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Introduction

IgE-mediated food allergies appear to be increasing1 at a rate 
more rapid than changes to genome sequence would allow in 
isolation.2 Such conditions are thought to arise through complex, 
but still poorly understood, gene-environment interactions during 
critical periods of immune development. Epigenetic variation 
is postulated to be an important mechanism through which 
these interactions are mediated. Epigenetic processes regulate 
gene expression during immune development, and evidence 
suggests disruption in these processes can modify disease risk in 
a manner analogous to single nucleotide polymorphisms (SNPs). 
Importantly, epigenetic processes can be altered by environmental 
and developmental cues with increasing evidence suggesting that 
altered epigenetic profiles may be heritable across generations.3

DNA methylation is a widely studied epigenetic modification, 
tightly regulated during hematopoietic development.4,5 Studies 
show that environmental exposures, such as dietary factors6,7 
and air pollution,8 as well as stochastic factors can alter DNA 
methylation profiles in blood. Thus, variation in the DNA 
methylation profile during immune development could stably 
alter the host immune response at the individual level, or may 
underscore much of the variation in the clinical manifestations of 
allergic diseases at the population level.9 While this has yet to be 
fully explored, a role for disruption of DNA methylation profiles 
in association with allergic disease has been reported in patients 
with asthma,10,11 rhinitis,12 and atopic dermatitis.13

We have previously demonstrated that dysregulated neonatal 
CD4+ T-lymphocyte responses are a feature of pediatric food 
allergy.14 Using gene expression profiling, we compared the 
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Food allergy is mediated by a combination of genetic and environmental risk factors, potentially mediated by 
epigenetic mechanisms. CD4+ T-cells are key drivers of the allergic response, and may therefore harbor epigenetic 
variation in association with the disease phenotype. Here we retrospectively examined genome-wide DNA methylation 
profiles (~450 000 CpGs) from CD4+ T-cells on a birth cohort of 12 children with IgE-mediated food allergy diagnosed 
at 12-months, and 12 non-allergic controls. DNA samples were available at two time points, birth and 12-months. 
Case:control comparisons of CD4+ methylation profiles identified 179 differentially methylated probes (DMP) at 
12-months and 136 DMP at birth (FDR-adjusted P value < 0.05, delta β > 0.1). Approximately 30% of DMPs were coincident 
with previously annotated SNPs. A total of 96 allergy-associated non-SNP DMPs were present at birth when individuals 
were initially disease-free, potentially implicating these loci in the causal pathway. Pathway analysis of differentially 
methylated genes identified several MAP kinase signaling molecules. Mass spectrometry was used to validate 15 CpG 
sites at 3 candidate genes. Combined analysis of differential methylation with gene expression profiles revealed gene 
expression differences at some but not all allergy associated differentially methylated genes. Thus, dysregulation of DNA 
methylation at MAPK signaling-associated genes during early CD4+ T-cell development may contribute to suboptimal 
T-lymphocyte responses in early childhood associated with the development of food allergy.
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transcriptome of CD4+ cells from 30 infants diagnosed with food 
allergy at 12 mo and 30 non-allergic controls in a retrospective 
birth cohort, following short-term polyclonal activation of 
T-cells. We demonstrated that the allergy-associated suboptimal 
T-cell activation response in newborns involves altered expression 
of several genes signaling via the TNF- NF-κB pathway. In 
this follow-up study, we have performed an epigenome-wide 
association study (EWAS) on purified CD4+ T cells from a subset 
of these individuals comprising 12 that developed IgE food allergy 
at 12 mo and 12 age-matched non-allergic controls. All subjects 
had longitudinally collected DNA samples at birth and 12 mo. 
Data generated provide preliminary evidence of longitudinally 
stable (metastable) differences in DNA methylation profiles in 
pediatric IgE food allergy, a proportion of which is detectable at 
birth prior to disease onset.

Results

DNA methylation profiling was performed on purified 
genomic DNA from CD4+ T-cells isolated ex vivo from patients 
with IgE-mediated food allergy. We began with an exploration 
of normalized genome-wide DNA methylation profiles using 
hierarchical clustering and multidimensional scaling (MDS) 
plots to visualize sample relationships. Unsupervised clustering 
of genome-wide profiles separated samples according to age, 
which was the primary source of variation within the data set 
(Fig.  1A). These age-related variations in the CD4+ T-cell 
epigenome have previously been reported and were not the 
focus of the current analysis.5 A more thorough examination 
of other sources of variation suggested consistent differences 
between phenotypes, which appear driven by only a minor 
proportion of probes on the array (5022 probes by ANOVA, 
P < 0.01, Fig. 1B). We next sought to undertake a differential 
methylation analysis between cases and controls in 12-mo DNA 
samples, obtained during active disease. Given that CD4+ 
T-cells are not entirely homogenous, and as it is likely that 
differences in the CD4+ T-cell subpopulations are associated 
with food allergy, we employed a surrogate variable analysis15 
to overcome potential confounding in association with 
cellular heterogeneity. Surrogate variables were incorporated 
as covariates into the linear model to adjust for their effects. 
Comparing samples collected at 12 mo for food allergy cases 
and controls identified 179 differentially methylated probes 
(DMPs) (Adj. P value < 0.05 and delta β > 0.1). The same 
analysis using birth samples identified 153 DMP (Adj. P value 
< 0.05 and delta β > 0.1). A total of 136 DMP were common 
to both analyses suggesting that variation at these sites between 
groups was stable across both time points (Fig. 2; Table S1). 
This was confirmed by formal inference testing of the entire 
data set, adjusting for the effects of age, in which our criteria 
for differential methylation (as described in the methods) were 
met for these CpG. Of the metastable DMP, 44/136 (~32%) 
were within 10 base pairs of a reported SNP and, therefore, may 
be influenced by SNPs. We divided the metastable DMP into 

SNP-associated and non SNP-associated and compared these 
by MDS analysis. It was clear by examining sample clustering 
patterns that intra-sample variation was much higher for SNP-
associated probes indicative of sequence variant effects (Fig. 3A). 
In contrast, between-phenotype variation was much higher in 
magnitude for non-SNP DMP suggesting these are less likely 
to be affected by SNPs. Removal of the SNP-associated probes 
reduced the list of temporally stable disease associated DMPs to 
92. The observed difference in methylation between cases and 
controls for these 92 loci was bidirectional, with an effect size 
of 10–20% absolute difference in methylation (depending on 
the CpG), which was consistent at both ages (Fig. 3B). In total, 
55/92 were gene-associated whereas 43 were intragenic. Gene-
associated probes span 49 unique genes, with 6/49 genes (12%) 
represented by 2 or more DMPs (Table 1). We used the DAVID 
bioinformatics tool to run a pathways enrichment test on the 
differentially methylated genes, which suggested the KEGG 
pathway “MAPK signaling pathway” was enriched (unadjusted 
P = 0.042, Table  2). We selected several candidate loci for 
further validation by Sequenom EpiTyper analysis. Assays were 
designed to target specific CpG sites within DMPs identified by 
array analysis, plus surrounding CpG sites. EpiTyper analysis 
confirmed both the magnitude and direction of differential 
methylation for selected candidates at both ages (Fig. 4).

In contrast to the temporally stable allergy-associated DMPs, 
a number of DMPs were unique to the neonatal samples (17/153, 
data not shown). Analysis of associated genes did not reveal any 
noteworthy molecules with a previously described role in allergy, 
and there were no enriched pathways or gene ontologies in this 
list. Similarly, 42 out of 179 DMP were uniquely identified 
in 12-mo samples only. These were associated with 32 genes 
including a differentially methylated region (DMR) of four 
consecutive probes hypomethylated within the HLA-DQB1 
gene (Fig. 5A). These DMPs were in previously annotated SNPs 
are therefore likely to be affected by underlying haplotypes. 
Curiously, however, these probes did not appear differentially 
methylated at birth as well as 12 mo as would be anticipated by 
a genetically driven difference between the comparator groups. 
Pathway analysis of 12-mo specific DMP-associated genes 
revealed enrichment for “intestinal immune network for IgA 
production” (P = 0.04). The genes in this pathway identified in 
our data set include HLA-DQB1, CD80, and TNFRSF17.

The potential functional effects of gene-associated DMPs 
were examining through the analysis of previously generated 
gene expression data for these samples. We examined the 
relationship between the group average cases vs. controls log fold 
change (FC) values (FC methylation vs. FC gene expression). A 
clear relationship between methylation and gene expression was 
evident for a subset of genes, but not for all, in accordance with 
previous studies. By dividing CpGs into promoters and gene 
bodies, and comparing their relationship with gene expression 
across these classes suggested CpGs in promoters are more 
likely to correlate with gene expression rather than CpGs in the 
gene body (Fig. S1), suggesting a complex relationship between 
methylation and gene expression.
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Discussion

There is a growing evidence for a role for epigenetic disruption 
in allergic disease, but the extent to which these effects are 
causally related to disease is unclear. In this study, we explored the 
hypothesis that altered DNA methylation profiles may contribute 
to the pathogenesis of food allergy. To the best of our knowledge 
this is the first EWAS study conducted in pediatric food allergy.

Subjects in this study were part of a larger cohort of children 
with IgE-mediated food allergy, previously used to identify 

functional differences in the TNF-mediate NF-kB gene response 
in association with allergic phenotype.10,14 As part of this previous 
analysis, CD4+ T-cells were activated using anti-CD3 and 
driven through polyclonal expansion for 24 h after which time 
gene expression profiles were measured. In the current study, we 
analyzed available DNA samples from individuals at baseline 
(unstimulated) to examine whether pre-existing differences in 
DNA methylation might underscore suboptimal CD4+ T-cell 
gene expression. Our data identified temporally stable changes 
in DNA methylation at genes involved in MAP kinase signaling. 

Figure 1. A subset of DNA methylation profiles of CD4+ cells distinguishes food allergy cases from controls. (A) Unsupervised hierarchical clustering 
of whole genome methylation data derived from ex vivo isolated CD4+ cells of food allergy cases (n = 12, labeled black) and non-allergic controls 
(n = 12, labeled gray) (left panel). Sample annotation is indicated by shaded boxes below the dendrogram. MDS analysis of the same methylation 
data fails to discriminate samples based on disease-status (right panel). (B) Unsupervised clustering of the same DNA methylation data based on 
phenotype-associated probes identified by ANOVA distinguishes disease-phenotypes (left panel). MDS analysis based on the filtered data success-
fully discriminates food allergy cases and controls. ALLERGY.1 = allergic 12 min, ALLERGY.0 = allergic birth.
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Importantly, such changes were present in CD4+ T-cells at birth, 
prior to the development food allergy.

The MAPK pathway is a pro-inflammatory pathway that 
previous studies have shown is a central regulator of NF-kB 
transcriptional activation.16 In CD4+ T-cells, the MAPK pathway 
is induced on activation of the TCR and regulates cytokine gene 
transcription.17 Alternatively, TLR4 expressing CD4+ T-cells 
signal via the MAPK pathway to induce tonic inhibitory signals 
in mice.18 Therefore, we speculate that epigenetic disruption of 
the MAPK pathway may produce suboptimal signaling leading 
to the dysregulated CD4+ T-cell responses previously observed 
in this cohort. Further work is needed to address this specific 
hypothesis, particularly since these pathways are also regulated 
post-transcriptionally.

This study design utilized matched DNA samples collected 
longitudinally, which addresses causation, a central challenge 
in EWAS study designs.19 We have focused on a purified 
population of cells from which preexisting functional evidence 
suggests are relevant to the pathogenesis of disease. Despite this, 
CD4+ T-cells are heterogeneous and, therefore, we utilized a 
surrogate variable analysis to capture unwanted heterogeneity 
and included these effects as covariates in the linear modeling. 
This is becoming increasingly recognized as an effective and 
necessary step in such analyses.20 The pooled design adopted 
here precludes examination of data at the individual level 
and, therefore, the data reflect group averages. Analysis of 
gene expression data supports a likely functional role for the 
identified differential methylation; however, consistent with 
previous reports, the relationship between gene expression and 
DNA methylation is complex, with only a subset of identified 
differential methylation with corresponding difference in 
associated gene expression.

Our findings are novel and should be considered preliminary 
and hypothesis generating, given the small sample size. The effects 
reported here necessitate more detailed follow-up studies in other 

cohorts. This opens up exciting new avenues of investigation in 
the causes and mechanisms of food allergy.

Methods

Description of the cohort used for DNA methylation profiling
Subjects were retrospectively selected from a prospective 

birth cohort recruited through Princess Margaret Hospital with 
institutional ethics approval. Atopic mothers (as determined by 
positive skin prick test to a standard panel of allergens) were 
recruited in the last trimester of pregnancy from community 
antenatal clinics. Well-defined clinical data was collected on 
the cohort determined by prospective follow up assessment 
from birth to 2.5 y. Childhood subjects with IgE-mediated 
food allergy and non-allergic age-matched controls used 
for methylation profiling were a subset of a larger group of 
60 individuals with previously collected genome-wide gene 
expression data generated as part of a food allergy array profiling 
study.14 A pediatric allergist determined allergic status based on 
clinical outcomes at the 12-mo physical assessment, case history 
and allergy testing. The food allergic group consisted of children 
who developed IgE food allergy mostly to hen’s egg (n = 11/12), 
cow’s milk (n = 1/12), or peanut (n = 2/12). Food allergy was 
defined by clear immediate symptoms (1–2 h) on exposure to 
egg, milk, or peanut (including anaphylaxis, angioedema, or 
urticaria) and confirmed IgE-mediated sensitivity by virtue 
of a positive skin prick test (>3 mm wheal size) at 12 mo of 

Figure 2. EWAS analysis test identifies differentially methylated CpG 
(A) Volcano plot depiction of the case vs. control test for differential 
methylation. DMP were identified by a combination of significance 
and effect size. The plot shows the log fold genome-wide methylation 
measurements (x-axis) by the –log P value (FDR-adjusted). Significant 
data points lie above the gray line. Those with an absolute delta Beta 
effect size of >10% are shown in black and were identified as candi-
dates. (B) Venn diagram of DMPs detected at each age.

Figure 3. Principal component analysis (PCA) and heatmap visualiza-
tion of metastable DMPs (A) PCA of SNP-associated (top panel) vs. non 
SNP-associated metastable DMP. The between-sample variance rela-
tive to the between-class variance is higher for SNP-associated probes. 
Pooled samples are labeled alphabetically. Cases are shown in red, con-
trols in blue. (B) Cluster heatmap analysis of 92 non-SNP metastable 
DMP. Rows represent probes and columns represent samples. Cells 
are colored according to level of methylation (Blue = low methylation, 
yellow = high methylation, scale denotes row standard deviations). 
Sample annotation is indicated below the dendrogram.
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Table 1. Food allergy associated differentially methylated genes (continued)

Official gene symbol Name Numer of DMP

ACADM acyl-Coenzyme A dehydrogenase, C-4 to C-12 straight chain 2

ACAN aggrecan 1

ADAMTS12 ADAM metallopeptidase with thrombospondin type 1 motif, 12 1

AZI1 5-azacytidine induced 1 1

BICD2 bicaudal D homolog 2 (Drosophila) 1

C14orf119 chromosome 14 open reading frame 119 1

C21orf70 chromosome 21 open reading frame 70; hypothetical LOC729774; hypothetical LOC729535 1

CACNA1B calcium channel, voltage-dependent, N type, α 1B subunit 1

CD80 CD80 molecule 1

CTDSP2 similar to hCG2013701; CTD (C-terminal domain, RNA polymerase II, polypeptide A) small phosphatase 2 1

DHRS4L2 dehydrogenase/reductase (SDR family) member 4 like 2 1

DOCK1 dedicator of cytokinesis 1 1

DUSP3 dual specificity phosphatase 3 1

ESRRG estrogen-related receptor gamma 1

FAM101A family with sequence similarity 101, member A 1

GALNTL4 UDP-N-acetyl-α-D-galactosamine:polypeptide N-acetylgalactosaminyltransferase-like 4 1

GLYATL2 glycine-N-acyltransferase-like 2 1

GREB1 GREB1 protein 1

HDAC4 histone deacetylase 4 1

KCNN3 potassium intermediate/small conductance calcium-activated channel, subfamily N, member 3 3

LCE3A late cornified envelope 3A 1

LDHC lactate dehydrogenase C 2

MEOX1 mesenchyme homeobox 1 1

MIR26A2 microRNA 26a-2 1

MRPL28 mitochondrial ribosomal protein L28 1

MYO1D myosin ID 1

NPSR1 neuropeptide S receptor 1 1

NRBP2 nuclear receptor binding protein 2 1

OR4X1 olfactory receptor, family 4, subfamily X, member 1 2

PADI3 peptidyl arginine deiminase, type III 1

PCSK6 proprotein convertase subtilisin/kexin type 6 1

PGCP plasma glutamate carboxypeptidase 1

PRM1 protamine 1 1

PTGER3 prostaglandin E receptor 3 (subtype EP3) 1

PTGFRN prostaglandin F2 receptor negative regulator 1

RNF215 ring finger protein 215 1

RPH3AL rabphilin 3A-like (without C2 domains) 2

RPS6KA2 ribosomal protein S6 kinase, 90kDa, polypeptide 2; hypothetical LOC100127984 1

SAP18 Sin3A-associated protein, 18kDa 1

SGSM2 small G protein signaling modulator 2 1

SMC1B structural maintenance of chromosomes 1B 1

SOLH small optic lobes homolog (Drosophila) 1

THUMPD1 THUMP domain containing 1 1
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age. Age-matched non-allergic children showed no evidence of 
either allergic disease or sensitization (by skin prick test) to any 
of the allergens tested at any postnatal visits (1, 2.5-y or 5-y). 
Biospecimens used for this study were retrospectively selected 
based on 12-mo diagnosis of food allergy and availability of 
matched birth samples. All included individuals were born to 
atopic mothers as determined by skin prick testing. Exclusion 
criteria for this study were maternal smoking, pregnancy 
complications including gestational diabetes or preeclampsia, or 
evidence of congenital defects in the newborn. The phenotypes 
and clinical characteristics of these individuals used in this study 
are provided in Table S2.

EWAS study design
This was a hypothesis-driven exploratory study in which 

tissue-specificity and likely role for epigenetic mechanisms was 
justified based on previous functional evidence. Samples were 
obtained from CD4+ T-cells isolated by magnetic bead separation 
as described elsewhere.14 Longitudinal samples were available 
at birth and 12 mo for all individuals. Methylation data were 
generated on the Illumina Infinium HumanMethylation450 
BeadArray platform with samples randomized across arrays. All 
samples were processed as a single batch.

Preparation of DNA samples for methylation profiling
DNA quantity was a limiting factor in this experiment since 

DNA samples were available only for individuals with sufficient 
cells remaining after prioritization of cells for gene expression 
analysis published in the original study. In total 24 individuals 
had available longitudinal DNA samples. Analysis of clinical 
data did not suggest these individuals differ from the wider 
cohort with the exception of gender (Table  S1). To obtain 
sufficient quantity of DNA, equal quantities of DNA from 
2 donors were pooled prior to bisulphite conversion. A total of 
six pools of allergics (n = 2 individuals per pool) and six pools 
of non-allergics (n = 2 per pool) were created. Pool construction 
was matched at both ages so as to maintain a longitudinal design. 
Males and females were mixed as sex matching was not possible, 
and confounding from sex-specific effects was therefore averaged 
out at the pool level. Quality assessment was performed on DNA 
pools by spectrophotometry and all pools were concentration 
normalized to 1ug prior to bisulphite conversion. Pooling has 
been shown to provide accurate estimates of group averages in 
DNA methylation data.21 Bisulphite conversion was performed 
using Methyl Xceed kit from Human Genetic Signatures and 
tested for completion by an in-house bisulphite-specific PCR 
assay.

DNA methylation data acquisition and QC
Bisulphite treated DNA samples were shipped to Service XS 

for methylation array profiling. Raw iDAT files were processed 
using the minfi package22 from the bioconductor project23 in the 
R statistical environment. The minfi package was used for QC 
analysis by inspecting control probes on the array none of which 
were found to be outlying. We also examined the distribution of 
methylated and un-methlyated signals across the experiment to 
look for outliers. Raw data was preprocessed using the SWAN 
normalization method in minfi to normalize Type I and Type II 
probe bias.24 Probes with a detection P value call > 0.01 in 1 or more 
samples were removed. Probes on the X and Y-chromosomes were 
removed to eliminate gender bias. Probes previously demonstrated 
to potentially cross-hybridize non-specifically in the genome were 
removed.25 Potential SNP-associated probes were flagged for 
post-hoc analysis. The log2 ratio for methylated probe intensity 
to unmethylated probe intensity, the M value, was subsequently 
derived and used for statistical inference. Beta values were derived 
from signal intensities as defined by the ratio of methylated to 
unmethylated probes given by B = M/(U/M*100) and were used 
to compliment M-value as a measure of effect size. Hierarchical 
clustering of samples with average linkage used to define clusters 
together with multidimensional scaling for exploratory analysis 
of genome-wide DNA methylation profiles. This data has been 
deposited with the Gene Expression Omnibus and is available 
under the accession number GSE34639.

Statistical inference
Statistical inference of microarray data was performed in R 

using the limma package available in bioconductor.26 To identify 
differentially methylated probes (DMP) we fitted an empirical 
Bayes linear model to the M-values with age and phenotype as 
the main dependent variables. This was a repeated measures 
factorial design. The correlation structure between arrays from 
the same individuals was estimated using the “corfit” function 
in limma26 and was incorporated into the model. A surrogate 
variable analysis15 was performed to capture any unwanted 
heterogeneity due to cell composition and these were incorporated 
into the model. Array weights were used to estimate the model 
fit for each array and these weights were similarly incorporated 
in the model. A moderated t test26 was used to test for between 
group differences. P values were adjusted for multiple testing 
using the False Discovery Rate method (FDR)27 to control the 
false discovery rate at 5%. Our criteria for identifying candidate 
allergy-associated DMP included both adjusted P value 
significance and effect size. Threshold for minimum effect size 

Table 1. Food allergy associated differentially methylated genes (continued)

Official gene symbol Name Numer of DMP

TNFRSF17 tumor necrosis factor receptor superfamily, member 17 1

TPO thyroid peroxidase 1

WDR27 WD repeat domain 27 1

XYLT1 xylosyltransferase I 1

ZAK sterile α motif and leucine zipper containing kinase AZK 1

ZC3H3 zinc finger CCCH-type containing 3 2
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was delta Beta value of 0.1 (10% methylation), which is widely 
considered to be a conservative cutoff for biological rather than 
technical variation. DMP were defined as FDR-adjusted P value 
< 0.05 and delta Beta > 0.1. Pathways analysis was conducted 
using the DAVID bioinformatics software28 using the human 
genome as the background for enrichment test.

Affymetrix human gene 1.0ST data acquisition and 
processing

Gene expression data have been published elsewhere.14 In 
brief, pools of total RNA were hybridized to Affymetrix Human 

Gene 1.0ST arrays. After rigorous quality assessment with all 
samples passing QC the expression data were preprocessed 
with the PLIER algorithm (gcbg background subtraction, 
quantile normalization, iterPLIER summarization). A log2 data 
transformation was applied in the R environment (http://cran.r-
project.org/).

Validation of array targets
Target validation was performed using the Sequenom 

EpiTYPER (Sequenom, San Diego, USA) Sequenom assays 
were designed using the Sequenom EpiDesigner software 

Table 2. Pathways enrichment analysis of food allergy differentially methylated genes

KEGG MAPK signaling pathway P = 0.042

ID Gene Name FC birth FC 12m

CACNA1B calcium channel, voltage-dependent, N type, α 1B subunit 14% 11%

DUSP3 dual specificity phosphatase 3 -14% -15%

RPS6KA2 ribosomal protein S6 kinase, 90kDa, polypeptide 2; hypothetical LOC100127984 -21% -19%

ZAK sterile α motif and leucine zipper containing kinase AZK -14% -14%

*FC determined as Allergics - Non-allergics.

Figure 4. DNA methylation levels measured by Sequenom EpiTyper validate BeadArray methylation data. Target validation for 3 different genes, 
(A) CACNA1B a calcium signaling molecule (B) KCNN3 a calcium activated channel molecule (C) NAPRT1, an oxidative stress gene. Bars show aver-
age percent methylation with standard deviation. Statistical analysis performed by Man-Whitney U test corrected for multiple testing (q-value 1%).
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