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Abstract

Background DNA methylation profiles associated with childhood asthma may provide novel insights into

disease pathogenesis.



Methods Epigenome-wide DNA methylation was investigated in whole blood DNA of 392 asthma cases
and 1156 controls at age 4-8 years from four European birth cohorts within the Mechanisms of the
Development of AlLLergy (MeDALL) project. Twenty-seven differentially methylated CpG sites (CpGs)
were further analyzed in 247 cases and 2,949 controls at age 4-16 from six additional European cohorts,
and meta-analyzed. We addressed cell-type specificity in eosinophils and nasal epithelial cells. Whole
blood transcriptional profiles associated with replicated CpGs were annotated using RNA-seq data of

FACS-sorted subsets of peripheral blood mononuclear cells.

Findings Fourteen of 27 CpGs from the discovery analyses were replicated and passed genome-wide
significance (P < 1.14x107) after meta-analysis. Consistently lower methylation levels were observed at
all associated loci across childhood from age 4 to 16 years, but not at birth. All 14 CpGs were
significantly associated with asthma in a second replication study using whole blood DNA, and were
strongly associated with asthma in purified eosinophils. Whole blood transcriptional signatures
associated with these CpGs indicated increased activation of eosinophils, effector/memory CD8-T and
NK cells, and reduced naive T cells. Five of the 14 CpGs were associated with asthma in respiratory

epithelial cells indicating cross-tissue epigenetic effects.

Interpretation Reduced whole blood DNA methylation at 14 CpGs acquired after birth was strongly
associated with childhood asthma. These CpGs and their associated transcriptional profiles indicate

activation of eosinophils and cytotoxic T cells in childhood asthma.

Introduction

Asthma is a heterogeneous chronic inflammatory airway disease, characterized by variable respiratory
symptoms and reversible airflow limitation. Worldwide, over 300 million patients suffer from asthma,

with significant morbidity, reduced quality of life of patients and their families, and substantial



healthcare costs!. Asthma has its origins predominantly in early childhood?. According to twin studies,
about 50-60% of asthma susceptibility is explained by genetic factors>. Large scale genome-wide
association studies (GWAS) have uncovered several genetic variants related to asthma, some of which
are specific to childhood onset asthma*°. The dramatic increase in asthma prevalence in the past half-
century suggests an important role for environmental exposures early in life®’, which can affect
epigenetic patterns leading to changes in gene regulation, and consequently to altered biological
responses contributing to disease susceptibility®°. In support of this, epigenetic changes have been
observed at specific genomic loci for asthma, including DNA methylation CpG sites (CpGs)10111213.1415
non-coding RNAs® and microRNAY’. Specifically, previous candidate and epigenome-wide studies in
peripheral whole blood (or peripheral blood mononuclear cells) have found methylation associations
with immune-related genes, such as FOXP3*¥and RUNX3'?, involved in T-cell regulation and maturation.
Eosinophil-associated genes have further been implicated, exemplified by IL5RAand IL13"?, the latter
being differentially methylated also in airway epithelial cells following IL13-stimulation®®. In studies on

total IgE levels, pathways relevant to eosinophil activation® and lipid / fatty acid metabolism?°with

suggested involvement in asthma pathogenesis are highlighted.

Despite the recent progress in asthma epigenetics, it remains largely unknown which DNA methylation
sites are robustly associated with asthma across the genome; whether these asthma associated
methylation patterns are already present at birth or develop during childhood®, and whether age-
specific patterns can be observed in children from different countries with varying environmental
exposures and lifestyles. To answer these questions, we performed a large-scale epigenome-wide
association study (EWAS) within the Mechanisms of the Development of ALLergy (MeDALL) project? of
whole blood DNA in children at preschool age (4-5 years) and school age (8 years) in four birth cohorts
together with a validation and replication study in children (0-16 years) and adults (1-79 years). We
subsequently investigated cell-type specific methylation of the identified CpGs in eosinophils and

epithelial cells and their related gene expression signatures.

Methods

A full description of the methods is provided in the online supplement. Medical Ethical Committees of all
institutions approved this study. Written informed consent was obtained from parents or legal

guardians of all participating children.



Asthma definition: We defined asthma as agreed upon by experts as described previously in the MeDALL
study??, with two of three criteria present: 1) doctor diagnosis of asthma ever, 2) use of asthma

medication in the past 12 months and 3) wheezing/breathing difficulties in the past 12 months.

Discovery

Whole blood DNA from children from four MeDALL birth cohorts was investigated in BAMSE (Sweden),
EDEN (France), INMA (Sabadel [SAB], Spain) and PIAMA (the Netherlands)?. Given the strong effects of
age on whole blood methylation patterns in childhood®, we considered the possibility of age specific
methylation in asthma and performed discovery analysis at preschool and school age. We thus
examined epigenome-wide DNA methylation using lllumina Infinium HumanMethylation450 BeadChips
(450K) in 207 asthma cases and 610 controls at age 4-5 years, and 185 asthma cases and 546 controls at

age 8 years using a cross-sectional case-control design (Figure 1).

Replication

All blood DNA samples of children not participating in the discovery phase were selected for replication
from seven MeDALL birth cohorts: BIB (UK), ECA (Norway), Karelia (Finland), PIAMA, RHEA (Greece),
Robbic (Italy; subsets Bologna and Rome), INMA (Spain; subsets Gipuzkoa [GIP], Menorca [MEN] and
Valencia [VAL]) (Table S1). We used an independent technology, iPlex (Agena Biosciences) to validate
and replicate selected CpGs after quality control (QC) of the assays. In total, 3,196 samples from 6 birth
cohorts were selected for our main meta-analysis. Top CpGs at both age 4-5 and 8 years were selected
for replication (Table $2-S3). We next investigated whether replicated CpGs in cord blood predict later
asthmain 1,316 children participating in BIB, EDEN, INMA-VAL and Robbic (Table S4).

We subsequently studied cell type specificity of the asthma association of the replicated CpGs in 455
respiratory epithelial cell samples, collected by nasal brushing of 16-year-old children as well as in DNA
isolated from blood eosinophils (16 cases, 8 controls (age 2-56 years) and compared this to whole blood
DNA samples of 167 subjects (age 1-79 years) from families from the Saguenay-Lac-Saint-Jean (SLSJ)
region in Canada?® (Table S4).

Statistical analyses

Asthma associated differentially methylated CpGs were identified by fitting a robust linear regression
method corrected for sex, cohort and technical co-variables. We used models that do not correct for
blood cell-type as main model for discovery and replication, and report cell-type corrected models by

inclusion of the estimated cell type proportions as covariates as sensitivity analysis.



We performed inverse variance-weighted fixed-effects meta-analyses with METAL®, or random effects
meta-analysis using Metafor? in case of a heterogeneity x* test P value < 0.05. Our replicated CpGs were
those that were significantly associated in the meta-analysis of replication samples (Bonferroni
correction, P < 0.0019, 27 tests) and passed epigenome-wide significance using Bonferroni correction (P

< 1.14x107, 439,306 tests) after meta-analysis of all studies.

Functional genomic analysis

The association of CpG methylation with single nucleotide polymorphisms (SNPs) was studied in 496
children, and with matched regional whole blood gene expression in blood in 119 children (4 years,
INMA), and 260 children (16 years, BAMSE) using Affymetrix Human Transcriptome Array 2.0
Genechips®®. Association between CpG methylation with whole genome expression by RNA-seq was
performed in the BIOS consortium dataset. CpGs were annotated by GREAT?. Functional enrichment
analysis was done by overlapping our replicated CpGs with histone marks and chromatin states of 27

t28

blood cell-types in the Roadmap epigenome project®. Gene expression sets associated with replicated

CpGs were interrogated for cell-type specificity using the 500FG dataset?.

Results

EWAS discovery and replication in whole blood DNA

At age 4-5 years, we identified one genome-wide significant CpG annotated to ETV6 and BCL2L14 (P
value = 7.96x10°®) (Figure 2a and S2a) (Table 1). Therefore, we used a looser threshold (FDR adjusted P <
0.10) to select eleven CpGs for replication (Table S2) as we considered age-specific effects on asthma.
Next, we identified 26 CpGs that passed genome-wide significance threshold (P < 1.14x107) at age 8
years (Figures 2b and S2b, Table S3), with the strongest association (P = 8.82x10%°) found for
cg03695871 in AP5B1 (Adaptor related protein complex 5 beta 1 subunit), a gene associated with
eczema?’. Cg11456013 and cg1362844 were identified at both ages and in total 35 CpGs were selected

for replication.

IPlex assays for 27 out of 35 CpGs were available after QC. Fourteen of the 27 CpGs were significantly
associated with asthma across childhood after meta-analysis of the six MeDALL replication cohorts and

passed the genome-wide significance threshold in the meta-analysis of replication and discovery cohorts



(Table 1, Tables S5-S6). Expression and function of genes annotated to replicated CpGs are described in
Table S7, and genomic annotations of all CpGs and regional co-methylation plots are provided in Figures
$3-S5. The most significant association (P value = 2.55x107Y) was observed for cg01901579 in DICER1
(Figure S6). Specific replication at age 4 is provided in Table S8, but could not be performed at age 8
years due to low power. Methylation levels in asthma cases were consistently lower than those in
controls for all 14 replicated CpGs, with small effects in whole blood in the discovery cohorts (Figure S7).
To evaluate potential SNP effects within the probe for the 14 replicated CpGs, the beta value
distributions were visually assessed in the discovery cohorts (Figure S8), and no bimodal distribution was
detected that could reveal an underlying SNP within the probe effect. In addition, the residuals were
normally distributed. Homogeneity testing revealed consistent effects across childhood for all replicated
sites (Pnet > 0.05 and |2 < 25%) (Figures $9-512). Strikingly, all 14 CpGs (100%) significantly associated
with asthma in a second replication study using whole blood DNA of Canadian families (age 1-79) (Table
2). However, methylation of the 14 asthma-associated CpGs in 1,316 cord blood DNA samples did not

significantly predict asthma development at age 3-4 years in four different cohorts (Table S9).

Cell type heterogeneity and cell type specific analysis

In our discovery samples, white blood cell composition was measured in INMA (Table S10) and
estimated in all four cohorts (Table S11). Asthma was significantly associated with lower estimated CD4
and CD8 positive T cell subsets in whole blood, but not with blood eosinophil counts. However, we
observed that the association of CpG methylation with asthma became less significant after eosinophil
and neutrophil correction (P value after correction ranged from 1.23x102 to 4.41x10® versus 1.17x10°
to 2.79x107° before correction; Table 1, Table S5-6). Using Reinius’ blood cell-type specific methylation
data®!, we found that 11 of the 14 asthma associated CpGs displayed relatively lower methylation levels

in eosinophils (Table S12) (P value = 1.92x 10?4, Fisher exact test).

We next investigated whether CpG methylation within eosinophils was also associated with asthma in
participants of the SLSJ study, and found all 14 CpGs to be significantly associated in subjects with a very
broad age range of 2-56 years (Table S4). CpG methylation in eosinophils was on average 18% lower in
asthmatics (Table 2, Figure S13). Furthermore, we found significant differential methylation in relation
to asthma for five out of 14 CpGs in nasal respiratory epithelial cells'® from 16-year-old children

(enrichment P value = 3.8x 10#) (Table 2).



Functional and mediation analysis

Four of 14 CpGs associated with SNPs within 250 kb (cis-MeQTL) (Table S13), including rs9425436 that
associated with CpG methylation of cg01770400 in SERPINCI (p = 5.6 x10™). One of these SNPs was
previously related to asthma: rs9425436 was in strong LD (r?=0.95) with rs4652298 in ZBTB37 that has
previously shown evidence for association with asthma (P = 2.7 x103%) in the GABRIEL GWAS*. Mediation
analysis revealed that 14.4% of the SNP rs9425436 effect on asthma was due to CpG methylation of
cg01770400 (Table S14).

The 14 replicated CpGs were significantly enriched for enhancer markers (13 out of 14) in whole blood

Roadmap and Encode data?® (Table S15-516).

We next examined whether the replicated 14 CpGs were associated with whole blood gene expression
in cis within 250 kb in two childhood cohorts. Four asthma associated CpGs were significantly associated
with gene expression in cis (Table S17) in BAMSE, but this was not replicated in the smaller dataset
INMA (Table S18). In the larger BIOS dataset??, we first analyzed the association of the 14 CpGs with
gene expression in cis in 2,367 adults, and identified 10 of the 14 asthma associated CpGs to be
associated with 22 gene transcripts (Table $21), with two CpG-gene transcript pairs (cg06483830-SCPEP1
and cg14011077-PPP1R26) observed also in the BAMSE dataset (Table $17).

We then analyzed the association of asthma CpGs with whole genome gene expression. All CpGs
showed significant associations with whole blood gene expression (mean number of associated
transcripts 351, range 77 — 875). All associated transcripts are shown per CpG site in supplemental table
$19). We identified three distinct gene expression patterns in whole blood by hierarchical clustering. The
first cluster was inversely associated to methylation levels of seven CpGs, and encompassed genes such
as SLC29A1, SIGLECS, IL5RA and ADORAS3 (Figure 3a, Table $19). A second cluster was strongly associated
with cg16592897 and six other CpGs, and included genes such as CCR7, CHMP7 and LEF1. After
correction for eosinophil blood counts, association of the first cluster was attenuated, confirming this as
an eosinophilic gene signature, while the association of the second cluster became more prominent. In
contrast, the third cluster, containing TBX21, EOMES, CCL5 and GZMB, showed negative correlation with
four asthma CpG methylation levels (Table S20, Figure 3b). An RNA-seq dataset of PBMCs FACS-sorted
into highly defined leucocyte subsets? identified the second cluster as a naive CD4 and CD8 T cell gene
signature that was decreased, and the third cluster as an effector/memory CD8 T cell and NK cell profile

that was increased with reduced CpG methylation (Figure S14).



Discussion

This large consortium-based meta-analysis identified 14 CpGs in whole blood to be associated with
childhood asthma. Consistently lower methylation of these CpGs was observed in asthma from
preschool age until adolescence. Strongly reduced methylation at asthma-associated CpGs within
isolated eosinophils clearly indicated that lower whole blood DNA methylation levels in asthma was not
only due to altered eosinophil numbers in whole blood, but also to reduced methylation at those
specific CpGs within this cell type. Finally, through clustering of the 14 asthma associated CpG sites with
whole blood and immune cell specific gene expression signatures, we were able to annotate the asthma

associated CpGs to (activated) eosinophils and CD8 positive T cells and NK cells.

DNA methylation may be strongly affected by ageing and environmental exposures®®. We observed
remarkably consistent patterns of DNA methylation associated with childhood asthma across different
age groups and in participants from different countries. This indicates that our asthma associated CpGs
are consistent findings in childhood asthma from the age of 4 years onwards but not at birth, indicating
postnatal effects on methylation of these 14 CpGs that were identified in our study. Recently, cord
blood methylation of a CpG in another asthma gene, SMAD3, was found to be associated with childhood
asthma in children from asthmatic mothers!. Maternal smoking during pregnancy, a risk factor for
childhood asthma, showed strong effects on methylation of 6,073 CpGs in DNA isolated from cord
blood?®. One of these CpGs was associated to asthma in our study (LMAN2), yet we did not identify a
mediating effect of smoking on asthma through this CpG (data not shown). Thus, asthma associated
DNA methylation patterns identified in this study are likely the result of postnatal environmental
influences, and/or pathophysiological processes related to asthma. We performed detailed functional

analysis of the asthma-associated CpGs to start identifying these processes.

Part of the reduced DNA methylation of the 14 CpGs in asthma was explained by eosinophil numbers,
since the significance of the association reduced after correction for predicted eosinophil percentage in
peripheral blood 2°. Importantly, strongly reduced methylation of the CpGs in purified eosinophils
retained an association with asthma, highlighting that eosinophils are epigenetically altered in asthma.
We observed a larger effect size in purified eosinophils (on average 18% lower in asthmatics) compared
to whole blood (on average 1-2% lower in asthmatics) consistent with a functional effect on gene
expression within eosinophils. As predicted eosinophil counts between asthma patients and controls
were not significantly different in our discovery cohorts, our results reflect the presence of a different
subset or activation state of eosinophils, rather than eosinophil counts per se. While eosinophils are
linked to sub-phenotypes of asthma such as the Th2-type subset, our study provides unequivocal data

supporting their involvement at the epigenetic level in mild-to-moderate asthma in children. This adds

10



to the genetic findings33 that SNPs regulating blood eosinophil counts significantly overlap with asthma
GWAS loci, such as /L5, IL33, IL1RL1 and TSLP. Functional interpretation using Roadmap epigenomics
data revealed that asthma associated CpGs were significantly enriched for enhancer markers again

suggesting a cell-type specific regulatory role on gene expression”.

Correlation of our 14 CpGs with genome-wide gene expression revealed three clusters of associated
genes. As all replicated 14 CpGs show consistently reduced DNA methylation in asthma patients, the
cluster encompassing known eosinophil signature genes* displaying negative association with
methylation levels of asthma-associated CpGs are therefore predicted to show increased expression in
asthma. A second cluster with increased predicted expression in asthma is characterized by effector
memory CD8 T cell and NK cell genes. A third cluster with reduced predicted expression in asthma was
identified as naive CD4 and CD8 T cells. These data indicate that whole blood DNA in childhood asthma
carries CpG marks associated with reduced activity of naive T cells and increased activity of
effector/memory CD8 T cells and NK cells®. This asthma associated shift in cellular activity may be due
to different environmental factors such as traffic related air pollution or infectious agents including
intracellular bacteria or viruses . Further studies are needed in well-characterised populations of
children with asthma to address cell type specific methylation signatures together with RNA-seq data in
effector memory CD8 positive T cells and NK cells to disentangle a cell proportion effect from
differential cell activation in asthma. Thus, asthma associated whole blood methylation patterns

represent an epigenetic fingerprint of (activated) immune cell subsets acquired in childhood.

Comparing the 14 CpGs with previously published DNA methylation study of asthma in US inner cities??,
we did not identify overlapping CpG sites. However, three of the genome-wide significant CpGs
(cg01770400, cg20503329, cg09447105) (Table S2-3) were previously reported in an EWAS for total
IgE®, compatible with shared regulation of these CpGs in asthma and IgE-related traits. None of these
annotated genes were previously implicated in (genetic) studies of asthma (Table S7 for an overview),
yet several of these genes have known functions that may have relevance for asthma development. The
most significant CpG site was annotated to DICER1 (Figure S5). DICER1 is a member of the ribonuclease
[l (RNaselll) family, involved in the generation of microRNAs, which modulate gene expression at the
posttranscriptional level. Next, SYNTAXIN3 (STX3) is relevant for epithelial polarity and regulates
exocytosis3®. Epithelial polarity is important to maintain a functional epithelial barrier function, a process
that is impaired in asthma3®. STX3 plays an important role in the release of the chemokines CXCLS8, CCL2,
CCL3, and CCL4 by human mast cells®. LIPIN1 is a Mg(2+)-dependent phosphatidic acid
phosphohydrolase, that was shown to negatively regulate mast cell degranulation and the anaphylactic

response through inhibiting the PKC-SNAP-23 pathway*'. LIPIN1 also plays a role in macrophage
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proinflammatory activation during TLR signaling. After TLR4 stimulation, Lipin-1-deficient macrophages
showed a decreased production of diacylglycerol and activation of MAPKs and AP-1, accompanied by a
reduced production of proinflammatory cytokines such as IL-6, IL-12, IL-23, or enzymes such as Inducible
NO synthase®. Finally, Lectin, Mannose Binding 2, a Type | transmembrane lectin, shuttles between the
endoplasmic reticulum, the Golgi apparatus and the plasma membrane, and was previously implicated
in sphingolipid transport. Sphingolipid metabolism has been related to asthma® after the discovery of
the role of ORMDL3, the first gene identified for childhood asthma through GWAS which may have a

function in sphingolipid metabolism.

There are some strengths and limitations of our work. To our knowledge, this is the first study that
combined EWAS with an extensive validation and replication study of the CpGs using an independent
laboratory method in over 5,000 children. One limitation of our work is that we used a questionnaire-
based approach to define asthma at preschool age based on doctor’s diagnosis, symptoms and use of
asthma medication. Whereas we acknowledge that self-reported asthma at preschool age may be
sensitive to misclassification of transient wheezing, our finding that 8 of the 11 CpGs selected from the
age 4-5 years discovery sample were significantly associated with asthma across childhood strongly
suggests that we found robust asthma CpGs. However, we cannot exclude that the challenges with
diagnosing asthma in young children may partly explain why we identified only one genome-wide CpG in
the initial EWAS discovery on 4-5-year olds. Since we a priori considered age specific effects on DNA
methylation in asthma, two sets of CpG sites were selected for replication at age 4 and 8 years. Although
different significance cut offs were used for this initial selection (FDR < 0,1 at age 4, Bonferroni
significance at age 8 years), this did not affect the final outcome as all CpG passed robust criteria for
replication (Bonferroni significance in the replication analysis only, as well as in in the final combined
meta-analysis of discovery and replication studies). In addition, replication analyses of our 14 top hits in
the SLSJ study allowed us to not only assess methylation profiles in purified eosinophils, but also to
show that hypomethylation of these CpGs was observed in participants at a broader age range (age 1-
79 years). A second limitation is that the CpG selection was limited to the 450K platform that by design
only covers 1.6% of all methylation sites of the genome. We would expect to find many more asthma
associated CpGs when using whole methylome sequencing in the future. Thirdly, we only can address
CpG loci but not CpG regions in our study since CpG regions cannot not be replicated in the targeted
iPlex design. Fourthly, small differences in methylation levels between cases and controls were observed
in the whole blood samples, whereas substantial differences were seen in purified eosinophils. This
indicates dilution of the strong methylation effects (in eosinophils) if whole blood is used for analyses.
Finally, we observed replication of 5 of the 14 CpG sites in respiratory nasal epithelial cells, yet cannot

exclude the possibility that (part of) this signal is due to admixture of eosinophils in epithelial brushings.
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In conclusion, our study identified consistent reduced DNA methylation levels in 14 CpGs to be
associated with asthma across childhood from 4 to 16 years of age, but not at birth. Asthma associated
whole blood DNA methylation profiles were strongly driven by lower methylation within eosinophils,
highlighting the importance of the eosinophil as an epigenetic determinant of asthma. In addition, CpG
methylation patterns identified an early-life shift from naive T cell populations towards effector memory
CD8 and NK cell subsets indicating a potentially crucial role for host-virus interactions in asthma
inception. Our study reveals whole blood methylation signatures that represent an epigenetic

fingerprint of (activated) eosinophil and CD8 positive T and NK cell subsets acquired in childhood.
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