 was found, suggesting that genetic and epigenetic factors may independently relate 

to or co-interact in allergy. In contrast, we did identify a strong association between the 

allergy associated SNP rs2381416 in IL33 at chromosome 9 and CpG methylation in 

cg06528816 at chromosome 2. The latter finding may be driven by a direct effect of 

rs238141 on cg06528816 methylation in this gene, or an indirect effect of this SNP 
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regulating blood eosinophils, which is then reflected by the eosinophil associated CpG site 

cg06528816.

Correlation of our 21CpGs with genome-wide gene expression revealed clusters of 

associated genes. One cluster included genes such as CCR7, playing a role in allergic airway 

inflammation, and TCF7, involved in the pathogenesis of lung diseases. Another cluster was 

inversely associated with cg11699125 and contained genes such as IDO1, earlier implicated 

in the development of immune responses, HRASLS5, SPNS3, CCL23, ASB2, OLIG2 and 

SEMA7A, known to be correlated with blood eosinophil counts, CEBPE, involved in 

activation of granulocyte production47 and PTGDR2, linked to asthma.

Through clustering of the 21 allergy-associated CpGs with immune-cell-specific gene 

expression signatures, we were also able to annotate the allergy-associated CpGs to activated 

immune cell subsets. We observed one cluster consisting of genes related to eosinophil 

function, such as SIGLEC8, OLIG2, ADORA3, IL5RA. The direction of effect suggests that 

the lower DNA methylation in allergy found in this study relates to a higher eosinophil level. 

The second cluster is in line with previous findings from the MeDALL EWAS asthma study 

that whole-blood DNA from children with allergic diseases carries CpG methylation marks 

associated with lower activity of naïve T-cells and higher activity of effector and memory 

CD8 T-cells and natural killer cells.18 This allergy-associated shift in cell state might be due 

to past exposure, such as childhood infections or microbial stimulation. Thus, we interpret 

the DNA methylation signatures as markers of activated cell subsets in peripheral blood, 

reflecting current or past cell activation or suppression events in allergy development.

Our study has some strengths and limitations. This is the largest DNA methylation study in 

childhood allergy, using independent laboratory methods and cohorts for replication. The 

study uses detailed allergy phenotype definition, as well as availability of samples at 

multiple ages and nationalities. We further replicated our findings in five cohorts that 

defined allergy by symptoms and IgE sensitization, but also found that all 21 sites were 

replicated in eight cohorts where allergy was defined by symptoms only. This suggests that 

our allergy-associated CpGs represent robust findings in the context of childhood allergy 

from the age of 4 years onwards.

Previous studies have shown that differences in methylation patterns can be attributed to 

variability in cell type composition when whole blood is used in DNA methylation studies.26 

Thus, DNA methylation may reflect allergy associated changes in cell type composition in 

whole blood, cell specific changes within the DNA methylome, or a combination of the two, 

as was shown for asthma in the MeDALL study.18 Since no blood cell-specific DNA 

methylation data in allergic disease are available, we could only replicate our findings in 

purified eosinophils for asthma. Here, we found that all CpG sites were significantly 

associated with asthma, indicating that our results are at least partly driven by DNA 

methylation changes within eosinophils. We also replicated 10 out of the 21 CpGs in nasal 

epithelial brushed cells, further underlining the robustness of our findings. Another 

limitation is that the Illumina 450K platform covered only about 1.6% of all methylation 

sites of the genome. One would expect to find more allergy-associated CpGs using whole-

methylome sequencing in the future. Due to the small numbers of cases with single diseases 
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in the case only analysis, we have limited power to detect unique signatures of single 

diseases. In our analysis of allergy prediction at birth, we investigated cord blood samples, 

and not peripheral blood as was done later in life. Recent analyses showed that 70 % of 

DNA methylation sites are in good agreement between cord and peripheral blood49, which 

suggests that analyzing cord blood may have introduced an additional source of variation in 

our analysis.

Our analyses were based on Caucasian populations, and it remains to be investigated 

whether the findings can be extrapolated to other ethnic groups.

In conclusion, our study identified consistently lower DNA methylation levels in 21 CpGs to 

be associated with allergy in childhood from ages 4 to 16 years, showing that these 

methylation sites are shared between asthma, rhinitis and eczema and implicated 

eosinophils. Our allergy associated DNA methylation profiles are indicative of lower 

presence or activity of naïve T cells and higher activity or presence of eosinophils and 

effector and memory CD8 T cells and natural killer cells in childhood allergy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. 
Overview of the study design. The present EWAS study consisted of a discovery and 

replication phase, followed by a meta-analysis. The top significant CpGs from the discovery 

phase (n=1,457) were selected for replication from five European cohorts (n=1,436). 

Subsequently, results from the discovery and replication phases were combined in meta-

analysis. The 21 replicated CpGs were further investigated in allergy symptoms-only 

analysis based on eight cohorts (n=2,909), the look-up analysis in the cord blood and nasal 
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epithelia cell, case only analysis, as well as functional analyses, including MeQTL, eQTM, 

functional enrichment and cell type annotation.
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Fig 2. 
Manhattan plots from the epigenome-wide association studies performed in three European 

birth cohorts of childhood allergic disease (discovery). A total of 439,306 CpGs were tested 

for association. The red dotted horizontal line represents the Bonferroni-corrected threshold 

(p<1.14 × 10–7) of genome-wide significance. All 21 replicated CpGs are marked as green 

circles and annotated with CpGs name. (A) Results for the EWAS analysis in children aged 
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4 years (n=636) from the three European cohorts BAMSE, INMA and PIAMA. (B) Results 

for the EWAS meta-analysis in children aged 8 years (n=821) from BAMSE and PIAMA.
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