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Introduction
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1 Background

Allergic diseases have seen an enormous increase in prevalence in the second half of the 20th
century1;2. This increase usually coincides with societies’ industrialization and modernization
and has been declared an “epidemic” since2;3.
It is estimated that up to 40% of the population is affected by allergic sensitization world-
wide4, 400 million suffer from allergic rhinitis alone5, leading to a huge and non-negligible
burden of disease in both social and healthcare costs and reduced quality of life5;6. Asthma
further is the top chronic, non-communicable disease in childhood7, causing over 2.8 million
disability-adjusted life years in 20195.
The prevalence of the three common manifestations of allergic diseases, asthma, atopic der-
matitis and allergic rhinitis, reach up to 23.3%, 13.7% and 20.6%, respectively, for allergic
symptoms in 13- to 14-year-olds, as assessed in the third phase of the International Study of
Asthma and Allergies in Childhood8. In a cross-sectional German study, physician-diagnosed
allergic diseases affect 5.1%, 5.5% and 12.4% of 11- to 13-year-olds, respectively for asthma,
atopic dermatitis and allergic rhinitis9.
Recently, new research indicates that the increase in allergic disease prevalence might have
plateaued on a high level10, especially in westernized countries. However, further development
has to be observed11.
Potential solutions to ease the burden of allergies might tackle development of allergic dis-
eases, primary prevention, but also progression of symptoms as secondary prevention. For
once apparent allergic diseases there is currently no cure available and the only treatment
options for patients include the medication of symptoms, but not the diseases itself, or the
avoidance of allergic triggers.
Possible primary preventive measures, to reduce the risk for allergic disease occurrence, are
summarized in the respective guidelines of the German society for allergology and clinical
immunology and include for example full breastfeeding for 4 to 6 months or the importance of
biodiversity in the current version from 202212. However, with the present prevalence, these
measures and their causal mechanisms have to be further investigated to facilitate the best
evidence-based suggestions to tackle the allergy epidemic. In order to achieve this goal, it is of
utmost importance to further characterize allergic diseases and comprehend their underlying
biological mechanisms.

1.1 Allergic disease definitions

Allergic diseases are caused by an overreactions of the immune system in response to usually
harmless substances. The most common biological mechanisms for allergic diseases are Type I
reactions, whose standard mechanism is related to Immunoglobulin E (IgE) antibodies. Type
I allergic diseases start with an immune response to certain antigens, in this case usually
harmless allergens, which activate type 2 helper T cells (Th2) in some individuals. These Th2
cells initiate the production of IgE antibodies, which can, upon re-contact with the specific
allergen, activate mast-cells and a release of histamines, leading to allergic symptoms, such as
itching, sneezing or wheezing6;13. This IgE-mediated responses are further described under
the term atopy.
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1 Background

Atopy is defined as “a personal or familial tendency to produce IgE antibodies in response
to low doses of allergens, usually proteins, and to develop typical symptoms such as asthma,
rhino-conjunctivitis, or eczema/dermatitis” 14.
According to the nomenclature for allergies, allergic diseases fall under the category of allergic
hypersensitivity, which assumes an immunological involvement in disease development. These
might be IgE-mediated reactions or not. The definition of IgE-mediated diseases is further
divided into non-atopic and atopic reactions, which include allergic asthma, allergic rhinitis
and atopic dermatitis14.

Asthma is a chronic respiratory disease, which is characterized by chronic airway inflamma-
tion15 and symptoms include coughing, wheezing, shortness of breath and airway obstruc-
tion16. Asthma might be IgE-mediated or not, and is characterized by episodes of wheezing
often triggered by allergic reactants such as pollen but also potentially by air pollution or
exercise. In children the mean prevalence is 11.6% for 6- to 7-year-old and slightly higher
with 13.7% for 13- to 14-year-olds17.
Atopic dermatitis has a life-time prevalence of up to 20% and is characterized by an itchy
rash, which persists over at least 6 months and is typically located in the face of infants or
around knees, elbows, hands and feet of older children and adolescents18. It usually starts in
infancy but is now also recognized as lifelong disposition and attributed to a huge non-fatal
health burden19. The original diagnostic criteria were published in 1980 and must contain at
least itching, specified locations over the body and a chronic and relapsing disease history for
a diagnosis20.
Allergic rhinitis displays symptoms of a runny nose, including sneezing, mucous discharge
and nasal obstruction21 and current treatment guidelines are specified by the Allergic Rhini-
tis and its Impact on Asthma initiative22. Around 20% of all children are affected by allergic
rhinitis8 and about 80% of rhinitis patients develop the disease before the age of 2023.
Differing patterns in onset, persistence and remission of asthma, dermatitis and rhinitis fur-
ther impede treatment and prognosis as these allergic diseases do not develop at the same
time points during childhood24.

A joint mechanism of all atopic diseases is the activation of the immune system upon contact
with allergens and thus the production of before mentioned IgE antibodies. Measuring these
IgE antibodies in blood can yield an objectively measured indicator of allergic sensitization
(=presence of specific antibodies), which is more common in children suffering from any of
the described allergic diseases25. In the other direction, up to 53.7% of sensitized 8-year-olds
had at least one other allergic disease26.
This allergic multimorbidity has been previously reported as allergic diseases develop jointly
“more often than expected by chance alone” 26 and within the investigated consortium 3.7% of
4 year olds and 4.4% of 8 year old had more than one allergic disease at the respective time.
It has further been described that atopic dermatitis in infancy increases both the risk for
allergic rhinitis27 and asthma28. Even though the often postulated “atopic march”, describing
the progression from atopic dermatitis in infancy to subsequent allergic rhinitis and asthma,
is being discussed29;30, these associations may indicate common early-life determinants and
shared genetic origins31.

1.2 Early-life determinants

As allergic diseases often develop in infancy and childhood24, it is portraying an especially
important window of vulnerability. According to the developmental origins of health and
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disease (DOHaD) hypothesis, during this time a child’s health is greatly influenced by its
environment32. Furthermore, the DOHaD hypothesis has been applied to the area of aller-
gic diseases and several factors are discussed33. Previous research described perinatal and
early-life determinants influencing allergic disease development, including, but not limited to,
maternal smoking during pregnancy34, pet ownership35, socio-economic status36 or breast-
feeding37.
More holistic approaches to explain the development of and the increase in allergic diseases
include the hygiene and the biodiversity hypothesis.
The hygiene hypothesis builds on observations introduced by Strachan in 198938 and suggests
that infections early in life due to contact with older siblings or other external parties might be
protective of allergic diseases and that therefore allergy prevalence is rising as households tend
to get smaller and more hygienic. This has been revisited and although household size does
not explain all of the variability in allergic prevalence, a cleaner and more sterile environment
in early life might still play an important role in the development of allergic diseases39.
The biodiversity hypothesis, proposed by Haahtela in 2019, suggests that not necessarily
early infections but in general a healthy exposure to the natural environment and microbial
diversity promotes balance of the immune system and protects from allergic diseases40. Both
hypotheses have in common that especially early windows of immune modulation are impor-
tant for predicting and preventing allergic disease development and underline the importance
to study risk and protective factors in early childhood.

1.3 Genetics of allergic diseases

With family history being the most important risk factor for allergic diseases41, disentangling
the genetic effect on allergic diseases from a shared environment has been in the interest of
research over the past decades. Previous research approaches identified specific genes asso-
ciated with allergic diseases, such as the Filagrin (FLG) gene for atopic dermatitis42, using
candidate-gene studies or estimated the general heritability of allergic diseases using twin
studies43.
In order to identify more genetic risk variants using hypothesis-free approaches and taking
advantage of available arrays with hugely extended coverage, current endeavors have now
turned to Genome-wide Association Studies (GWAS) in the general population. Since high-
throughput technologies became available and affordable, sample sizes for conducted GWAS
increased substantially over the past years. These GWAS aim to identify single-nucleotide
polymorphisms (SNPs) associated with allergic diseases, which also share genetic signals
mostly in the immune response process31. So far, several SNPs associated with asthma44,
atopic dermatitis45;46;47 and rhinitis48 but also any form of allergic disease31;49 have been
identified. Importantly, these genetic variations might help to further distinguish disease
types, as, for example, several SNPs at the 17q12-21 locus have been linked with childhood-
onset but not adult-onset asthma50;44.
As theses SNPs usually have only small effect sizes and only describe parts of the genetic pre-
disposition, their sole assessment might not capture the whole genetic disease contribution,
both regarding statistical power and complexity of the diseases. Approaches aggregating the
available evidence to Polygenic Risk Scores (PRS) have therefore been proposed for multiple
complex diseases51. PRS are weighted scores, summing up the respective individual allele
dosages weighted with the identified GWAS effect estimate. They therefore aggregate the
available evidence over all identified genetic risk variants for single study participants and
enable a risk estimation in comparison to the general population. For allergic diseases, these
PRS might enhance predictive performance and enable the identification of at-risk popula-
tions.
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1.4 Epigenetics of allergic diseases

Not only genetics alone are influencing disease development but also the activity of respective
genes. Epigenetics describe multiple molecular mechanisms, such as histone modifications,
which relate to changes in gene activity. The most widely studied mechanism is DNA methy-
lation (DNAm), describing the addition of a methyl- (CH3) group to a cytosine locus in the
genome, forming a so called CpG locus, together with the neighboring guanine and their
collective phosphate back52. While these additions do not change the genome, they are influ-
encing gene expression, for example by inhibition of transcription factor binding to the DNA,
potentially silencing the following gene53. Thus, DNAm leads to a variety of different cell
types as not all genes are expressed simultaneously53 but may further be a potential mecha-
nism through which the environment affects gene expression and allergic disease development,
which is investigated in the present dissertation.
It has previously been described that environmental factors may change the regulation of
gene expression52 through DNAm, for example prenatal smoking54;34 or air pollution55;56.
Especially exposures in early time windows might lead to life-long diseases and DNAm might
represent a potential and reversible mechanism for these developmental origins57;58.
Epigenome-wide association studies (EWAS), though they do not yet reach sample sizes of
recent GWAS, have already identified CpGs associated with allergic phenotypes, such as
aeroallergen sensitization59, childhood asthma60 and any allergy61 in collaborative efforts.
Similar to limitations of GWAS, analyses of DNAm are often limited by small effect sizes and
the complexity of diseases, being affected by more than one gene. Methylation Risk Scores
(MRS), which follow a similar approach as described PRS and provide aggregated scores on
available evidence for single participants, might address this issue62.
As DNAm might be modified by environmental factors, it can further be used to investigate
causal or predictive patterns. It is currently unknown, whether changes in DNAm patterns
lead to disease manifestation or if in reverse DNAm is changed by the disease itself. Both effect
direction are supported by previous literature, as Davidson et al. reported that environmen-
tal factors can induce changes in DNAm and thus alter gene expression and phenotypes63;64

but further Min et al. observed changes in DNAm following disease onset65. Addressing the
question of causality and effect modification based on genetic and environmental exposures
might provide a better understanding of molecular mechanisms in the development of allergic
diseases.
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2 Aims and outline

Based on the need to better understand the development of allergic diseases, their early-
life determinants and molecular mechanisms, the present dissertation aims to investigate the
longitudinal development of asthma, atopic dermatitis and rhinitis, as well as the contribution
and effect directions between allergic sensitization and DNAm.
The cumulative work includes three publications tackling

1. The joint longitudinal development of allergic diseases and their early-life and genetic
determinants, employing clustering approaches and PRS,

2. The establishment of MRS as valid biomarkers of aeroallergen sensitization, underlining
previous evidence from EWAS and

3. The question of causality between aeroallergen sensitization and DNAm to further elu-
cidate molecular mechanisms and to identify potential biomarkers and predictors of
allergic diseases.

Publication 1: Kilanowski, A, Thiering, E, Wang, G, et al. Allergic disease trajectories up
to adolescence: Characteristics, early-life, and genetic determinants. Allergy. 2022; 00: 1-

15. doi: 10.1111/all.15511 [Impact factor (IF) = 14.710]

In the first publication, we investigate the joint development of allergic diseases from birth
to adolescence in the German GINIplus and LISA birth cohorts. Unsupervised k-means
clustering was applied to derive allergic disease trajectories based on parent-reported doctor’s
diagnoses. Associations between the derived classification and known early-life determinants,
such as birth order or family history, were investigated. The trajectories aligned with clinical
observations as examined by their association with lung function and allergic sensitization
measures, all used in the diagnosis of different allergic diseases. We further studied the
genetic association of these trajectories with PRS of any allergic disease or the specific disease
PRS for asthma, atopic dermatitis and rhinitis. Our results were successfully replicated in
the independent Swedish BAMSE cohort.

Publication 2: Kilanowski, A, Chen J, Everson T, et al. Methylation Risk Scores for
Childhood Aeroallergen Sensitization: Results from the LISA Birth Cohort. Allergy.

https://doi.org/10.1111/all.15315 [IF = 14.710]

For the second publication, we focus on epigenetic DNAm data and apply a methodology
similar to the PRS on DNAm to calculate MRS for present aeroallergen sensitization as main
outcome. DNAm data was available for two time points in the LISA study, 6 and 10 years
of age, and we assessed the association of MRS with aeroallergen sensitization in both cross-
sectional and prospective settings, as well as in a dose-response context. Furthermore, the
effects of MRS were compared to those from other known determinants of allergic diseases,
such as early-life determinants and PRS.
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Publication 3: Kilanowski, A, Merid SK, Abrishamcar S, et al. DNA methylation and
aeroallergen sensitization: The chicken or the egg?. Clin Epigenet 14, 114 (2022).

https://doi.org/10.1186/s13148-022-01332-5 [IF = 7.291]

In the third publication, we assess the underlying causal mechanisms between genetic and
environmental risk factors with aeroallergen sensitization and whether these are predicted
by DNAm or if rather present aeroallergen sensitization influences changes in DNAm. To
determine causal tendencies, we employed high-dimensional and causal mediation analysis
and tested both effect directions, from exposure over DNAm to sensitization and over allergic
sensitization to DNAm changes. To incorporate the high-dimensional nature of DNAm data,
MRS as already aggregated DNAm variables, were employed but also three new approaches
for high-dimensional mediation analyses. These were used to identify single CpGs which could
act as potential mediators or predictors of allergic sensitization. This analysis was possible due
to the longitudinal character of the LISA data and follows up both, identified single CpGs but
also the previously established MRS, as mediators and outcomes of the two inspected effect
direction, in a causal mediation analysis.
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3 Methods

Detailed descriptions of the employed methods and data sources used for the present disserta-
tion are included in the respective publications. Nonetheless, the available data, outcome and
allergic disease definitions as well as genetic and DNAm data and main statistical approaches
are summarized briefly in this section.

3.1 Study design and population

The present thesis is based on data from the two prospective German birth cohorts, GINIplus
and LISA.
The German Infant Study on the Influence of Nutrition Intervention plus Air pollution and
Genetics on Allergy Development (GINIplus) study recruited 5591 full-term healthy newborns,
born between 1995 and 1998, in the study centers Munich and Wesel. It further included
a randomized clinical trial on the effect of different hydrolyzed cow-milk formulas on the
development of allergic diseases and latest results are published in Gappa et al., 202166. The
Influence of Life-style factors on Development of the Immune System and Allergies in East
and West Germany (LISA) study included 3094 full-term healthy newborns born in Munich,
Wesel, Bad Honnef and Leipzig between 1997 and 1999. Ethical approval for both studies
was granted by the respective local ethics committees and written consent from parents and
participants was obtained. Participants were followed up at 1, 2, 4, 6, 10 and 15 years of age
and additionally at 3 years in GINIplus and 0.5 and 1.5 years in LISA. Both studies are still
ongoing with currently the 25-year follow-up taking place. Further details of both studies can
be found elsewhere67.
The prospective nature of both studies and the mostly harmonized methodology, enabled
the observation of allergic disease development covering the vulnerable time windows in both
infancy and adolescence and thus allow answering the research questions of this dissertation.

3.2 Variable definitions and datasets

Main outcomes and data sources used in this thesis are described in the following paragraphs.
This includes allergic disease definitions, early-life determinants and genetic as well as DNAm
datasets.

3.2.1 Allergic diseases

Allergic diseases were the main outcomes investigated in this thesis. Here, we can classify
them in three groups:

1. Main allergic disease definitions - Asthma, atopic dermatitis and rhinitis were
defined according to parent-reported doctor’s diagnoses, which were asked during each
study follow-up covering all years since the last follow-up. Diagnoses were aggregated
to harmonized follow-up time points at 1, 2, 4, 6, 10 and 15 years of age.
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3 Methods

2. Symptoms of allergic diseases - For sensitivity analyses, we further used parent-
reported allergic symptoms: Wheezing for asthma, itchy rash at pre-defined body re-
gions for atopic dermatitis and runny nose without having a common cold for rhinitis.
These allergic symptoms are further being used by the international ISAAC study68.

3. Aeroallergen sensitization - Aeroallergen sensitization was measured in blood at
6, 10 and 15 years of age with the Radio-Allergo-Sorbent-Test (RAST) test using the
CAP-RAST FEIA system by Pharmacia Diagnostics (Freiburg, Germany) according to
the manufacturer’s instructions. A screening test for specific IgE antibodies against the
most common aeroallergens (SX1) was employed. Positive sensitization to the screening
test was defined by a specific IgE threshold of > 0.35 kU/L, representing RAST class 1
or higher.

3.2.2 Early-life determinants

Early-life determinants associated with allergic diseases have been further assessed in the
context of this dissertation: In the first publication to characterize allergic trajectories, as
comparative predictors to MRS in the second publication and as exposures (family history of
allergic diseases and maternal smoking) in the mediation analyses of the third publication.
All early-life determinants were selected based on existing literature and relevant studies
investigating their influence on allergic diseases and their definitions in the GINIplus/LISA
studies are included in the respective supplementary material of each publication.

3.2.3 Genetic data

Genetic data was available from sub-populations of both birth cohorts (GINIplus and LISA)
in the two study centers Munich and Wesel. For Munich, samples were genotyped using
the Affymetrix Chips 5.0 and 6.0 (Thermo Fisher, USA) and for Wesel using the Infinium
Global Screening Array GSA v2 MD. After quality control, the final samples consist of 1511
participants with available genetic data for Munich and 792 for Wesel. For imputation, the
Haplotype Reference Consortium (HRC) version 1.169 was used.
Polygenic risk scores (PRS) were calculated based on available GWAS summary statistics for
any allergic disease31;49, asthma44, atopic dermatitis45 and rhinitis48. In brief, we performed
an initial quality control of reported SNPs and excluded multi-allelic ones, rare variants (Minor
allele frequency (MAF) < 0.1), correlated (Linkage disequilibrium (LD) R2 > 0.7) and badly
imputed ones (Rsq < 0.4). Afterwards, weighted sums of individual allele dosages with the
published GWAS effect estimates were calculated and standardized to z-scores.

3.2.4 Epigenetic data

Epigenetic data on DNAm was available for participants from the LISA study based on paired
measurements at 6 and 10 years. Blood-clot samples from both time points were analyzed
using the Illumina EPIC Chip for 256 participants. Paired samples for each participant were
always placed on the same chip to avoid batch effects and pre-processing and quality control
were performed in R70. The final dataset contains 461 samples from 240 participants of the
LISA study, 234 measurements at 6 and 227 measurements at 10 years, with 774,330 CpG
sites each.
MRS were calculated similar to the PRS based on published EWAS summary statistics as
weighted sum scores, this time the beta-values of the respective CpG loci were weighted with
the EWAS-identified effect estimates. In addition, we used clumping and thresholding for score
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refinement: Clumping describes the identification of correlated CpGs with the CoMeBack
method71 to retain only the most significant one and to exclude multiple correlated effects
within close proximity. Thresholding of the included CpGs, uses varying p-value cut-offs to
include only CpG loci up to a certain significance level, CpGs with a lower significance are
not included in the final scores.

3.3 Statistical considerations

Statistical methods presented within this dissertation can be grouped into three main top-
ics: Unsupervised clustering of allergic trajectories from birth to adolescence, polygenic and
methylation risk scores as a method to aggregate high-dimensional genetic and epigenetic data
into easily usable scores and high-dimensional mediation analyses, intended to investigate the
causal mechanisms between prenatal exposures and DNAm leading to allergic phenotypes.
All statistical analyses were performed in R70.

3.3.1 Clustering of allergic diseases

Clustering techniques used within this dissertation are k-means clustering for the main anal-
ysis of the first publication and latent class analysis (LCA) for the respective sensitivity
analysis.
K-means clustering was implemented using the kml3d package72 in R, which can implement
both the time axis and different diseases as input. In short, k-means assigns k random obser-
vations as cluster centers and allocates all surrounding observations to their nearest center.
Afterwards, new centers are assigned based on the most central observation and the process
is repeated until the allocations do not change anymore. We repeated these steps for differing
number of clusters (k) from 2 to 9 and chose the best number of allergic disease clusters
according to the quality criterion of Davies-Bouldin73.
LCA was performed as a sensitivity analysis for deriving the allergic trajectories but cannot
implement time progression and different diseases in the algorithm but rather uses the vari-
ables in the pre-defined order. LCA identifies latent patterns in the observations to reduce
dimensionality of the data and was here performed using the depmixS4 package74 and deter-
mining the best partition based on Bayesian information criterion (BIC) and log-likelihood.
Summarizing, we applied two different unsupervised clustering methods to derive valid clus-
ters of allergic disease trajectories and validated our main results, derived using k-means
clustering, with LCA.

3.3.2 Polygenic and methylation risk scores

In the area of high-dimensional omics data, reduction methods to accumulate the previous
genetic or epigenetic evidence into single variables have gained interest in the scientific com-
munity. Within this dissertation, we used polygenic (PRS) as well as methylation risk scores
(MRS) to aggregate results from published GWAS and EWAS studies.
In brief, both are weighted sum scores based on previously published summary statistics,
where the effect sizes of the identifying studies are multiplied with the dosage of the respec-
tive SNP (for PRS) or the beta-value of the respective CpG loci (for MRS). Both, PRS and
MRS, are transformed to z-scores for analysis to make them comparable, despite differing
numbers of included variants identified in respective GWAS or EWAS.
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3.3.3 High-dimensional mediation analysis

Within the present dissertation, we applied three recent high-dimensional mediation analysis
methods, namely the Divide-Aggregate Composte Null Test (DACT)75, high-dimensional me-
diation analysis (HIMA)76 and gene-based high-dimensional mediation analysis (gHMA)77,
to identify single CpGs or genes potentially mediating the pathway from genetic and envi-
ronmental exposures to aeroallergen sensitization. Traditional causal mediation analysis was
used to validate them.
There are several challenges in high-dimensional mediation analysis, which we tackled with
the different methods, as each of them brings their unique advantages to the field:

1. Multiple testing burden - As the number of tested potential mediators is much higher
than the sample size of the analysis, we took advantage of previous knowledge on signif-
icant EWAS hits to filter the number of mediators for DACT. For HIMA and gHMA, as
hypothesis free approaches, the first step of the algorithm selects the top CpGs/genes
with the highest effect size via sure-independence-screening and only uses these in fur-
ther analyses.

2. Composite structure of the null hypothesis - There are three scenarios all leading to
non-significant mediation (a) the association between exposure and mediator is not
significant; (b) the association between mediator and outcome is not significant or (c)
both associations are not significant. DACT leverages the high-dimensionality of the
data by using the provided p-values from both association paths (exposure-mediator and
mediator-outcome) to estimate the proportions of each scenario to increase the power
for their newly calculated p-values.

3. Small effect sizes of single CpGs - As single CpGs only explain a small fraction of
epigenetic variability and often only employ very small effect sizes, HIMA and gHMA
deal with this problem by identifying only the top CpGs/genes with the highest effects
and in the case of gHMA additionally aggregating them on gene-level. The idea behind
the latter is that not single CpGs but rather whole genes are mediating disease courses
and the evidence can be aggregated into this unit.
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4 Results

The general aim of this dissertation was to improve the understanding of the longitudinal
development of allergic diseases as well as the role of their genetic and epigenetic variations.
Here, key findings are summarized for each publication.

4.1 Key findings

In the first publication, we aimed to characterize the joint development of the allergic dis-
eases, asthma, atopic dermatitis and rhinitis, in the GINIplus and LISA studies. Additionally,
factors determining these trajectories, as early-life determinants and PRS, were described and
assessed. We replicated theses in the Swedish BAMSE cohort and found robust replication
of the seven allergic (“Intermittently allergic”, “Rhinitis”, “Early-resolving dermatitis”, “Mid-
persisting dermatitis”, “Multimorbid”, “Persistent dermatitis + rhinitis” and “Early-transient
asthma”) and a pre-specified non-allergic cluster. The trajectories were further tested for
clinical characteristics, such as spirometry and allergic sensitization. Here, we saw that clus-
ters comprising a high percentage of asthma cases present lower lung function values and
aeroallergen sensitization was highest in rhinitis-containing ones. A differentiation of allergic
development is presented based on the PRS for asthma, differentiating between the rhinitis and
multimorbid cluster and based on food allergen sensitization, differentiating early-resolving
from persisting dermatitis cases.
Looking at the clinical perspective, 6.2% of our sample in GINIplus and LISA were sorted into
allergic multimorbidity cluster, whereas 35.9% belonged to specific allergic disease clusters.
These numbers increased to 14.8% and 54.5% in BAMSE, respectively, based on the higher
prevalence of symptoms compared to doctor’s diagnoses.

Key finding 1: There are seven robust allergic disease trajectories, which follow clinical ob-
servations and characteristics and can further be differentiated based on disease-specific PRS,
hence underlining the genetic component in allergic disease development. The information on
shared genetic and early-life determinants might help to understand phenotypic differences in
clinical practice and start to facilitate future predictions of disease courses.

For the second publication, we built on pre-existing knowledge for PRS and published EWAS
on allergic phenotypes to calculate MRS in a subset of the LISA cohort. As MRS are not
as established as PRS, we first evaluated their association with our outcome of aeroallergen
sensitization and found an around 80% increased risk of aeroallergen sensitization with a
one standard deviation increase in MRS in a cross-sectional model at 6 years. We further
present dose-response relationships between MRS and RAST classes of aeroallergen sensiti-
zation. Results were stronger in cross-sectional analyses compared to prospective ones, thus
we concluded that MRS are applicable as cross-sectional biomarkers of the disease but not as
predictors of future aeroallergen sensitization. Cell type specific effects were noticed in regard
to the replication of previous EWAS hits and should be investigated further.
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4 Results

Key finding 2: MRS can be applied as cross-sectional biomarkers of aeroallergen sensitiza-
tion, which can be used in future research but also support the association between DNAm
and allergic diseases and underline previous EWAS findings. Moreover, the cross-sectional
nature of MRS performing as biomarkers, rather than predictors, supports the hypothesis
that allergic diseases are influencing DNAm profiles.

In the last publication of this dissertation, we conducted high-dimensional and causal media-
tion analyses to determine whether changes in DNAm are caused by aeroallergen sensitization,
as indicated by the findings of the second publication, or if there are further DNAm patterns
which are predicting allergic sensitization. We identified five CpGs which are causally me-
diating the relationship between environmental and genetic risk factors (maternal smoking,
family history of allergies and PRS for any allergic disease) and aeroallergen sensitization at
consecutive time points. On the other hand, we could confirm that our previously calculated
MRS are mediated via prior sensitization. Thus, we provided evidence for both causal di-
rections, DNAm influences allergic phenotypes and allergic phenotypes change DNAm, for
future research.

Key finding 3: There are two sets of DNAm markers, one as a consequence of prior aller-
gic sensitization. The other set mediates the association between genetic effects and allergic
sensitization and thus works as a predictor of aeroallergen sensitization.

4.2 Strengths and limitations

Please note that publication-specific strengths and limitations are included in the respective
publications and only general strengths and limitations are discussed here.
The present dissertation is based on data from two well-established German birth cohorts
and can therefore rely on a vast amount of prospectively collected data over the years. This
strength is amplified by the addition of available genetic data in GINIplus and LISA and
DNAm data in LISA at two time points, which enables participation in up-to-date biomedical
research combined with long-time follow-up data on the same participants.
Several state of the art methods, such as PRS and MRS but also high-dimensional mediation
approaches, were applied in the context of this dissertation, demonstrating their applicability
in the context of allergic diseases and promoting understanding of longitudinal development
as well as its background in genetic and epigenetic DNAm variations.

We also want to note a few limitations: As both studies employ a long follow-up time up
to adolescence, we naturally had to deal with missing data due to loss to follow up. For
the first publication, we included only participants with less than 3 missing diagnoses per
allergic disease and applied last observation carried forward imputation for the remaining
participants. This might lead to an overestimation of allergic disease prevalences, especially for
atopic dermatitis, which displays also resolving courses. Furthermore, prevalence estimates in
general might not reflect the general population but are still valid for our studies. Publications
2 and 3 only include complete observations in their respective time windows.
Further, sample size is still an issue and while the full GINIplus and LISA studies provide
a sufficient sample size for regular statistical analyses, this may pose a limitation in high-
dimensional analyses relying on our DNAm data. It is still noteworthy, that calculated MRS
relied on external evidence and demonstrated applicability in this new context.
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5 Conclusion and outlook

Allergic diseases pose an important challenge for public health, as they are affecting large
portions of the population in especially industrialized countries and there is currently no cure
for them. The present dissertation aimed to investigate the longitudinal development of al-
lergic diseases, allergic sensitization and the contributing role of DNAm.
First, we identified 7 distinct and robust allergic disease trajectories, which are associated
with genetic factors but also with common early-life determinants. These associations en-
abled us to describe and characterize the allergic trajectories and describe their differences.
For example does the multimorbid cluster, presenting all three allergic diseases, show sig-
nificant associations with the PRS for any allergy, asthma and rhinitis, which differentiates
it from the rhinitis cluster. Hence, we hypothesized that an increased genetic predisposition
might be one factor distinguishing these two clusters. As the trajectories follow known clinical
observations and are further supported by their associations with lung function and allergic
sensitization, this classification provides further information for both pediatricians and the
scientific community. Further, early-life determinants were associated with distinct trajec-
tories and it should be determined, which of these are the most powerful drivers usable for
prediction. PRS approaches might further be applied to stratify the population in at-risk
individuals, who could benefit from certain preventive measures.
In the second publication, we established MRS as biomarkers of aeroallergen sensitization,
which (1) demonstrated the applicability of this rather new concept to allergic phenotypes
and (2) supports previous EWAS results and their validity. Associations and dose-response
trends between MRS and aeroallergen sensitization were independent of ancestries of original
EWAS, number of included CpGs or allergic phenotypes. Summarizing, the results indicate
that MRS are applicable as cross-sectional biomarkers of aeroallergen sensitization.
Assessing the causality between DNAm and aeroallergen sensitization, we found evidence for
both effect directions and DNAm could be both a cause and a consequence of allergic diseases.
More specifically, the results suggest that there are two distinct sets of CpGs, one altered by
previous aeroallergen sensitization and one predicting it. CpGs and their respective genes,
which were identified as mediators preceding allergic sensitization, could be studied as results
of environmental exposures or as future targets of drugs. Further, establishing a biomarker
based on predicting CpGs formed into a MRS in combination with the presence of allergic
sensitization might facilitate earlier prediction of allergies.
As both effect directions, DNAm influencing aeroallergen sensitization and sensitization in-
fluencing DNAm, seem to be occurring in allergic diseases, it is an interesting field of future
research. This will help to combine genetic and environmental determinants inducing changes
in DNAm, which might further explain mechanisms in allergic development.
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6 Author contributions

Publications included in this thesis are published either in Allergy (Publications 1 & 2; Impact
factor = 14.710) or Clinical Epigenetics (Publication 3; Impact factor = 7.291), which rank
1st of 27 and 19th of 175 in the categories Allergy and Genetics & Heredity according to the
Journal Citation ReportTM 2021, respectively.
I am the first author in all of them and was significantly involved in the research question
development. I performed all main analyses, wrote the initial drafts, incorporated co-author
and reviewer comments and lead the submission process. For the first and third publication,
I provided analysis scripts to the replicating BAMSE cohort and collected and prepared their
results for publication.
Research ideas were developed under the supervision of my direct supervisors at Helmholtz
Munich, Dr. Marie Standl and Dr. Elisabeth Thiering (first publication) and under the su-
pervision of Dr. Marie Standl and Dr. Anke Hüls (Emory University, Atlanta, USA) for the
second and third publication. Ideas were always supported by my main supervisor Prof. Dr.
Annette Peters and two further members of my thesis advisory committee, Prof. h.c. Dr.
med. Habil. Dr. h.c. Berthold Koletzko and Prof. Dr. Irina Lehmann.
Further, I performed the quality control and data processing of our LISA DNA methylation
data, which I used in the second and third publication. I adapted preprocessing scripts from
Rory Wilson and Dr. Nicole Gladish (Stanford University, California, USA), ran the pro-
cessing and wrote the respective documentation. We received further help from Dr. Melanie
Waldenberger and Nadine Lindemann.

6.1 Further projects

Next to the three publications included in this thesis, I was involved in several other projects.
In cooperation with Dr. Lavinia Paternoster (University of Bristol, UK), we worked on a
GWAS meta-analysis on atopic dermatitis, which is currently submitted for publication in
Nature Communications. In brief, we collected GWAS summary data from over 40 cohorts
with 1,086,394 participants for the discovery and 3,604,027 for the replication and performed
both European-ancestry and multi-ancestry meta-analyses. We found 35 novel loci and could
confirm further 61 loci (Appendix A1). Together with Dr. Ashley Budy-Aggrey (University of
Bristol, UK) I performed the main quality control of incoming cohort data. Further, I ran the
European-ancestry meta-analysis and contributed the supplementary material on Manhattan,
QQ and Forest plots as well as on regional association plots.
Building on the work of a previous master student, I was further involved in the analysis of
the platelet-derived growth factor receptor alpha (PDGF-Rα) pathway in our GINIplus/LISA
data, in regard to lung function and lung diseases. This pathway is known to be associated
with lung disease in preterm newborns and reduced lung function later in life. Here, we ex-
tended this known paradigm to adolescence. For the later part of the analysis, I calculated
PRS, reran the analyses and prepared the results for statistical interpretation. The resulting
publication is currently in preparation.
Furthermore, I was involved in the supervision of another Master student, who worked on
developing a prediction model for allergic disease trajectories, which were derived for my
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6 Author contributions

first publication. He used different feature-selection and prediction models to predict allergic
trajectories with risk factors until the age of four, building onto my first publication. This
project directly builds upon my first publication and I was involved by providing guidance on
the outcome, analyses and thesis submission.

Next to my PhD, I was further engaged in the doctoral initiative (DINI) at Helmholtz Munich
since June 2020, where I was involved in the development of new PhD guidelines, planning
of social events and communication with the graduate school HELENA. For the year 2021, I
was the elected doctoral representative at Helmholtz Munich.
Further, I was the active representative of Helmholtz Munich in the Helmholtz Juniors (August
2020 to November 2022), the German-wide representation of doctoral researchers within the
Helmholtz association. Here, I was speaker of the survey working group and developed,
ran, analyzed and reported the harmonized N2-Survey 2021 together with representatives
from the Max-Planck society and Leibniz association. This will result in the publication and
dissemination of three publications on working conditions, power abuse and mental health
of doctoral researchers within Germany’s non-university research organizations, a full report
of results collected in the Helmholtz association and center-specific reports for 17 of the 18
Helmholtz centers communicated to the respective general administrations.
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1  |  INTRODUC TION

Allergic diseases, such as asthma, atopic dermatitis, and rhinitis, im-
pose high impact on quality of life.1 While atopic dermatitis often 
develops in early infancy with high remission rate up to adolescence, 
asthma, and rhinitis usually occur later in childhood.2 In general, 
allergic diseases often develop jointly, in temporal succession and 
differing severities, highlighting the role of heritability, joint mecha-
nisms, and genetic susceptibility.2– 5

Prediction of onset, progression or remission of allergic diseases 
are often difficult to obtain. It is therefore of high importance, to 
characterize the patterns of joint disease development and their re-
lating factors.

Based on this need, a pioneer investigation of clinical phe-
notypes taking age and time into account, reported classes of 
childhood wheezing in 1995.6 With increasing sample sizes and long- 
lasting birth cohorts, researchers have now turned to data- driven 
approaches to identify more detailed developmental patterns of 

allergic diseases,7 for example, building on the asthma trajectories 
in the Millennium Cohort Study up to seven years8 and in BAMSE 
up to young adulthood.9 The combination of the allergic disease tra-
jectories, asthma, rhinitis, and dermatitis, together, was previously 
described until school- age10– 13 and from school age to adulthood.14

Genetic susceptibility to allergic diseases was investigated in 
several genome- wide association studies (GWAS).5,15– 18 Risk vari-
ants, single nucleotide polymorphisms (SNPs), identified in these 
analyses can be used to calculate individual predisposition. These 
aggregated polygenic risk scores (PRS) were applied in the context 
of various diseases,19 including allergic ones20 and their derived la-
tent classes.21 In addition, specific gene expression signatures have 
been identified for multimorbid asthma, rhinitis, and dermatitis, as 
compared with single- disease allergic phenotypes,22 highlighting the 
current focus on genetic origins of allergic diseases.

However, given the rise of allergic disease prevalence in the re-
cent decades,23 the increase cannot be explained by genetic factors 
alone. Several environmental factors have been investigated in the 
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Abstract
Background: Allergic diseases often develop jointly during early childhood but differ 
in timing of onset, remission, and progression. Their disease course over time is often 
difficult to predict and determinants are not well understood.
Objectives: We aimed to identify trajectories of allergic diseases up to adolescence 
and to investigate their association with early- life and genetic determinants and clini-
cal characteristics.
Methods: Longitudinal k- means clustering was used to derive trajectories of aller-
gic diseases (asthma, atopic dermatitis, and rhinitis) in two German birth cohorts 
(GINIplus/LISA). Associations with early- life determinants, polygenic risk scores, food 
and aeroallergen sensitization, and lung function were estimated by multinomial mod-
els. The results were replicated in the independent Swedish BAMSE cohort.
Results: Seven allergic disease trajectories were identified: “Intermittently allergic,” 
“rhinitis,” “early- resolving dermatitis,” “mid- persisting dermatitis,” “multimorbid,” “per-
sisting dermatitis plus rhinitis,” and “early- transient asthma.” Family history of allergies 
was more prevalent in all allergic disease trajectories compared the non- allergic con-
trols with stronger effect sizes for clusters comprising more than one allergic disease 
(e.g., RRR = 5.0, 95% CI = [3.1– 8.0] in the multimorbid versus 1.8 [1.4– 2.4] in the 
mild intermittently allergic cluster). Specific polygenic risk scores for single allergic 
diseases were significantly associated with their relevant trajectories. The derived tra-
jectories and their association with genetic effects and clinical characteristics showed 
similar results in BAMSE.
Conclusion: Seven robust allergic clusters were identified and showed associations 
with early life and genetic factors as well as clinical characteristics.

K E Y W O R D S
allergic diseases, epidemiology, longitudinal clustering, polygenic risk score, trajectories
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context of the hygiene hypothesis24,25 and are commonly analyzed 
as determinants of allergic diseases, for example, in Hu et al.,26 stat-
ing poor distinction of dermatitis phenotypes for example by breast-
feeding or pet ownership alone.

Summarizing the need for a more specific distinction of pheno-
types and their temporal patterns is apparent. Therefore, the aim of 
this study is to identify joint trajectories of allergic diseases using 
independent birth cohorts. Following objectives are to assess their 
association with (1) early- life determinants, (2) GWAS- derived PRS, 
and (3) clinical characteristics, such as allergic sensitization and 
spirometry.

2  |  METHODS

2.1  |  Study population

Data were obtained from two prospective, population- based 
German birth cohorts with a focus on the development of allergic 
diseases, the German Infant Study on the Influence of Nutrition 
Intervention plus Air pollution and Genetics on Allergy Development 
(GINIplus) and the Influence of Life- style factors on Development 
of the Immune System and Allergies in East and West Germany 
(LISA) study.For GINIplus, 5991 full- term, healthy newborns were 
recruited in Munich and Wesel between 1995 and 1998. The LISA 
study included 3094 healthy, full- term newborns from the study 
centers Munich, Wesel, Bad Honnef and Leipzig, born between 1997 
and 1999. Ethics approval by the respective ethics committees, and 
written consent from all participating families was obtained. Both 

studies had comparable follow- up time points, which were harmo-
nized to time points 1, 2, 4, 6, 10, and 15 years. More details on both 
studies can be found elsewhere.27

2.2  |  Allergic diseases

Allergic diseases were defined as parent- reported doctor diagnosis 
of asthma, atopic dermatitis, hay fever or allergic rhinitis for each 
year of life, which were aggregated to cover the time periods be-
tween follow- ups (Table S1).

2.3  |  Early- life determinants

We investigated early- life determinants, previously reported to be 
associated with allergic diseases. These include sex, parental edu-
cation level, family history of allergic diseases, Caesarean section, 
exclusive breastfeeding, presence of older siblings, maternal smok-
ing during pregnancy, second- hand tobacco smoke exposure, pet ex-
posure, urbanicity at birth residency, and early bronchitis infections 
(Table S2).

2.4  |  Aeroallergen and food sensitization

Specific immunoglobulin E (IgE) was measured at 6, 10, and 15 years 
using the CAP- RAST FEIA system (Pharmacia Diagnostics, Freiburg, 
Germany) according to the manufacturer's instructions. Sensitization 

G R A P H I C A L  A B S T R A C T
We identified seven allergic disease trajectories up to adolescence, which are corresponding to clinical observation in the German GINIplus 
and LISA studies and replicated the results in the Swedish BAMSE cohort. The clusters can be characterized using polygenic risk scores and 
early- life determinants, which support the hygiene hypothesis. The clusters also pose clinical implications for allergic sensitization, increasing 
with number of present allergic diseases, and lung function.
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against common aero-  (SX1 mix) and food allergens (FX5 mix) was 
defined with a cut- off for allergen specific IgE of >0.35kU/l in the 
screening test (Table S1).

2.5  |  Spirometry

Lung function was measured using spirometry at the 15- year follow-
 up investigation according to guidelines from the American Thoracic 
Society and the European Respiratory Society28 and has been de-
scribed previously.29 The present study investigates forced expira-
tory volume in one second (FEV1), forced vital capacity (FVC), and 
the Tiffeneau- Index (FEV1/FVC), all standardized according to the 
Global Lung Initiatives (GLI) formula to control for non- linear effects 
of age, height, and sex.30

2.6  |  Polygenic risk scores

Combining the joint effect of genetic variation, we calculated four 
different PRS based on current GWAS summary statistics for any 
allergic disease,5,15 asthma,17 dermatitis,16 and rhinitis.18 SNPs re-
ported as significant in the GWAS meta- analyses were extracted 
from existing genome- wide data (Methods S1). After quality control, 
four PRS were calculated for each participant, weighting the allele 
dosage with the effect size reported in the GWAS. Finally included 
SNPs and annotated genes31 can be found in Table S3a– d and a more 
detailed description of the calculation in Methods S2. Additionally, 
the two most common Filaggrin (FLG) loss- of- function mutations 
(R501X, 2282del4) were genotyped.32 FLG mutation carrier status is 
defined as at least one mutation compared with no mutation.

2.7  |  Replication study

The prospective, population- based BAMSE (Swedish abbreviation for 
Children, Allergy, Milieu, Stockholm, Epidemiology) project recruited 
4093 newborns in the area of Stockholm between 1994 and 1996. 
Participants were followed- up at 1, 2, 4, 8, 12, and 16 years, and ethics 
approval was given by the Regional Ethics Board (EPN). Allergic disease 
diagnoses were defined based on parent- reported symptoms33 ac-
cording to the questionnaire used in the International Study of Asthma 
and Allergies in Childhood (ISAAC).34 Further details on the study, in-
cluding genetic data can be found elsewhere35 and in the supplemen-
tary information (Methods S1 and S3 and Table S1).

The BAMSE cohort was used for replication of clusters, pre- defined 
early- life determinants, genetic variation, and clinical characteristics.

2.8  |  Statistical analysis

All participants with available data on at least three out of six time- 
points per allergic disease were included in the analysis. Remaining 

missing observations were filled in carrying the last observation for-
ward (LOCF).

To identify joint trajectories of allergic disease development, 
longitudinal k- means clustering using the kml3d package36 in R37 
was employed, which enables to cluster longitudinal data with 
multiple trajectories. To ensure the focus on allergic develop-
ment, a case- only approach including only those who reported 
any allergic disease for at least one time point was used. The non- 
allergic cluster, comprising all remaining participants, was added 
afterward. Differing numbers of clusters from two to nine clus-
ters were tested and the optimal number of clusters was chosen 
based on the quality criterion of Davies- Bouldin38 in GINIplus/
LISA. The cluster number in BAMSE was fixed according to this 
for comparability and independent clustering results are provided 
in the supplement. We specified the algorithm to run 40 times 
with random starting conditions and used standard Euclidean dis-
tance. Sensitivity analyses for missingness were conducted using 
only complete observations as well as performing analyses based 
on bagging tree imputation of diagnoses in GINIplus/LISA to test 
the assumptions of LOCF (further described in methods S4) and 
latent class modeling.9 Here, the optimal partitioning was based 
on the Bayesian information criterion and log- likelihood. As it is 
not possible to consider both dimensions, time and multiple aller-
gic diseases, in this approach, the longitudinal clustering was the 
preferred approach. We also added symptom- based clustering 
for GINIplus/LISA to check for differences between the disease 
definitions within the used studies. K- means clusters are always 
presented for their optimal solution and pre- set for seven allergic 
disease clusters to ease comparison.

The total population and the allergic and non- allergic sub- 
populations were descriptively assessed regarding the distri-
bution of early- life determinants and differences between the 
sub- populations were analyzed with a Chi- squared test.

Early- life determinants were assessed using post hoc Tukey- 
tests to identify differences between clusters and compact letter 
design was used to indicate similarities between the trajectories as 
well as a multiple- testing adjusted p- value39 from the respective 
analysis of variance (ANOVA) (Table S4). Significant factors (FDR- 
adjusted ANOVA p- value <0.05) were selected for a joint multino-
mial regression model. Influences of genetic factors on clusters were 
assessed using a joint multinomial model followed by a fixed- effect 
meta- analysis between GINIplus/LISA and BAMSE using the meta 
package.40 The association with allergic sensitization and spiromet-
ric z- scores was also assessed using multinomial regression models 
for each time point and measurement. All models were additionally 
adjusted for sex and further for study and study center in GINIplus/
LISA. Relative Risk Ratios (RRR) and corresponding 95% confidence 
intervals are presented. Further sensitivity analyses were performed 
testing the robustness of genetic association for additional adjust-
ment for (a) family history of allergic diseases, (b) early- life determi-
nants, and (c) interaction effects with sex in GINIplus/LISA.

All analyses were conducted using R37 version 4.0.3 (GINIplus/
LISA) and version 4.0.4 (BAMSE) and code is available on request.
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3  |  RESULTS

Starting with descriptive assessments, the main analysis com-
prised 5550 participants of the GINIplus/LISA studies (Figure S1). 
Population characteristics, cumulative allergic disease prevalences, 
and investigated determinants are presented in Table 1 for GINIplus/
LISA and Table S5 for pre- defined BAMSE determinants. Allergic dis-
ease development in GINIplus/LISA shows early dermatitis as most 
common allergic disease in infancy with decreasing prevalence after 
four years and increasing rhinitis and asthma prevalence during 
childhood and adolescence (Figure S2).

3.1  |  Joint trajectories of allergic diseases

Within GINIplus/LISA, seven allergic disease cluster plus one 
non- allergic cluster were identified (Figure 1A) with a comparable 
cluster allocation observed in BAMSE (Figure 1B): Intermittently 
allergic (GINIplus/LISA:17.5%, BAMSE:15.5%), rhinitis (7.5%, 
5.3%), early- resolving dermatitis (6.3%, 11.5%), mid- persisting 
dermatitis (4.1%, 12.0%), multimorbid (4.0%, 8.2%), persisting 
dermatitis plus rhinitis (2.2%, 6.6%), early- transient asthma (0.5%, 
10.2%), and non- allergic (57.8%, 30.6%). Names for the clusters 
were chosen descriptively and do not impose strict clinical defini-
tions. The independent clustering in BAMSE yielded six allergic 
disease clusters (Figure S3) and only using complete observa-
tions in GINIplus/LISA led to nine optimal allergic disease clusters 
(Figure S4a; see Figure S4b for pre- defined 7 + 1 cluster solution 
in complete observations only).

The sensitivity analysis using latent class modeling, yielded eight 
optimal classes, including a non- allergic class in GINIplus/LISA and 
seven in BAMSE (Figure S5). The identified classes are highly similar 
and differ only in a split of the multimorbid cluster. Here, we ob-
serve, instead of only one cluster featuring all three allergic diseases 
now one with low level dermatitis and one with high level derma-
titis, supporting the original differentiation. GINIplus/LISA looses 
the early- transient wheeze cluster and BAMSE the intermittent and 
early- resolving dermatitis ones.

3.2  |  Early- life determinants

To assess which factors potentially influence disease develop-
ment, Table 2 presents results of the multinomial model containing 
early- life determinants, which were identified using Tukey- Tests 
(Table S4) in GINIplus/LISA. Male sex is associated with the clus-
ters comprising a high prevalence of rhinitis and inversely with the 
persisting dermatitis cluster. Parental history of allergies increases 
the risk for all identified clusters compared with the non- allergic 
cluster, with intermittently allergic showing the weakest associa-
tion, significantly differing from the clusters comprising rhinitis 
and early- transient asthmatics. Pet exposure and presence of 
older siblings are inversely associated with the rhinitis cluster in 

GINIplus/LISA. In BAMSE associations with family history show 
similar patterns, although not all effects reach significance and are 
mostly visible for only one parent with allergies. Nonetheless, an 
even stronger inverse relationship can be seen for early bronchitis 
infections.

3.3  |  Genetic factors

Further, we investigated genetic influences on allergic disease tra-
jectories to identify the effects of genetic predisposition on dis-
ease development. For this, we used a fixed- effect meta- analysis 
of the calculated PRS and FLG mutation carrier status on the de-
rived clusters (Table 3; Table S6 for individual studies). In GINIplus/
LISA all specific PRS are significantly associated with their respec-
tive trajectories and therefore more specific than the PRS for any 
allergic disease, which is only associated with the rhinitis cluster. 
Further, the PRS for atopic dermatitis shows a significant associa-
tion with early- onset or transient but not mid- onset or persisting 
atopic dermatitis.

Within BAMSE, the PRS for any allergic disease shows significant 
associations with the intermittently allergic, early dermatitis, multi-
morbid, and dermatitis plus rhinitis cluster, whereas the specific PRS 
are less clear associated.

Comparing the independent samples, we observe similar emerg-
ing patterns, even though clusters differ in their specifics. Despite 
differences in significance, effect directions are mostly similar be-
tween GINIplus/LISA and BAMSE and the meta- analysis shows sig-
nificant associations between all allergic clusters and the PRS for 
any allergic disease, except the mid- persisting dermatitis and early- 
transient asthma cluster. The multimorbid cluster is specified by ad-
ditional significant associations with the PRS for asthma and rhinitis, 
differentiating it from the rhinitis cluster. The FLG- mutation is sig-
nificantly associated with the multimorbid and persisting dermatitis 
plus rhinitis cluster.

Our sensitivity analyses showed that genetic associations seen 
between PRS and clusters are rather robust to adjustment for fam-
ily history of allergic diseases and early- life determinants (Tables S7 
and S8). Investigating genetic effects and their modification by sex 
yielded no significant interaction (Table S9).

3.4  |  Aeroallergen and food sensitization

For the clinical characterization of trajectories, we investigated 
associations of aero-  and food allergen sensitization measured at 
several time points with the allergic disease trajectories, as shown 
in Table 4. All clusters, except the early- transient asthma and the 
mid- persisting dermatitis clusters, show significant associations 
compared to the non- allergic control in all cohorts. However, the 
magnitude of effects is distinctly higher in rhinitis containing tra-
jectories. Especially the clusters with more than one allergy are 
robustly associated and are significantly higher compared with all 
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TA B L E  1  Population characteristics and determinants in GINIplus/LISA

Total (N = 5550)
Allergic disease cases 
(N = 2342) No allergic diseases (N = 3208)

p- value 
(Chi- squared)

Sex

Male 50.8% (2818)[0] 52.7% (1235)[0] 49.3% (1583)[0] 0.014

Study

GINI intervention 24.9% (1381)[0] 31.4% (735)[0] 20.1% (646)[0] <0.001

GINI control 35.5% (1971)[0] 32.4% (759)[0] 37.8% (1212)[0] <0.001

LISA 39.6% (2198)[0] 36.2% (848)[0] 42.1% (1350)[0] <0.001

Study center

Munich 51.5% (2856)[0] 52.9% (1238)[0] 50.4% (1618)[0] 0.079

Leipzig 10.2% (564)[0] 10.5% (247)[0] 9.9% (317)[0] 0.444

Bad Honnef 4.4% (244)[0] 3.8% (90)[0] 4.8% (154)[0] 0.099

Wesel 34.0% (1886)[0] 32.7% (767)[0] 34.9% (1119)[0] 0.104

Cumulative prevalence of allergic disease up to 15 years

Any allergic disease 42.2% (2342)[0] 100.0% (2342)[0] 0.0% (0)[0]

Asthma 9.2% (513)[0] 21.9% (513)[0] 0.0% (0)[0]

Dermatitis 27.9% (1549)[0] 66.1% (1549)[0] 0.0% (0)[0]

Rhinitis 21.3% (1183)[0] 50.5% (1183)[0] 0.0% (0)[0]

Family history of allergic diseases

No parent 43.0% (2272)[263] 33.7% (758)[94] 49.8% (1514)[169] <0.001

One parent 40.2% (2126)[263] 43.1% (970)[94] 38.0% (1156)[169] <0.001

Both parents 16.8% (889)[263] 23.1% (520)[94] 12.1% (369)[169] <0.001

Parental education

Low 6.6% (366)[23] 6.6% (154)[10] 6.6% (212)[13] 1.000

Medium 27.8% (1536)[23] 27.3% (637)[10] 28.1% (899)[13] 0.520

High 65.6% (3625)[23] 66.1% (1541)[10] 65.2% (2084)[13] 0.528

Caesarean section

Yes 19.8% (1037)[325] 20.8% (466)[99] 19.1% (571)[226] 0.154

Breastfeeding during first 4 months

Yes 62.6% (3417)[92] 61.5% (1417) [39] 63.4% (2000)[53] 0.169

Presence of older siblings

Yes 46.6% (2582)[11] 43.5% (1015)[7] 48.9% (1567)[4] <0.001

Maternal smoking during 2nd or 3rd trimester of pregnancy

Yes 9.6% (521)[141] 8.8% (202)[46] 10.2% (319)[95] 0.082

Environmental tobacco smoke exposure in first 4 years

Yes 37.4% (2012)[172] 36.3% (825)[72] 38.2% (1187)[100] 0.176

Bronchitis infection in first 3 years

Yes 39.3% (2111)[180] 44.5% (1007)[77] 35.6% (1104)[103] <0.001

Cat or dog in first 4 years

Yes 27.1% (1253)[924] 24.3% (480)[368] 29.1% (773)[556] <0.001

Urbanicity at birth

City 47.0% (2472)[285] 47.2% (1054)[107] 46.8% (1418)[178] 0.817

Town or suburb 40.6% (2139)[285] 41.4% (925)[107] 40.1% (1214)[178] 0.349

Rural area 12.4% (654)[285] 11.5% (256)[107] 13.1% (398)[178] 0.074

Note: Presented are prevalence, total case numbers and number of missing values for non- allergic participants, allergic participants, and the total 
sample.
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F I G U R E  1  Clusters of allergic diseases in (A) GINIplus/LISA and (B) BAMSE. The allergic disease clusters were derived using longitudinal 
k- means for allergic patients, the non- allergic cluster was added afterward. The best number of clusters was defined in GINIplus/LISA 
following the quality criterion of Davies- Bouldin.
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other clusters in BAMSE. Additionally, we see significant associa-
tion of sensitization already before the peak of rhinitis prevalence.
In food sensitization, this might enable differentiation between the 
early- resolving and mid- persisting dermatitis cases.

3.5  |  Spirometry

To assess the impact of trajectories on lung function in adolescence 
and thus long- term impairment of spirometric function, Table 5 dis-
plays the association of spirometry measures z- scores at age 15 years 
with trajectory allocation. Significant results are observed for FEV1 
and the Tiffeneau- Index in the multimorbid (all cohorts) and early- 
transient asthma clusters (only BAMSE). Thus, reduced spirometric 
z- scores can be seen in the clusters comprising a high percentage of 
asthmatic participants. Borderline significant associations are seen 
for the intermittently allergic and early- resolving dermatitis cluster.

4  |  DISCUSSION

In the present study, we identified seven allergic disease trajec-
tories, using an unsupervised, longitudinal clustering approach in 
population- based birth cohorts, and one non- allergic control group. 
The role of early- life determinants was investigated and significant 
differences in relation to allergic sensitization and spirometric indi-
ces between the trajectories were observed. Furthermore, the spe-
cific GWAS- derived PRS showed significant associations with their 
disease- associated trajectories. Successful replication of trajecto-
ries, their association with genetic factors, lung function, and sen-
sitization was achieved in the independent Swedish BAMSE cohort, 
and a comparable classification was obtained when using latent class 
modeling, further strengthening the robustness of our findings.

Comparing our results with the available evidence, our clusters 
could confirm results from two of the papers previously character-
izing allergic disease trajectories identifying five clusters of allergic 
diseases up to four years10 and six up to nine years in the PARIS birth 
cohort13 as well as eight classes up to eleven years in UK cohorts.12 
We extend the covered time period up to adolescence, showing the 
continued developments indicated by the classification found in 
UK cohorts12 and being able to distinguish two different dermati-
tis trajectories, not reported in the previous clustering approaches. 
Furthermore, the PRS based on one GWAS on any allergic disease5 
was significantly associated with all identified classes in the UK co-
horts.21 Our application of PRS for all single disease entities allows 
further distinction of sub- phenotypes.

Another publications tracking allergic disease develop-
ment from nine to 34 years of age identified six classes of al-
lergic diseases (“No symptoms,” “Rhinoconjunctivits only,” 
“Late- onset wheeze,” “Rhinoconjunctivitis+Wheeze,” and 
“Eczema+Rhinoconjunctivitis+Wheeze”) using latent classes.14 
Identified clusters are comparable. The two identified multimorbid 
clusters resemble our multimorbid and persisting dermatitis plus TA
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rhinitis clusters, with lower prevalence of dermatitis and higher prev-
alence of wheeze, respectively. They further found that all allergic 
trajectories were already established by adolescence, not changing 
much after the age of 18 supporting our approach to include partici-
pants from infancy to adolescence in our longitudinal clustering, still 
ensuring comparability to previously reported approaches covering 
early life windows.

Within the first intermittently allergic cluster it is likely that the 
allocated participants have mild or transient forms of allergic dis-
eases, as they all reported an allergic disease for at least one time 
point but prevalences were generally low. Nonetheless, they have a 
significant risk associated with family history and parents might be 
more attentive for symptoms of dermatitis and rhinitis.

The rhinitis cluster was inversely associated with environmental 
factors such as pet exposure and presence of older siblings, which 
have been discussed in the context of the hygiene hypothesis.25 
This cluster was further significantly associated with the PRS for 
any allergic diseases and rhinitis, underlining the genetic contribu-
tion to this allergic phenotype. It further indicates that within the 
SNPs identified to be associated with any allergic disease,5,15 rhinitis 
is the most common allergic disease and GWAS are commonly not 
adjusted for comorbid allergic diseases.

As previously reported, early- onset dermatitis is, compared to 
late- onset dermatitis, associated with sensitization against aeroaller-
gens and higher genetic susceptibility.41 This is also seen in GINIplus/
LISA, with the early dermatitis cluster being significantly associated 
with the respective PRS and higher aeroallergen sensitization rates 
at six years. In BAMSE, instead the mid- persisting trajectory is sig-
nificantly associated with the PRS for dermatitis, but the trajectories 
prevalence also peaks earlier, potentially blurring the differentia-
tion between the two trajectories, with the early- transient cluster 
being detected rather in the independent BAMSE clustering solu-
tion with six allergic disease trajectories only (Figure S3). Another 
aspect to consider is the structurally higher percentage of missing 
diagnoses in the mid- persisting trajectory (Figure S7a), which might 
lead to falsely carried- forward dermatitis cases in GINIplus/LISA, 
while non- missing cases might be still following a persisting disease 
course but on a lower level than assumed here. Further differenti-
ation between the dermatitis clusters is possible in regard to food 
sensitization, which was observed in the early- resolving but not the 
mid- persisting cluster, as supported by the literature,42 which might 
indicate earlier remission in those children.

The multimorbid cluster is significantly characterized by a higher 
percentage of male participants, following the previous results re-
porting an increased risk for allergic multimorbidity in males with 
family history of allergies.43 There are also significant associations 
of the multimorbid cluster with the PRS for asthma and rhinitis in 
GINIplus/LISA, as well as any allergy and rhinitis in BAMSE.

Both, the multimorbid and rhinitis clusters, show similar rhini-
tis prevalences and a high sensitization rate. However, one group of 
participants develops additional asthma, leading to a higher burden 
of disease and worse lung function. One possible explanation might 
be higher genetic susceptibility as indicated by the effect of the TA
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asthma PRS; another one could be the higher percentage of bronchi-
tis infections in infancy, negatively affecting spirometry measures29 
as also seen in our results. This development from early bronchitis to 
asthma and reduced spirometry differentiates the multimorbid from 
the persisting dermatitis plus rhinitis cluster, where asthma preva-
lence remains low.

Other early- life factors, such as maternal smoking during preg-
nancy or second- hand tobacco smoke exposure during early child-
hood, both risk factors for reduced lung function, did not differ 
between these clusters. We also did not see significant differences 
for further common determinants, such as Caesarean section or ur-
banicity, potentially due to low variance in our sample or low case 
numbers.

The persisting dermatitis plus rhinitis cluster was previously 
described in UK studies as “persistent eczema with later- onset 
rhinitis.”12 It seems to be very robust, as it was found within five 
different birth cohorts (ALSPAC & MAAS12; GINIplus, LISA, and 
BAMSE). It has the strongest associations with aeroallergen sen-
sitization, nearly double compared with the multimorbid cluster in 
GINIplus/LISA, but none of the PRS is significantly associated with 
the trajectory in GINIplus/LISA and only the PRS for any allergic 
disease in BAMSE.

Nonetheless, FLG mutation, known to be the strongest genetic 
risk factor for dermatitis,44 was significantly associated with the per-
sisting dermatitis plus rhinitis cluster in BAMSE. Higher effect sizes, 
although not significant, can also be seen for the other clusters com-
prising relevant proportions of dermatitis patients (early- resolving 
(only GINIplus/LISA), mid- onset and multimorbid). However, the as-
sociation with FLG seems higher in persisting forms of dermatitis, in 
comparison with the early- onset resolving cluster.

The last cluster is weakly powered in GINIplus/LISA with only 27 
participants, all of which reported an asthma diagnosis in infancy but 
with a prevalence below 20% later in life. This early- transient asthma 
sub- phenotype is often identified in clustering approaches as “early- 
transient wheeze”9,10 and much more common in English- speaking 
countries where a higher prevalence of asthma has been reported.43 
This was also observed during our replication in the BAMSE cohort 
using a symptom- based phenotype definition. Mostly missing sensi-
tization indicates that this cluster does not depict an allergic disease 
trajectory but rather an early respiratory infection trajectory with 
potentially ongoing impairment6 as underlined by the significant as-
sociation with early bronchitis infections. Previous studies report on 
the connection between wheezing inducing airway infections and 
future asthma development45,46 and although these participants 
here do not develop further asthma until 15 years of age, they pres-
ent reduced lung function outcomes in adolescence. The presence of 
early- asthma or wheezing symptoms is much higher in our symptom- 
based clustering for GINIplus/LISA (Figure S8) but these cases may 
just be early respiratory infections instead of asthma, which is diffi-
cult to diagnose in infancy.

Similar results in lung function reduction as seen for our mul-
timorbid and early- transient asthma clusters were also reported 
for cohorts covering nine to 34 and seven to 53 years of age, 

respectively.14,47 Forster et al. reported lower Tiffeneau- indices in 
young adulthood for classes involving wheeze14 and Bui et al. show-
ing that early- onset persisting asthma trajectories had stronger as-
sociations with lower lung function at 53 years than later appearing 
asthma cases.47

One limitation is the difference in allergic disease definitions 
based on clinical practices in Germany and Sweden. Although all 
cohorts employ similar time points of follow- up, GINIplus/LISA 
analyzed parent- reported doctor diagnoses, while in BAMSE, the 
analysis was based on parent- reported symptoms and prescribed 
asthma medication use. Remarkably, we were still able to derive the 
same cluster solution, showing the robustness of the results, further 
supported by our sensitivity analysis clustering symptom- diagnoses 
in GINIplus/LISA (Figure S8). Nevertheless, all included studies are 
observational cohort studies and cannot investigate causality and 
are impacted by missing validated food allergy assessments, non- 
measured sensitization in infancy and missing indicators of severity 
or quality of life. Also, the issue with missing diagnoses due to loss 
to follow- up needs to be considered in the context of prospective 
birth cohorts, which collect valuable data but loose participants with 
each further time point, leading to higher number of missing values 
at the later time points of this study. Possible solutions for address-
ing this are different imputation methods but here no clear standard 
has been established yet. Allergic diseases are chronic but still every 
imputation might lead to false assumptions or might omit especially 
transient or late- onset trajectories. Of note, percentage of missing 
diagnoses further differs not only related to the time points but 
also between the clusters, especially the mid- persisting dermatitis. 
Potential reasons include a higher loss- to- follow- up in non- allergic 
parents (compared to those with positive family history), which 
are also overrepresented in the mid- persisting dermatitis cluster 
(Table S4). Furthermore, the early- transient wheeze cluster displays 
a higher proportion of missing diagnoses at earlier time- points. 
However, the generally low sample size in this cluster (n = 27) and 
thus missingness might simply occur by chance in this cluster.

Further, our PRS were calculated purely on genome- wide sig-
nificant SNP sets and not as proposed by newer publications on 
complete GWAS results, not restricted by a significance thresh-
old.48 Nevertheless, in this paper, we aimed to show associations 
of disease- specific scores, which we assume to be represented by 
the respective large- scale GWAS results. This approach also enables 
direct comparison to other publications using a similar PRS for any 
allergic disease.21

The strengths of our study include the long follow- up period, 
covering both childhood and adolescence and the ability to cover 
many discussed early- life determinants. The successful replication 
in an independent cohort further underlines robustness of results. 
Furthermore, this study demonstrates the association of disease- 
specific PRS with allergic disease trajectories.

Using the results from this paper, we want to further drive clini-
cal prediction of allergic trajectories, enabling pediatricians to fore-
cast future allergic developments and initiate prevention strategies. 
Early identification of patients at risk, might help them to mitigate 
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further risk factors or concretely prevent asthma exacerbations with 
life- threatening potential.

In conclusion, we aimed to classify allergic disease development 
to add knowledge about the characteristics and determinants of the 
derived seven allergic disease trajectories from birth to adolescence. 
The derived trajectories allow a clearer classification of common al-
lergic disease courses in times of increasing prevalence and burden 
of disease, which might be further facilitated to improve prediction 
in the future.
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Abstract
Background: Epigenomic (e.g., DNA methylation [DNAm]) changes have been hypoth-
esized as intermediate step linking environmental exposures with allergic disease. 
Associations between individual DNAm at CpGs and allergic diseases have been re-
ported, but their joint predictive capability is unknown.
Methods: Data were obtained from 240 children of the German LISA cohort. DNAm 
was measured in blood clots at 6 (N = 234) and 10 years (N = 227) using the Illumina 
EPIC chip. Presence of aeroallergen sensitization was measured in blood at 6, 10, 
and 15 years. We calculated six methylation risk scores (MRS) for allergy- related 
phenotypes, like total and specific IgE, asthma, or any allergies, based on available 
publications and assessed their performances both cross- sectionally (biomarker) and 
prospectively (predictor of the disease). Dose– response associations between aeroal-
lergen sensitization and MRS were evaluated.
Results: All six allergy- related MRS were highly correlated (r > .86), and seven CpGs 
were included in more than one MRS. Cross- sectionally, we observed an 81% in-
creased risk for aeroallergen sensitization at 6 years with an increased MRS by one 
standard deviation (best- performing MRS, 95% confidence interval = [43%; 227%]). 
Significant associations were also seen cross- sectionally at 10 years and prospec-
tively, though the effect of the latter was attenuated when restricted to participants 
not sensitized at baseline. A clear dose– response relationship with levels of aeroaller-
gen sensitization could be established cross- sectionally, but not prospectively.
Conclusion: We found good classification and prediction capabilities of calcu-
lated allergy- related MRS cross- sectionally, underlining the relevance of altered 
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G R A P H I C A L  A B S T R A C T
We calculated six MRS for allergy- related phenotypes and present their association with childhood aeroallergen sensitization. All six allergy- 
related MRS were highly correlated and seven CpGs were overlapping between the MRS, all located in genes associated with allergic diseases. 
A clear dose– response relationship with levels of aeroallergen sensitization could be established cross- sectionally, but not prospectively.
Abbreviations: ACOT7, acyl- CoA thioesterase 7; CpG, cytosine– guanosine dinucleotide; LISA, influence of lifestyle factors on development 
of immune system and allergies in east and west Germany study; MFHAS1, multifunctional ROCO family signaling regulator; MRS, 
methylation risk score; SEC16B, SEC16 homolog B, endoplasmic reticulum export factor; ZFPM1, zinc finger protein, FOG, family member 1

gene- regulation in allergic diseases and providing insights into potential DNAm bio-
markers of aeroallergen sensitization.

K E Y W O R D S
allergic diseases, DNA methylation, epidemiology, methylation risk scores, polygenic risk 
scores

1  |  INTRODUC TION

The link between genetic variation and allergic diseases is already 
well established by several genome- wide association studies 
(GWAS).1 However, non- genetic and environmental determinants, 
like birth order2,3 or pet ownership,4 have also been discussed and 
might explain further variance in allergic diseases (e.g., asthma and 

allergic rhino- conjunctivitis) through epigenetic mechanisms such as 
DNA methylation (DNAm).5

Over the past years, epigenome- wide association studies 
(EWAS) have identified differential DNAm at several CpG (addition 
of a methyl group to a cytosine in the context of CpG dinucleotides) 
sites to be associated with allergic phenotypes including atopy, de-
fined as allergic reaction in skin prick test, high total (≥200 kU/L) or 
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specific immunoglobulin E (IgE) (≥0.35 kU/L),6– 9 childhood asthma10 
or any allergic disease plus sensitization.11

Compared to large- scale GWAS, current EWAS often have lim-
ited sample size12 with the maximum sample size in allergic pheno-
types being 3493.10 Age- , tissue- , and cell type- specific differences 
in DNAm patterns further limit the generalizability of results.5 
Additionally, identified CpGs usually have small effect sizes, similar 
to single genetic variants for common diseases.13 Given the unknown 
generalizability and replicability of recent EWAS of allergy- related 
phenotypes, mainly due to small sample sizes, a proof of the appli-
cability of their results in a predictive context is of great interest for 
methylation studies.

Following the same methodology as previously employed for 
polygenic risk scores (PRS),14 methylation risk scores (MRS) could 
be used to evaluate the reproducibility of published atopy- related 
EWAS and their prediction accuracy cross- sectionally (as biomark-
ers of aeroallergen sensitization) and prospectively (as predictors of 
future aeroallergen sensitization). MRS have been reported as bio-
markers for exposures like smoking,15 as predictors of poor survival 
outcomes in hepatocellular carcinoma16 and disease indicators for 
prostate cancer, even outperforming other known risk factors.17

Methylation risk scores are calculated by using external evidence 
from published EWAS and weighting the CpGs in the target cohort 
with the respective effect sizes from external EWAS on the same 
phenotype to calculate a weighted average. Thereby, small effects 
of single CpG sites are accumulated, which increases the statistical 
power and prediction accuracy.14

The objective of this study is to calculate MRS that are derived 
from published EWAS, in order to classify cross- sectional, and pre-
dict prospective, childhood aeroallergen sensitization in the pro-
spective German LISA birth cohort. For this, we evaluated (1) the 
predictive accuracy of six different MRS in both cross- sectional and 
prospective models, (2) their overlap and correlations and (3) com-
pared their associations and prediction accuracy to other known de-
terminants of allergic sensitization and individual CpG sites.

2  |  METHODS

2.1  |  Study population

We used data from the prospective German birth cohort on the 
Influence of Life- style factors on Development of the Immune 
System and Allergies in East and West Germany (LISA), which re-
cruited 3097 full- term healthy newborns of European ancestry 
between 1997 and 1999 in four study centers (Munich, Wesel, 
Leipzig and Bad Honnef). The study was approved by the local eth-
ics committees (Bavarian General Medical Council, Medical Council 
for North- Rhine- Westphalia and the University of Leipzig), and in-
formed parental consent was given. More information can be found 
elsewhere.18

Allergen- specific serum immunoglobulin E (IgE) concentra-
tions were assayed by the CAP- RAST FEIA system (Pharmacia 

Diagnostics) according to the manufacturer's instructions and in 
line with global recommendations.19 An overall screening test was 
used to test allergic sensitization against aeroallergens at 6, 10, 
and 15 years. Our outcome was defined by a specific IgE thresh-
old of >0.35 kU/L (Radio- Allergo- Sorbent- Test [RAST] class 1) to 
the screening test of common aeroallergens (Dermatophagoides 
pteronyssinus, cat, dog, rye, timothy grass, Cladosporium herbarum, 
birch, and mugwort). Further RAST classes were defined according 
to common cutoffs,20 where RAST 0 implies no allergic sensitiza-
tion and RAST 5 or 6 (combined into one category) is the highest 
possible value. Questionnaire- based information on symptoms of 
rhino- conjunctivitis (concurrent running nose and itching eyes) and 
wheezing in the previous 12 months was collected at the same time 
points.

We assessed potential determinants of allergic diseases, which 
have been shown to be associated with different allergic diseases 
or lung function, such as parental education,21 breastfeeding,21,22 
birth order,2 pet holding,21 maternal smoking during pregnancy,23 
environmental tobacco smoke exposure23 (ETS) or bronchitis in-
fections23 in early childhood, as well as PRS calculated as weighted 
scores from genome- wide significant GWAS hits for any allergic 
disease,1,24 asthma,25 dermatitis,26 allergic rhinitis,27 and total IgE.28 
Additional information on the study design and on the definition of 
determinants of allergic diseases can be found in the Appendix S1 
(Table S1, Methods 1).

2.2  |  DNA methylation (DNAm) data

Samples using genomic DNA (gDNA) from blood clots at 6 and 
10 years were analyzed using the MethylationEPIC BeadChip 
(Illumina, Inc.). Paired samples were placed on the same chip to 
avoid batch effects among pairs. CpGs on sex chromosomes and 
those having missing values low intensities were excluded. We used 
functional normalization29 to normalize the data and ComBat30 to 
adjust for technical variation. After outlier removal, the final data-
set includes information on 774,330 CpG probes for 461 DNAm 
samples, 234 at six and 227 at 10 years, with an overlap of 221 
participants with DNAm data at both time points. Cell type pro-
portions were estimated both with the Houseman method31 using 
a new reference panel32 and with the EpiDISH33 package, which 
additionally includes eosinophil estimates. Further information on 
processing and quality control can be found in the Appendix S1 
(Methods 2 and Figure S1).

2.3  |  Calculation of MRS

We calculated MRS based on the effect estimates or other sum-
mary statistics for CpG sites that have previously been associated 
with allergic diseases6,8,10,11 or additionally provided summary 
statistics7,9 for associations with up to a raw p- value of .1 for 
each EWAS. A weighted sum of DNAm beta values, defined as 
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estimated methylation level, was then transformed to z- scores, 
and MRS were produced for each respective EWAS and differing 
p- value thresholds. A literature review identified EWAS of phe-
notypes related to atopy or high IgE. Further publications for any 
kind of allergic disease were included, if they were conducted 
in a larger consortium framework (asthma10 and any allergic dis-
ease11). Seven MRS were calculated, one for high IgE,7 one for 
aeroallergen sensitization,8 two for atopy, defined as high total 
IgE or positive skin- prick test and sensitization, respectively,6,9 
one for asthma10 and one for any allergic disease11 as well as one 
MRS for schizophrenia34 as negative control. In all seven EWAS, 
DNAm was measured in whole blood. Varying p- value thresholds 
from 1 × 10−1 to the lowest reported p- value per EWAS were con-
sidered, resulting in several scores per EWAS with a decreasing 
number of CpGs for smaller p- values, similar to what is known 
as “thresholding” for PRS.14 To correct for correlations between 
included CpG sites, co- methylated regions were calculated using 
the CoMeBack method,35 which identifies co- methylated regions 
based on correlation and proximity of CpGs. In accordance with 
the original publication, we did this based on residuals corrected 
for Houseman cell type proportions of the LISA study. Only one 
CpG per co- methylated region was included in the final MRS, a 
procedure similar to “clumping” in PRS approaches.14 All MRS were 
calculated as z- scores following a standard normal distribution. A 
more detailed description is further provided in the supplementary 
information (Methods 3).

2.4  |  Statistical analysis

Associations between each MRS and aeroallergen sensitization were 
estimated using logistic and Poisson regression with robust stand-
ard errors. Poisson regression was used to assess risk ratios (RR), 
as aeroallergen sensitization was not a rare outcome in our sam-
ple and thus odds ratios would not resemble RR. All models were 
adjusted for sex, age, whether the blood was taken in the allergy 
season (March to August), as current pollen exposure might influ-
ence DNAm36 as well as circulating IgE levels, and estimated cell 
type proportions using EpiDISH. We applied the following criteria 
to evaluate and compare the performance of different MRS: 1) RR 
and corresponding 95% confidence intervals (95% CI) were used to 
evaluate the strength and accuracy of the association with aeroal-
lergen sensitization; 2) C- statistic, the area- under- the- curve and 3) 
explained variance (Pseudo R2) were used to evaluate the predic-
tion accuracy for aeroallergen sensitization. The different MRS were 
compared and evaluated under four different scenarios: Two cross- 
sectional models assessing the association at 6 and 10 years and two 
prospective models, assessing the association between the MRS and 
subsequent aeroallergen sensitization (MRS at 6 and 10 years as pre-
dictor of aeroallergen sensitization at 10 and 15 years, respectively). 
As a sensitivity analysis, the prospective models were calculated in 
the non- sensitized population only, excluding all participants with 
sensitization at the time of DNA methylation measurement, thereby 

analyzing only those who could develop new sensitization between 
the two time points. We furthermore calculated the receiver operat-
ing characteristic (ROC) for the cross- sectional analyses to assess 
the diagnostic ability of our MRS.

The best MRS per EWAS were selected based on the highest 
c- statistic in the cross- sectional model at 6 years. Correlations be-
tween the seven “best MRS” (one per EWAS) and the corresponding 
CpGs were evaluated. All CpGs reported in the available EWAS were 
tested for replication in the LISA study, both with the Houseman (as 
done in the original EWAS6– 10) and EpiDISH cell type proportions, 
with successful replication being defined as a p- value below .05 after 
adjusting for the total number of tested CpGs from all EWAS using 
the Benjamini– Hochberg correction.37

Associations between the MRS and the six RAST classes were 
investigated using boxplots to evaluate a potential dose– response 
relationship with increasing levels of aeroallergen sensitization and 
ordinal logistic regression analyses.

To compare the strength of association and prediction accuracy 
of the MRS to those of other common determinants of allergic dis-
eases (including allergy- related PRS, Table S1) and the most common 
single CpGs, we calculated the explained variance and strength of 
association (RR and 95% CI) with aeroallergen sensitization and com-
pared it to the performance of the MRS.

We further assessed the association of all MRS with allergic dis-
ease symptoms, namely rhino- conjunctivitis and wheezing, using 
the same approach as described above. In addition, we calculated 
correlations between the MRS and the different estimated cell type 
proportions to assess whether a specific cell type was overrepre-
sented in the MRS. In a sensitivity analysis, we tested the impact 
of co- methylated regions on the robustness of MRS: Namely, we 
calculated MRS with and without application of the CoMeBack 
method and used a reference population instead of the LISA study 
to determine the co- methylated regions (see Gatev et al., 202035 
for details).

All statistical analyses were run in R38 V4.1.2.

3  |  RESULTS

3.1  |  Description of study participants

We included 461 samples, collected from 240 participants of the 
LISA birth cohort, in our analysis, both from six (N = 234) and ten 
(N = 227) years of age (Table 1), of which 221 were paired with DNAm 
data available at both time points (Figure S1). The sample included 
slightly more males than females (58% vs. 42%) and the prevalence 
of rhino- conjunctivitis symptoms increased, while that of wheezing 
symptoms decreased, between 6 and 10 years. Relevant outcome 
measures used in the 6- year sample are aeroallergen sensitization 
at 6 years (prevalence: 32.6%, 74 cases) and at 10 years (44.9%, 105 
cases). In the 10- year sample, aeroallergen sensitization at 10 years 
(44.5%, 101 cases) and at 15 years (37%, 84 cases) were analyzed in 
the main analysis. Differences seen between the two time points are 
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due to sample removal, as originally all samples were paired and are 
presenting the same baseline characteristics. Baseline characteris-
tics from our analysis sample (N = 240) are similar to the total study 
population of the LISA Munich cohort (N = 1464, Table S2).

3.2  |  Methylation risk scores

Table 2 shows information on the seven EWAS, phenotype, age 
group, and sample size from which MRS were calculated. The EWAS 

reported between 13 and 395 significant signals and varied by 
age, from 4 to 18 years, and ethnicity, covering not only European 
but also Hispanic and multi- ethnic populations. The best MRS per 
EWAS were selected based on the highest c- statistic in the cross- 
sectional model at 6 years across all p- value thresholds that were 
tested (Figure 1 and Table S3). The best- performing MRS included 
two (Everson2015,6 atopy) to 24 (Zhang2019,9 atopy) CpGs for p- 
value thresholds ranging from 1 × 10−4 (Zhang2019,9 atopy) to 
1 × 10−13 (Peng2019,8 aeroallergens). CpG sites and the correspond-
ing weights for the best MRS are listed in Table S4.

Analysis sample
(N = 240)

DNAm measured at 6 years 
(N = 234)

DNAm measured at 
10 years (N = 227)

Male sex, % (n) [n missing] 57.69% (135) [0] 57.71% (131) [0]

Age at DNA methylation measurement 
[years], mean (sd)

6.072 (0.15) 10.155 (0.14)

High parental educationa, % (n) [n 
missing]

79.49% (186) [2] 79.74% (181) [2]

Aeroallergen sensitizationb, % (n) [n missing]

At 6 years 31.62% (74) [0] 29.96% (68) [0]

At 10 years 44.87% (105) [0] 44.49% (101) [0]

At 15 years 37.18% (87) [63] 37.00% (84) [60]

Allergic symptoms in last 12 months, % (n) [n missing]

Rhino- conjunctivitis 8.55% (20) [1] 14.98% (34) [4]

Wheezing 10.68% (25) [2] 7.93% (18) [2]

Blood taken in allergy season (Mar -  Aug), % (n) [n missing]

At 6 years 67.52% (158) [0] 66.96% (152) [0]

At 10 years 52.99% (124) [0] 51.10% (116) [0]

At 15 years 41.45% (97) [55] 39.65% (90) [52]

Polygenic risk scoresc, mean (sd)

Any allergic disease 0.187 (0.95) 0.187 (0.93)

Asthma 0.147 (1.04) 0.155 (1.05)

Dermatitis 0.002 (0.99) −0.014 (0.99)

Rhinitis 0.023 (0.97) 0.052 (0.95)

Total IgE 0.083 (0.97) 0.084 (0.97)

Family history of allergic diseases, % (n) [n missing]

No parent 29.06% (68) [24] 28.19% (64) [24]

One parent 42.74% (100) [24] 43.17% (98) [24]

Both parents 17.95% (42) [24] 18.06% (41) [24]

Other known risk factors for allergy, % (n) [n missing]

Smoking during pregnancy 7.26% (17) [7] 7.05% (16) [6]

Breastfeeding in first 4 months 83.33% (195) [1] 83.70% (190) [1]

Older siblings 49.57% (116) [0] 48.90% (111) [0]

ETSd in first 4 years 25.64% (60) [3] 25.11% (57) [3]

Bronchitis infection in first 3 years 64.96% (152) [2] 66.96% (152) [2]

Cat or dog in first 4 years 19.66% (46) [8] 19.82% (45) [9]

Note: If time point of measurement is not mentioned, data were obtained from questionnaire data 
filled out by the LISA parents at birth, 1, 2, or 4 years of age.
aDefined as more than 10 years of education.
bDefined by a specific IgE threshold of >0.35 kU/L (Radio- Allergo- Sorbent- Test (RAST) class 1).
cz- scores.
dEnvironmental tobacco smoke exposure.

TA B L E  1  Sample information and 
variable distribution in the final analysis 
sets at 6 and 10 years of age in the LISA 
birth cohort
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The six allergy- related MRS were highly correlated with each 
other but not with the negative control (age 6 years: Figure S3, age 
10 years: Table S5). A total of seven CpGs are included in more than 
one allergy- related MRS, with cg11699125 being the most common 
one included in all but one allergy- related MRS. All of these seven 
CpGs could be successfully replicated in LISA (Table 3) and were 
annotated to the genes ZFPM1, ACOT7, MFHAS1, and SEC16B using 
UCSC reference genes from the Illumina annotation file. Replication 
of reported EWAS signals (1501 in total) in LISA at six (N = 234) 
and ten (N = 227) years yielded 554 and 288 replicated hits cor-
recting for Houseman and 111 and one replicated hits correcting for 

EpiDISH cell type estimates, respectively. Thus, we observe highly 
reduced replication rates when including eosinophils as a cell type 
confounder. Of note, of the published EWAS,6– 11 only one (including 
the cohorts in PR- GOAL and GALA- II)7 controlled for eosinophils in 
their analyses. Complete results can be found in Table S6.

3.3  |  MRS as cross- sectional biomarkers

Figure 1 and Table S3 present results from evaluating MRS that 
were calculated based on different p- value thresholds and EWAS 

F I G U R E  1  Predictive capabilities of MRS on aeroallergen sensitization. Four different models and criterions are displayed, assessing 
the cross- sectional and prospective impact of MRS as well as their (A) mean effect size per publication over all p- value thresholds, (B) 
performance and (C) explained variance for the different p- values thresholds (determining how many CpG sites were included in the MRS). 
All models are adjusted for sex, age, whether the blood was taken within the allergy season and cell type proportions. RR (A) were derived 
from Poisson regressions, whereas the other criterions (B&C) were calculated using logistic regression. Sample sizes for the four models 
were n = 234, n = 227, n = 234 and n = 167, respectively
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for the cross- sectional (age 6 and 10 years) as well as prospective 
analyses (6– 10 years and 10– 15 years). To improve clarity, Figure 1A 
presents the mean MRS over all p- value thresholds per EWAS. All 
allergy- related MRS were significantly associated with aeroallergen 
sensitization in LISA (Figure 1A). Effect sizes were very similar be-
tween different MRS ranging from RR = 1.47 [95% CI: 1.19; 1.84] to 
RR = 1.81 [1.44; 2.27] in the cross- sectional model at 6 years and 
from RR = 1.12 [0.87; 1.44] to RR = 1.40 [1.19; 1.64] at 10 years 
(Table S3). Classification accuracy (Figure 1B, c- statistic) was about 
0.7 for all allergy- related MRS and the best scores explain more 
than 15% of variance in aeroallergen sensitization, quantified with 
pseudo R2, at 6 years and more than 12% at 10 years (Figure 1C). The 
negative control (MRS for schizophrenia) was not associated with 
aeroallergen sensitization in LISA. The ROC curves display similar 
patterns for allergy- related MRS and the negative control performs 
worst (Figure S2).

3.4  |  MRS as prospective predictors

In the prospective models, all allergy- related MRS are significantly 
associated with aeroallergen sensitization, even though the effect es-
timates are smaller than in the cross- sectional models (Figure 1D,A). 
The prediction accuracy and the explained variance of the prospec-
tive models was smaller than in the cross- sectional models. For exam-
ple, the pseudo R2 decreased from explaining roughly between 12% 
and 15% of the variance in the cross- sectional models to only 8%– 12% 
in the prospective ones (Figure 1F). The c- statistic was also slightly 
lower with ~0.65 in the prospective models instead of ~0.7 in the 
cross- sectional models. In a sensitivity analysis, we analyzed whether 
prospective associations are observed because of participants that 
were already sensitized at the time of DNAm measurement. For this, 
we ran the prospective analyses restricted to the non- sensitized pop-
ulation only. Looking only at the non- sensitized population (N = 160 
from 6 to 10, N = 99 from 10 to 15 years), the effect of MRS on 
prospective aeroallergen sensitization was further attenuated and no 
significant association was observed (Table S7). This might imply that 
DNAm is a consequence or biomarker of aeroallergen sensitization 
rather than a predictor of sensitization development.

3.5  |  Dose– response relationship

Figure 2 shows a clear and significant positive trend between higher 
MRS and higher RAST classes in the two cross- sectional analyses, 
except for the negative control (Figure 2A,B). This trend can be seen 
for all allergy- related MRS, independent of age group, ethnicity, or 
specific phenotype in the original EWAS. The trend was weaker in 
the prospective models (Figure 2C,D). The prospective trend from 
6 to 10 years was significant for all allergy- related MRS, but with 
lower odds ratios than in the cross- sectional models. The prospec-
tive trend from 10 to 15 years was only significant for two of the six 
allergy- related MRS (Figure 2D and Table S8).

3.6  |  Prediction accuracy of MRS in comparison 
with known determinants

As seen in Figures 1 and 3, the explained variance of allergy- related 
MRS is about 15% in the cross- sectional model at 6 years. Explained 
variance by other common determinants was lower, with family his-
tory of allergic diseases explaining around 5% and all others <3%, 
including PRS (Figure 3). Significant associations with aeroallergen 
sensitization were only present for the MRS and having two parents 
with a history of allergic diseases. Of the seven CpGs, present in 
more than one MRS, all were significantly associated with a reduced 
risk for sensitization and the pseudo R2 was similar to the MRS, es-
pecially for cg17971251 and cg11988722.

3.7  |  Prediction accuracy of allergy- related MRS 
for other allergic symptoms

Associations between calculated MRS and allergic symptoms, such 
as rhino- conjunctivitis and wheezing, were weaker than associations 
with aeroallergen sensitization and those models explained less vari-
ance (pseudo R2 <0.09 for rhino- conjunctivitis and <0.14 for wheeze) 
(Figure S4A,C). The prediction accuracy for rhino- conjunctivitis 
is similar to the accuracy for aeroallergen sensitization (c- statistic 
~0.7). In contrast to this, the association between MRS and wheezing 
was stronger in terms of effect estimates and prediction accuracy. 
However, the higher RRs for wheezing and their wide CIs can also be 
attributed to the lower case numbers for allergic symptoms (Rhino- 
conjunctivitis: n = 20 and wheezing: n = 25 at 6 years), and these 
results should be interpreted cautiously (Figure S4 and Table S9). 
Results of best- performing MRS at 10 years and their association with 
symptoms of wheezing and allergic rhinitis can be found in Table S10.

3.8  |  Correlations with cell type proportions

During bulk DNAm analysis, several different blood cell types with 
differing methylation profiles are analyzed. To assess whether a 
specific cell type is overrepresented in the MRS, we calculated 
correlations between the MRS and the different estimated cell 
type proportions. There was little correlation (r ≤ .3) between the 
allergy- related MRS and estimated cell types apart from eosinophils 
(r = [.53; .59]), indicating that the MRS represent differential DNA 
methylation- related to aeroallergen sensitization independent of 
most immune cell types, apart from the known association with eo-
sinophils39 (Figure S5).

3.9  |  Robustness of MRS to determination of   
co- methylated regions

In our main analysis, co- methylated regions were determined using 
the LISA cohort. Using a reference population instead of our own 
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F I G U R E  2  Dose– response relationship of MRS z- scores and RAST classes of aeroallergen sensitization cross- sectionally at (A) 6 and (B) 
10 years and prospectively from (C) 6 to 10 and (D) 10– 15 years. The fifth and sixth RAST classes are combined due to the low sample size 
in the highest class. Odds ratios (OR) and 95% confidence intervals from ordinal logistic regression analysis of the association between RAST 
classes and MRS are displayed in their respective panels
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LISA cohort for the determination of co- methylation region (as de-
scribed in35) or no filtering based on CoMeBack at all did not have an 
impact on our main results or the number of included CpGs (Tables 
S11 and S12). Individual CpGs included in the final MRS were cor-
related, despite application of the CoMeBack method, which only 
removes correlated CpG sites that are in close proximity to each 
other (Figure S6).

4  |  DISCUSSION

In the present study, we calculated different MRS from available 
EWAS of atopy, high IgE, asthma, or any allergic disease and as-
sessed their prediction accuracy for childhood aeroallergen sensi-
tization using cross- sectional and prospective data on DNAm and 
sensitization from the German LISA study. We showed the superior 

F I G U R E  3  Prediction accuracy of MRS in comparison with other known risk factors. (A) Explained variance was assessed using logistic 
regression and (B) RR and 95% CI using Poisson regression with robust standard errors. For continuous variables (MRS, PRS, and CpGs 
z- scores were used; hence, the RR estimate can be understood per one standard error increase). All models were adjusted for sex, age 
and those with MRS and single CpGs additionally for cell type proportions and whether the blood was taken within the allergy season. 
Significance was determined in the Poisson model with a threshold of 0.05
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performance of allergy- related MRS compared to well- known de-
terminants of allergic diseases, like birth order, as well as their high 
correlation with each other. Seven CpGs were overlapping between 
the MRS, all located in previously reported genes associated with 
allergic diseases, and were successfully replicated in the LISA study. 
The best- performing MRS show a clear dose– response relationship 
with RAST classes of aeroallergen sensitization and explain more 
variance in aeroallergen sensitization than common determinants or 
PRS. However, we noticed differences between cross- sectional and 
prospective analyses, with the latter showing smaller effect sizes, 
lower prediction accuracy and less explained variance.

Our results fit with the accumulating evidence of improved dis-
ease definition using DNAm patterns and more specifically MRS as 
biomarkers for exposures15 or predictor of diseases16

Looking at other determinants, MRS outperform them in ex-
plained variance, with about 15% of explained variance vs. <7% 
for the next best determinant. Similar values are achieved by the 
seven most commonly represented CpGs in the MRS. This high-
lights the role of DNAm as important allergy- specific factor. Even 
though other determinants of allergic disease have been widely es-
tablished and are also included in clinical recommendations,40 we 
could only observe significantly increased risk for the epigenetic 
factors and if both parents had a history of allergic diseases. Lack of 
associations with the other determinants could be explained by the 
relatively small sample size in this sub- sample of the LISA cohort. 
Furthermore, the low predictive capabilities of a PRS for asthma in 
childhood were published previously41 and might underline our re-
sults of larger epigenetic associations as these lie on a level of omics 
closer to the phenotype.42

We found that the seven most important CpGs included in more 
than one MRS mapped to the genes ZFPM1, ACOT7, MFHAS1, and 
SEC16B, all of which have been reported in relation to allergic diseas-
es.43– 46 The first three genes affect inflammatory responses through 
mast cell differentiation and development of cysteinyl leukotrienes. 
ACOT7 has also been discussed as an important “cross- tissue allergy- 
associated methylation site” by one of the discovering EWAS.11 The 
functional pathways of SEC16B have yet to be elucidated.

The MRS calculated for the 6- year data showed a stronger effect 
with aeroallergen sensitization at 6 years (cross- sectional analysis) 
than with aeroallergen sensitization at 10 years (prospective analy-
sis; RR~1.7 vs. ~1.4). The RR were further attenuated and not signif-
icant anymore when analyzing only the non- sensitized population 
in both prospective models. This might indicate that the MRS are in 
fact not predictive of sensitization at a later time point but coincide 
with or follow aeroallergen sensitization and the prospective models 
only capture the effect of already sensitized participants at baseline. 
However, the prospective analysis of the non- sensitized population 
is limited by a small sample size and thus limited statistical power. 
The positive trend between MRS and RAST classes seen in the cross- 
sectional models could not be seen in the prospective models, hence 
underlining the cross- sectional but not predictive nature of the asso-
ciation. A prospective prediction capability could have helped with 
early detection of allergic disease development, and future studies 

might evaluate the prospective capabilities of combining IgE and 
DNAm measurements to improve prediction of allergic disease de-
velopment. Development of an enhanced predictive tool is of great 
interest in the context of personalized medicine and might include 
genetic and epigenetic aspects, as well as IgE as already available 
biomarker. Nevertheless, the observed cross- sectional classification 
capability of MRS underline the relevance of altered gene- regulation 
in allergic diseases, aligning with previous publications noting that 
DNAm changes are more often seen as a consequence rather than 
the cause of a disease and that especially SNP- CpG associations are 
not necessarily causal.47

We observed reduced replication rates of reported CpGs when 
adjusting for EpiDISH cell type estimates compared to the often 
used Houseman estimates (7.4% vs. 36.9% at 6 years). This might 
indicate that a high portion of previously seen associations may be 
attributable to eosinophils, which are not estimated in Houseman 
proportions. Notably, our MRS results remain significant even 
when adjusting for eosinophils, whereas EWAS replication is highly 
diminished.

In our study, we did not observe differences with ethnicity for 
our MRS in an population of European ancestry, as the MRS calcu-
lated from an EWAS of Hispanics with multiple racial backgrounds7 
performed just as well and sometimes even better than European- 
ancestry derived MRS. This aligns with the meta- analysis results 
from the EWAS on asthma conducted in the pregnancy and child-
hood epigenetics consortium,48 which did not see any influence of 
ethnicity on detected CpG hits. We could, however, not evaluate the 
applicability of our MRS for non- European populations.

Taking into account, the relatively small sample sizes used in the 
applied EWAS ranging from only 367 samples in discovery6 to 3493 
used for meta- analysis,10 the portion of replicated signals in the LISA 
study (38.8% at 6 years) indicates a good replicability of allergy- 
related EWAS results. Further, our MRS performed well over all in-
cluded EWAS, independent of variation in ethnicity or age, ranging 
from childhood to young adulthood. EWAS results of allergy seem to 
be rather similar across childhood, indicated by replication of signals 
at 6 years, although only one EWAS obtained results in participants 
younger than 6 years,11 while the others were mostly older (Table 2) 
and similar patterns in both cross- sectional models.

Robustness of our findings was also confirmed across the dif-
ferent phenotypes used in the published allergy- related EWAS. 
Although main phenotypes were similar, as our outcome is a di-
rect categorization of aeroallergen sensitization measurements, 
even broader ones like total IgE7 or any allergic disease11 result in 
the same patterns. Especially the similar findings across EWAS of 
different phenotypes, for example, sensitization vs. asthma, might 
hint in the direction of a general allergy phenotype,49 also in terms 
of DNAm patterns. MRS were also associated with symptoms of al-
lergic diseases in the LISA cohort, though associations with rhino- 
conjunctivitis and wheezing were weaker than for aeroallergen 
sensitization, likely due to the lower prevalence of these symptoms.

We recognize additional study limitations. We could not test the 
accuracy of MRS across different tissues (e.g., nasal epithelium), as 
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there are, to the best of our knowledge, no respective large- scale 
EWAS available for calculating further MRS. However, previous 
publications could replicate their signals from whole blood in other 
allergy- relevant tissues.10,50 Additionally, we extracted gDNA from 
blood clots, whereas other studies used whole blood, so predictive 
accuracy of proposed MRS might be even higher using identical sam-
ple processing methodology. Our MRS approach uses CoMeBack to 
remove correlated CpGs located in co- methylated regions from the 
MRS. Future studies should evaluate if the prediction accuracy of 
MRS can be further improved by considering all correlations be-
tween CpGs instead of only those located in close proximity to each 
other and does not account for trans- chromosomal correlations. 
Absence of significant associations between aeroallergen sensitiza-
tion and established predictors of allergic diseases in our sub- cohort 
indicate a limited statistical power due to our relatively small sample 
size for this analysis. Therefore, future studies with larger sample 
sizes are needed to replicate our findings. However, the strong asso-
ciations and prediction accuracy that we found for the MRS despite 
our relatively small study sample also demonstrates the applicability 
of this approach for small study populations and the robustness of 
previously reported EWAS results.

Strengths of this study include the objective assessment of 
aeroallergen sensitization in blood. This makes all of our main as-
sociations robust as neither aeroallergen sensitization diagnosis nor 
DNAm, estimated cell type proportions or sex are subject to recall 
bias. Moreover, the prospective design of the LISA study enabled us 
to compare repeated measures at two time points of DNAm with 
three time points of measured aeroallergen sensitization.

In summary, we established well- working MRS for aeroallergen 
sensitization, which outperform commonly known determinants in 
identifying the disease. The presented results confirm the associ-
ation of DNAm at some CpGs with allergic diseases and underline 
the relevance of altered gene- regulation in allergic diseases. The 
results support replication and applicability of available EWAS re-
sults and pave the way for future analyses investigating the specific 
functions between methylation patterns as biomarkers of disease 
manifestation.
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Abstract 

Background: DNA methylation (DNAm) is considered a plausible pathway through which genetic and environmen-
tal factors may influence the development of allergies. However, causality has yet to be determined as it is unknown 
whether DNAm is rather a cause or consequence of allergic sensitization. Here, we investigated the direction of the 
observed associations between well-known environmental and genetic determinants of allergy, DNAm, and aeroal-
lergen sensitization using a combination of high-dimensional and causal mediation analyses.

Methods: Using prospectively collected data from the German LISA birth cohort from two time windows 
(6–10 years: N = 234; 10–15 years: N = 167), we tested whether DNAm is a cause or a consequence of aeroallergen 
sensitization (specific immunoglobulin E > 0.35kU/l) by conducting mediation analyses for both effect directions using 
maternal smoking during pregnancy, family history of allergies, and a polygenic risk score (PRS) for any allergic disease 
as exposure variables. We evaluated individual CpG sites (EPIC BeadChip) and allergy-related methylation risk scores 
(MRS) as potential mediators in the mediation analyses. We applied three high-dimensional mediation approaches 
(HIMA, DACT, gHMA) and validated results using causal mediation analyses. A replication of results was attempted in 
the Swedish BAMSE cohort.

Results: Using high-dimensional methods, we identified five CpGs as mediators of prenatal exposures to sensiti-
zation with significant (adjusted p < 0.05) indirect effects in the causal mediation analysis (maternal smoking: two 
CpGs, family history: one, PRS: two). None of these CpGs could be replicated in BAMSE. The effect of family history on 
allergy-related MRS was significantly mediated by aeroallergen sensitization (proportions mediated: 33.7–49.6%), sug-
gesting changes in DNAm occurred post-sensitization. 

Conclusion: The results indicate that DNAm may be a cause or consequence of aeroallergen sensitization depend-
ing on genomic location. Allergy-related MRS, identified as a potential cause of sensitization, can be considered as a 
cross-sectional biomarker of disease. Differential DNAm in individual CpGs, identified as mediators of the develop-
ment of sensitization, could be used as clinical predictors of disease development.
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Background
With the rise of available DNA methylation (DNAm) 
data in multiple cohort studies, the number of epige-
nome-wide association studies (EWAS) demonstrat-
ing a connection between DNAm and allergic diseases 
has increased. Over the last decade, EWAS reported 
associations of single CpGs (addition of a methyl-group 
to a cytosine in the context of CpG dinucleotides) with 
several allergic outcomes: High total immunoglobulin 
E (IgE) [1, 2], an antibody involved in Type I immune 
response and highly associated with allergic diseases, 
specific IgE [3] against certain aeroallergens and specific 
IgE plus skin-prick test [4] and meta-analyses on asthma 
[5] and any allergic disease [6]. Many of these CpGs have 
been successfully replicated in independent cohorts, and 
we could verify the robustness of these findings via rep-
lication of significant hits in the German LISA study [7].

However, it is unknown whether DNAm changes occur 
in response to allergic disease or if differential DNAm 
can serve as predictor of future development of aller-
gies. Looking at aeroallergen sensitization, an objectively 
measured indicator of allergic diseases, we previously 
reported that methylation risk scores (MRS), which 
are defined as a weighted sum of methylation beta esti-
mates, can be considered as cross-sectional biomarkers 
of current sensitization [7]. However, the predictive capa-
bilities in prospective associations with aeroallergen sen-
sitization were limited, indicating that DNAm might be 
a result rather than a predictor of allergic sensitization. 
On the other hand, studies investigating DNAm in cord-
blood found associations with higher IgE levels later in 
life [8, 9], indicating a certain predictive potential.

One way to investigate this “chicken or egg—what 
came first?” question is a causal mediation analysis with 
data on exposure, mediator and outcome from three 
subsequent time points. Known determinants of aller-
gic disease that can be used as exposures in such media-
tion analyses include genetic and environmental factors. 
Allergic diseases are highly heritable, with heritability 
estimates for allergic diseases being described as high 
as 91.7% for asthma [10], 90% for atopic dermatitis [11], 
91% for allergic rhinitis and 68% for specific serum IgE 
(reviewed in Ober and Yao [12]). Additionally, numer-
ous genetic variants associated with allergic diseases 
have been identified in multiple genome-wide associa-
tion studies (GWAS), e.g., for atopic dermatitis [13], rhi-
nitis [14] or any allergic disease [15, 16]. Polygenic risk 
scores (PRS) have been proposed to summarize genetic 

susceptibility to allergic diseases in one score for allergic 
trajectories [17] or asthma prediction [18, 19], presenting 
a significant association and a predictive area-under-the-
curve of up to 0.59 for early transient asthma phenotypes 
and 0.58 for intermediate-onset wheeze [18]. However, 
as genetic variation in complex diseases represents a risk 
increase but not a certainty of disease onset as in mono-
genic diseases, family history of allergic diseases can be 
additionally considered as a proxy for the combination of 
allergic inheritance and environmental risk.

Further looking at environmental risk factors, maternal 
smoking during pregnancy represents a well-established 
environmental risk factor, which has been shown to 
influence allergic outcomes, especially asthma [20], and 
has also been biologically validated in preclinical mouse 
models [21].

A methodological challenge of investigating the 
“chicken or egg” question in causal mediation analyses is 
the high-dimensionality of DNAm data with up to 850K 
CpG sites being measured with the most recent Illumina 
DNAm arrays (Illumina MethylationEPIC BeadChip 
microarray). Several approaches have been proposed 
to address high-dimensionality in mediation analysis 
including (1) dimension-reduction methods, e.g., by 
using MRS, (2) integration of prior knowledge by only 
focusing on CpG sites with a known association with the 
exposure or outcome (or both) and (3) hypothesis-gener-
ating high-dimensional mediation analyses (HMA).

The objective of this study is to determine the causality 
of the observed associations between changes in DNAm 
and the development of allergen sensitization using HMA 
and MRS. We conduct different HMA at two subsequent 
time points using well-established determinants of aller-
gic disease (maternal smoking during pregnancy, family 
history of allergies and a PRS for any allergic disease) as 
exposures and prospective measurements of DNAm and 
aeroallergen sensitization as mediators and outcomes.

Methods
Study population
For this study, we used data from a population-based 
German birth cohort on the Influence of Life-style fac-
tors on Development of the Immune System and Aller-
gies in East and West Germany (LISA). From 1997 to 
1999, a total of 3,097 full-term healthy newborns were 
recruited at four study centers (Munich, Wesel, Leipzig 
and Bad Honnef). The study was approved by local eth-
ics committees (Bavarian Board of Physicians, Board of 

Keywords: High-dimensional mediation analysis, DNA methylation, Allergic diseases, Epidemiology, Methylation risk 
scores, Polygenic risk scores, Maternal smoking
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Physicians of North-Rhine-Westphalia and Medical Fac-
ulty of the University of Leipzig) and written, informed 
consent was obtained from the parents or legal guard-
ians. In the present study, only data from participants 
enrolled in the Munich study center with parental con-
sent for genetic analyses at both six and ten years is 
included (Nmax = 240).

Aeroallergen sensitization
Positive aeroallergen sensitization was defined as a spe-
cific IgE threshold of > 0.35 kU/L (at least Radio-Allergo-
Sorbent-Test (RAST) class one), measured for a mix of 
common aeroallergens (SX1 mix: Dermatophagoides 
pteronyssinus, cat, dog, rye, timothy grass, Cladosporium 
herbarum, birch and mugwort). Serum at six, ten and 
15 years was analyzed using the CAP-RAST FEIA system 
(Pharmacia Diagnostics, Freiburg, Germany) according 
to the manufacturer’s instructions.

Risk factors for aeroallergen sensitization
Genome-wide data in the LISA study were measured 
using the Affymetrix Chip 5.0 and 6.0 (Thermo Fisher 
Scientific, USA). More information on genetic data can 
be found in the supplementary material of Grosche et al. 
[22]. We calculated a PRS for any allergic disease based 
on the genome-wide significant hits reported in Ferreira 
et  al. [15, 16]. Single nucleotide polymorphisms (SNPs) 
were extracted for each participant and weighted with 
the reported effect size. Multiallelic SNPs, highly cor-
related variants (Linkage disequilibrium R2 > 0.7), those 
with a low imputation quality (< 0.4) or a minor allele fre-
quency of less than 1% were excluded. Further informa-
tion on quality control and PRS calculation can be found 
elsewhere [7, 23].

Information on family history of allergic diseases was 
collected at birth and defined as a binary factor indicat-
ing no family history or at least one biological parent 
reporting ever experiencing asthma, atopic dermatitis or 
hay fever.

Maternal smoking during pregnancy was defined as 
smoking in the second and/or third trimester of preg-
nancy, with controls defined as either stopped smoking 
before the second trimester or never smoking. Potential 
confounders after literature research are sex, age, season 
at blood withdrawal, cell-type proportions, Body-Mass-
Index (BMI), socio-economic status (SES), and air pollu-
tion, defined as nitrogen dioxide  (NO2) at birth address 
(Additional file 2: Table S1).

DNAm data
DNAm was measured for 256 participants from blood 
clots taken at six and ten years using the Methylation 
EPIC BeadChip (Illumina, Inc., San Diego, CA). We 

applied functional normalization [24] and ComBat [25] 
to normalize the data and remove technical variation. 
Probes were removed if they were located on the sex 
chromosomes, had missing values, or failed the detec-
tion p value of 0.01 in more than 1% of samples. Samples 
were removed if they were outliers, sex mismatches, or 
did not fulfill the bad-sample threshold of methylated 
and unmethylated intensities. Cell-type proportions were 
estimated using the EpiDISH package [26]. Further infor-
mation on quality control and data processing can be 
found elsewhere [7].

Methylation risk scores
MRS were calculated for six allergy-related EWAS, 
namely high IgE [2], aeroallergen sensitization [3], 
asthma [5], any allergic disease [6] and two on atopy, 
defined as high total IgE [1] or positive specific IgE as 
well as a positive skin-prick test [4]. Details on the calcu-
lation and evaluation of these allergy-related MRS have 
been published previously [7]. In short, we calculated 
each MRS by weighting the CpG beta-values with the 
respective effect size identified by the EWAS and trans-
formed to z-scores. The selection of CpG sites was con-
ducted using a pruning and thresholding approach [27]. 
As described previously [7], the MRS that reached the 
highest prediction accuracy for allergic sensitization at 
six years of age across all p-value thresholds was used in 
the downstream analyses.

Statistical analysis
To evaluate whether changes in DNAm are predictors 
or consequences of allergic diseases, we tested the fol-
lowing two hypotheses: (H1, DNAm as predictor) The 
association between exposure (maternal smoking during 
pregnancy; family history of allergic disease; PRS for any 
allergies) and allergic sensitization is mediated by prior 
changes in DNAm (measured by MRS or methylation in 
individual CpG sites); (H2, DNAm as consequence) The 
association between exposure (maternal smoking during 
pregnancy; family history of allergic disease; PRS for any 
allergies) and changes in DNAm (measured by MRS or 
methylation in individual CpG sites) is mediated by prior 
allergic sensitization. In our main analyses, mediators 
were measured at six years and outcomes at ten years, 
both for hypothesis (H1) and (H2). In addition, we con-
ducted a secondary analysis for hypothesis (H1), in which 
mediators (DNAm) were measured at ten years and out-
come (aeroallergen sensitization) at 15 years (Fig. 1 and 
Additional file 1: Figure S1).

Mediation analyses rely on the following three assump-
tions [28]: (1) no exposure-mediator confounding, (2) no 
mediator-outcome confounding and (3) no exposure-
outcome confounding. To fulfill these assumptions to 
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the best of our knowledge, we constructed directed acy-
clic graphs (DAGs) to visualize each of these paths using 
dagitty [29] (Additional file 1: Figures S2–S9). A minimal 
sufficient adjustment set was identified for each pathway 
via the tracing of association directions and elimination 
of any potential confounders already associated with a 
precursory confounder. Exposure-mediator models were 
adjusted for SES (Exposure: maternal smoking during 
pregnancy), SES and  NO2 exposure at birth (family his-
tory) and sex (PRS) for both hypotheses. Mediator-Out-
come models were adjusted for all potential confounders 
according to the DAGs (Additional file 1: Figures S2–S9). 
A detailed description of the definition and assessment of 
these covariates is provided in Additional file 1: Table S1.

Associations with continuous outcomes (MRS or 
DNAm in individual CpG sites) were analyzed using lin-
ear regression and associations with binary outcomes 
(allergic sensitization) were analyzed using logistic 
regression.

Causal mediation analysis of MRS
Causal mediation analysis, using the R package media-
tion [30], was applied to test the two hypotheses (H1) and 
(H2) for allergy-related MRS. Results were adjusted for 
multiple testing using the Benjamini–Hochberg proce-
dure [31] for false-discovery rate (FDR) together within 
each H1 and H2.

High‑dimensional mediation analysis of individual CpGs
High-dimensional mediation analyses (HMA) were used 
to test the two hypotheses for individual CpGs. H1 was 
tested using the Divide-Aggregate Composite-Null test 

(DACT), HIMA, and gene-based HMA (gHMA). H2 was 
tested using only DACT, because HIMA and gHMA are 
only applicable for high-dimensional mediators but not 
for high-dimensional outcomes.

1. Previous knowledge + Divide-Aggregate Composite-
Null test (DACT)

 Based on previously published EWAS of total IgE 
[1, 2], aeroallergen sensitization [3, 4], childhood 
asthma [5] and any allergic disease [6] we used exist-
ing knowledge on allergy-relevant CpGs to reduce 
the multiple testing burden. Of the 1673 previously 
reported CpGs, 1501 were available in the LISA 
cohort and 583 CpGs were significantly associated 
with aeroallergen sensitization in the LISA cohort at 
six years [7] (False discovery rate ≤ 0.05; adjustment 
for Houseman cell -type estimates to resemble the 
initial discovery analyses), which were further taken 
as testing-set of potential mediators. Of note, none 
of these CpGs were significantly associated with any 
of the exposures after multiple testing correction and 
adjustment for sex, detailed age and EpiDISH cell-
type estimates (Additional file 2: Table S2).

 We used DACT for the composite null hypothesis of 
no mediation effect as suggested by Liu et al. [32] to 
improve the multiple testing burden. In short, DACT 
takes the p values from the exposure-mediator and 
the mediator-outcome model to compute a new 
joint list of p-values, which will be used to determine 
significance (p-value < 0.05). This is done by aggre-
gating the weighted p -values of the three possible 
null-hypotheses leading to no mediation effect and 
calibrating this using Efron’s empirical null frame-
work [33].

2. HIMA
 Whereas the previous approach relied on exist-

ing knowledge as a baseline selection of mediators, 
HIMA as proposed by Zhang et al. [34] uses a three 
step procedure to identify significant CpGs through-
out the whole epigenome. First, the top CpGs with 
the largest effect sizes (beta of standardized inputs) 
for the response variable are identified using sure 
independence screening (SIS) [35]. The total number 
of top hits (N) varies per model and is calculated by 
N = 2*n/log(n), with n being the input sample size. 
To capture relevant CpGs with our smaller sample 
size, we applied a looser threshold than the original 
publication. In a second step, HIMA estimates the 
mediation effect using minimax concave penalty and 
performs joint significance testing as a third and final 
step.

Fig. 1 Display of models used for the identification and validation 
of potential mediators. Hypothesis (H1) describe the mediation of 
aeroallergen sensitization through DNAm and hypothesis (H2) the 
reversed direction that sensitization is mediating DNAm changes. 
Time window A covers the development from six to ten years and 
time window B from ten to 15 years. See also Additional file 1: Figure 
S1
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3. Gene-based HMA (gHMA)
 We further applied gene-based high-dimensional 

mediation analysis (gHMA) as proposed by Fang 
et al. [36]. The idea behind this approach is that not 
single CpGs but genes act as biological units and 
should therefore be analyzed together. The func-
tions further provide different modeling options for 
linear or nonlinear relationships and an omnibus-
test to combine both, which outperformed the single 
models in their simulation study. First, we annotated 
every CpG to their nearest gene within 20,000 base 
pairs as done previously [37], resulting in 40,916 dif-
ferent genes. We then applied gHMA to each of these 
40,916 genes, each covering between one and 1758 
CpGs, performing the linear, nonlinear and omni-
bus-test for significance. We used differing kernel-
thresholds of 0.7, 0.8 and 0.9 as values for explained 
variance by the kernel principal components. Results 
of the omnibus-test were corrected using the Benja-
mini–Hochberg procedure [31].

Validation of CpG sites using causal mediation analysis
All significant CpG sites identified with the three 
described methods above are followed up using a causal 
mediation analysis to determine the direct, indirect, and 
total effects as well as the proportion mediated. Mul-
tiple testing correction followed the one applied for the 
MRS evaluation by calculating the FDR for all H1 CpGs 
together, the same correction was applied for H2 CpGs. 
Models and adjustment are the same as for MRS analyses 
and single CpGs were afterwards annotated using mQTL 
databases provided by Gaunt and Hawe et al. [38, 39].

Sensitivity analyses
We conducted a set of sensitivity analyses to evaluate the 
robustness of associations for any CpG sites that were 
successfully validated in the causal mediation analysis 
described above.

First, to further evaluate the impact of differences in 
cell-type proportions on our findings, we conducted a 
sensitivity analysis in which we additionally adjusted all 
exposure-mediator associations for estimated cell types, 
which are otherwise only included in the mediator-out-
come associations.

Second, to focus exclusively on newly developed aer-
oallergen sensitization in our mediation analyses with 
aeroallergen sensitization as outcome, we conducted 
a sensitivity analysis in which we excluded individuals 
already sensitized at baseline DNAm measurement.

Third, we conducted sex-stratified analyses, as puberty 
may play a role in allergen sensitization [40].

Replication of potential mediators
Single CpGs moving forward to validation in causal 
mediation analysis was further replicated in the inde-
pendent Swedish BAMSE (Swedish abbreviation for 
Children, Allergy, Milieu, Stockholm, Epidemiology) 
cohort, which recruited 4093 newborns between 1994 
and 1996. Ethical approval was given by the Regional 
Ethics Board (EPN) and further information is avail-
able elsewhere [41]. Here, we used exposure data from 
birth (maternal smoking in second and/or third trimes-
ter of pregnancy, any family history of allergic diseases 
and the same calculated PRS for any allergic disease [7, 
23]), DNAm data measured at eight years of age with 
the Illumina Infinium HumanMethylation450 Bead-
Chip (Illumina Inc., San Diego, USA) [6] and outcome 
data (positive aeroallergen sensitization to the SX1 
mix) from 16 years. Further information on genetic and 
DNAm data can be found in Additional file 1: Methods 
S1.

All analyses were performed in R [42] V.4.1.2 in LISA 
and V.4.1.3 in BAMSE.

Results
The total sample size for the six different models and 
time windows, from six to ten years (A) and from ten to 
15 years (B), varied from 143 to 229, only including par-
ticipants, who had all necessary data available (respective 
exposure, DNAm and covariates) (Fig. 1 and Additional 
file 1: Figure S1). Participants in the overall sample for all 
models were majority male (57.7%) and their blood sam-
ples were collected primarily during the allergy season 
from March to August. Prevalence of aeroallergen sen-
sitization increased from baseline to follow-up in each 
time window and missing values for exposures ranged 
from six (maternal smoking) to twelve missing values in 
the PRS (Table 1).

Causal mediation analysis for MRS
Allergy-related MRS were not found to be a mediator of 
the association between family history of allergies and 
subsequent allergic sensitization (H1, Fig. 2A). However, 
we found significant indirect effects for the association 
between family history of allergies and all six allergy-
related MRS with prior allergic sensitization as media-
tors (H2) (e.g., Indirect effect (Chen2017) = 0.081 [0.020; 
0.160]). Proportion mediated by allergic sensitization 
ranged from 33.7% (Everson2015) to 49.6% (Zhang2019) 
(Table  2 and Fig.  2B). Results were robust to additional 
adjustment for cell-type estimates as exposure-mediator 
confounders in our sensitivity analysis (Additional file 2: 
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Table  S3 and S4), while keeping the mediator-outcome 
confounders, including cell-type estimates, consistent.

We did not find any significant mediation effects for 
maternal smoking during pregnancy or the PRS for either 
of the two hypotheses. Full results for all MRS models 
can be found in Additional file 2: Tables S5 (H1) and S6 
(H2) for the time window from six to ten only, as DNAm 
as an outcome was not measured at 15 years of age.

DACT 
We identified 90 unique CpGs as potential mediators 
(H1) with the DACT approach: For the first time window 
(A) from six to ten years, we found 18 CpGs for mater-
nal smoking, 51 for family history and six for the PRS. 
For the second time window from ten to 15 the numbers 
were 20, 19 and ten, respectively. Of all of these, only 
one CpG (cg26851984) was validated in causal media-
tion analyses (significant indirect effect after multiple-
testing correction), for time window A and maternal 
smoking as exposure (Table  3). Differential DNAm at 
cg26851984 mediates 81% of the association between 
maternal smoking and aeroallergen sensitization and is 
robust to additional adjustment for cell-type estimates of 
the exposure-mediator association. Of note, cg26851984 
is also an mQTL with 58 surrounding SNPs as reported 
in a recent publication by Hawe et al. [39]. A mediation 

plot for cg26851984 is presented in Fig.  3 (first panel) 
showing the validated associations with the single CpG as 
mediators.

In the reversed models investigating sensitization as 
a potential mediator of subsequent changes in DNAm 
(H2), we did not identify any mediation effects for indi-
vidual CpGs in either main model (Additional file  2: 
Table S7).

HIMA
Dependent on the sample size of the different exposures 
and time windows, between 58 and 85 CpGs (N = 2*n/
log(n); Fig. 1) were screened for highest effect sizes dur-
ing the first step of HIMA and had their estimates cal-
culated and tested for joint significance in HIMA in 
different models. We identified three CpGs as potential 
mediators in the time window from six to ten years (time 
window A), one CpG of the association between each 
exposure and aeroallergen sensitization. In addition, we 
identified four CpGs as mediators in the later time win-
dow (B) from ten to 15 years, three for PRS as exposure 
and one for family history (Additional file 2: Tables S7 for 
full results and S8 for annotated hits). Four of the seven 
identified CpGs were significantly validated in the causal 
mediation analysis and none are located in mQTLs 
(Table 3; Fig. 3 (panels 2–5)).

Table 1 Description of total sample of LISA participants included in this study

Baseline is defined as the first time point of the model (six or ten) and follow-up as the second (ten or 15, respectively). The sample sizes for the mediation models with 
different exposures were as followed: Hypothesis 1A—NMaternalSmoking = 215, NFamilyHistory = 198, NPRS = 211; Hypothesis 1B—NMaternalSmoking = 163, NFamilyHistory = 154, 
NPRS = 158; Reversed models for Hypothesis 2A (Exposure–Sensitization–DNAm)—NMaternalSmoking = 216, NFamilyHistory = 222, NPRS = 212. See also Additional file 1: Figure 
S1

Time window A
(6 and 10 years)

Time window B
(10 and 15 years)

Total sample size—N 234 227

Confounder

 Male sex—N (%) [Nmiss] 135 (57.7%) [0] 131 (57.7%) [0]

 Exact age at baseline—Mean (sd) [Nmiss] 6.1 (0.2) [0] 10.2 (0.1) [0]

 Exact age at follow‑up—Mean (sd) [Nmiss] 10.2 (0.1) [0] 15.2 (0.2) [52]

 Blood taken in allergy season at baseline—N (%) [Nmiss] 158 (67.5%) [0] 116 (51.1%) [0]

 Blood taken in allergy season at follow‑up—N (%) [Nmiss] 124 (53%) [0] 90 (51.4%) [52]

 BMI measured at baseline—Mean (sd) [Nmiss] 15.3 (1.3) [1] 17.0 (2.5) [1]

 BMI measured at follow‑up—Mean (sd) [Nmiss] 16.9 (2.5) [1] 20.3 (2.8) [59]

 High parental education—N (%) [Nmiss] 186 (80.2%) [2] 181 (80.4%) [2]

  N02 at birth address—Mean (sd) [Nmiss] 21.4 (6.1) [1] 21.2 (5.5) [1]

Exposures

 (i) Maternal smoking during pregnancy—N (%) [Nmiss] 17 (7.5%) [7] 16 (7.2%) [6]

 (ii) At least one parent allergic—N (%) [Nmiss] 151 (64.5%) [0] 148 (65.2%) [0]

 (iii) PRS—Mean (sd) [Nmiss] 0.2 (1.0) [12] 0.2 (0.9) [11]

Outcome

 Sensitized at baseline—N (%) [Nmiss] 74 (31.6%) [0] 101 (44.5%) [0]

 Sensitized at follow‑up—N (%) [Nmiss] 105 (44.9%) [0] 84 (50.3%) [60]
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Sensitivity analyses
All CpGs presented in Table  3 showed nominal sig-
nificant associations after additional adjustment for 

cell-type proportions between exposure and media-
tor (Additional file  2: Table  S9) and when restricting 
the analysis sample to those who were not sensitized 
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Prop. Mediated = 49.6% [−653.7;590.2]

−0.2 −0.1 0.0 0.1 0.2 0.3

A B

Fig. 2 MRS as predictor or consequence of allergic disease. Significant indirect effects are indicated with an asterisk. The title follows the pattern 
exposure–mediator–outcome. Evaluation A whether the association between family history of allergic disease and allergic sensitization at ten 
years is mediated by prior changes in DNAm at six years (measured by MRS) or B whether the association between family history of allergic 
disease and changes in DNAm at ten years (measured by MRS) is mediated by prior allergic sensitization at six years. The six MRS can be allocated 
to the following phenotypes: Chen2017—total IgE, Everson2015—atopy, Peng2019—aeroallergen sensitization, Reese2019—childhood asthma, 
Xu2021—any allergy and Zhang2019—atopy, respectively



Page 8 of 13Kilanowski et al. Clinical Epigenetics          (2022) 14:114 

at the time of DNAm measurement (Additional file 2: 
Table  S10). However, those associations were not sig-
nificant after adjustment for multiple testing. We did 
not find sex-specific differences in mediation effects 
in terms of effect estimates and direction of effects, 
but indirect effects were only significant for three of 
the five CpGs in males (Additional file  2: Table  S11) 

and for none of the CpGs in females (Additional file 2: 
Table S12), most likely due to the reduced sample size.

gHMA
We did not identify any significant genes for either time 
window or exposure with the gHMA method.

Table 2 Significant mediation (FDR < 0.05) between family history as exposure and MRS, mediated by aeroallergen sensitization 
measured (H2)

No significant associations were found for (i) maternal smoking or (iii) PRS for any allergies

Outcome Indirect effect
[95% CI]

Direct effect
[95% CI]

Total effect
[95% CI]

Prop.Med
[95% CI]

(A) Sensitization at 6 and DNAm measured at 10 years
(ii) Family history of allergic disease (both parents allergic)

Chen2017
(IgE)

0.081
[0.020; 0.160]

0.107
[− 0.122; 0.326]

0.188
[− 0.042; 0.425]

0.397
[− 2.116; 4.516]

Everson2015
(Atopy)

0.075
[0.016; 0.151]

0.136
[− 0.096; 0.356]

0.211
[− 0.020; 0.447]

0.337
[− 1.562; 2.894]

Peng2019
(Aeroallergen)

0.059
[0.009; 0.123]

0.012
[− 0.202; 0.216]

0.071
[− 0.140; 0.289]

0.355
[− 8.136; 5.016]

Reese2019
(Asthma)

0.073
[0.017; 0.145]

0.064
[− 0.149; 0.268]

0.137
[− 0.077; 0.357]

0.441
[− 3.563; 4.141]

Xu2021
(Allergy)

0.060
[0.014; 0.119]

− 0.008
[− 0.179; 0.154]

0.052
[− 0.119; 0.227]

0.463
[− 7.445; 7.536]

Zhang2019
(Atopy)

0.076
[0.019; 0.148]

0.023
[− 0.179; 0.216]

0.099
[− 0.105; 0.307]

0.496
[− 6.537; 5.902]

Table 3 DNAm in individual CpG sites as predictors of aeroallergen sensitization (H1). Displayed CpGs were significantly validated in 
the causal mediation analysis (FDR < 0.05)

CpG sites that were identified as mediators in at least one high-dimension mediation analysis (HMA) method (HIMA or DACT) and validated in causal mediation 
analysis (significant indirect effect) are presented.
a No mQTLs from Gaunt et al. [38] were matched to the respective CpGs

HMA Method Mediator [CpG (UCSC/
nearest gene—UCSC 
Group)]

Indirect effect
[95% CI]

Direct effect
[95% CI]

Total effect
[95% CI]

Prop.Med
[95% CI]

mQTL
(Hawe et al.a)

A. DNAm at six years and sensitization measured at ten years
(i) Maternal smoking during pregnancy

DACT cg26851984
(/RP11-772E11.1)

0.139
[0.050; 0.242]

− 0.025
[− 0.226; 0.182]

0.114
[− 0.124; 0.328]

0.811
[− 7.782; 8.513]

58

HIMA cg17992705
(ATXN2L - ExonBnd)

− 0.108
[− 0.193; − 0.041]

0.217
[0.017; 0.397]

0.109
[− 0.102; 0.315]

− 0.601
[− 11.384; 14.469]

(ii) Family history of allergic disease (both parents allergic)

HIMA cg11329030
(/ATP6V1E1P1)

0.095
[0.040; 0.158]

0.079
[− 0.025; 0.193]

0.174
[0.060; 0.280]

0.547
[0.218; 1.349]

(iii) PRS for any allergies

HIMA cg04684486
(SLC31A2 - TSS200)

0.020
[0.004; 0.042]

0.019
[− 0.043; 0.082]

0.040
[− 0.026; 0.103]

0.390
[− 2.851; 6.302]

B. DNAm at ten years and sensitization measured at 15 years
(iii) PRS for any allergies

HIMA cg19310430
(C11orf45 - 5’UTR)

0.063
[0.026; 0.105]

0.036
[− 0.036; 0.110]

0.099
[0.019; 0.179]

0.632
[0.208; 1.910]
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Replication in BAMSE
Data was available for 445 participants with DNAm 
measured at eight and aeroallergen sensitization meas-
ured at 16  years of age (Additional file  2: Table  S13). 
Table 4 presents the results from BAMSE for our pre-
viously validated CpGs (Table  3). Due to the differ-
ent arrays used in LISA and BAMSE, only two of the 
five CpGs were available for replication. None of these 
two CpGs could be replicated in BAMSE, but for 
cg26851984 the directions of the indirect and direct 

effects are the same compared to LISA. Full results are 
included in Additional file 2: Table S14.

Discussion
The present study investigated whether DNAm is a 
potential cause/predictor or a consequence/outcome of 
sensitization by conducting causal mediation analyses for 
well-known risk factors of aeroallergen sensitization as 
exposures (maternal smoking during pregnancy, family 
history of allergies, and PRS for any allergy) and data on 

i) Mat.smoking −  − Sens.10

Total

Direct

Indirect
Prop. Mediated = 81.1% [−778.2;851.3]

−0.3 −0.2 −0.1 0.0 0.1 0.2 0.3 0.4

i) Mat.smoking − Sens.6 − cg26851984

Total

Direct

Indirect
Prop. Mediated = −29.2% [−538.6;396.6]

−0.01 0.00 0.01 0.02 0.03

i) Mat.smoking −  − Sens.10

Total

Direct

Indirect
Prop. Mediated = −60.1% [−1138.3;1446.9]

−0.2 0.0 0.2 0.4

i) Mat.smoking − Sens.6 − cg17992705

Total

Direct

Indirect
Prop. Mediated = −1.1% [−180.2;193.8]

−0.015 −0.010 −0.005 0.000 0.005 0.010

ii) Fam.history −  − Sens.10

Total

Direct

Indirect
Prop. Mediated = 56.6% [22.3;152.4]

0.0 0.1 0.2 0.3

ii) Fam.history − Sens.6 − cg11329030

Total

Direct

Indirect
Prop. Mediated = −3.9% [−268.7;371]

−0.005 0.000 0.005 0.010

iii) PRS −  − Sens.10

Total

Direct

Indirect
Prop. Mediated = 39.1% [−285.1;630.2]

−0.05 0.00 0.05 0.10

iii) PRS − Sens.6 − cg04684486

Total

Direct

Indirect
Prop. Mediated = −1.8% [−149.1;109.8]

−4e−04 −2e−04 0e+00 1e−04 2e−04

iii) PRS −  − Sens.15

Total

Direct

Indirect
Prop. Mediated = 63.2% [20.8;191]

−0.05 0.00 0.05 0.10 0.15 0.20

A B

Fig. 3 DNAm in individual CpG sites as predictor or consequence of allergic disease. CpG sites that were identified as mediators in at least one 
HMA (HIMA or DACT) and validated in causal mediation analysis are presented. Significant indirect effects are indicated with an asterisk and the 
title follows the pattern exposure–mediator–outcome. Evaluation A whether the association between (i) maternal smoking during pregnancy/(ii) 
family history of allergic disease/(iii) PRS for any allergies and allergic sensitization at ten/15 years is mediated by prior changes in DNAm at six/ten 
years or B whether the association between (i) maternal smoking during pregnancy/(ii) family history of allergic disease/(iii) PRS for any allergies 
and changes in DNAm at ten years is mediated by prior allergic sensitization at six years. For cg19310430 there is no corresponding model for 
hypothesis (H2) as DNAm was not measured at 15 years
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DNAm and aeroallergen sensitization from two consec-
utive time points as outcomes. We found evidence that 
DNAm in most previously identified CpG sites (sum-
marized in MRS) was a consequence rather than a cause 
of aeroallergen sensitization. In addition, we identified 
five single CpGs that mediated the association between 
maternal smoking during pregnancy, family history of 
allergic diseases and a PRS and subsequent aeroallergen 
sensitization, thus serving as predictors of sensitization. 
Aggregating both hypotheses, we suggest that DNAm 
can be a cause as well as a consequence of aeroallergen 
sensitization, depending on the genomic location.

This study further attempted replication of identified 
CpGs in the independent Swedish BAMSE cohort but 
could not significantly replicate any of the five reported 
CpGs. This might, however, not necessarily negate our 
findings, as three of the five CpGs were not measured in 
BAMSE (450K chip vs. EPIC chip in LISA). Furthermore, 
the time difference is larger between the two assessment 
points in BAMSE (eight to 16 vs. ten to 15 in LISA). To 
the best of our knowledge, there are no previous studies 
investigating causal epigenetic mediation between prena-
tal exposures and aeroallergen sensitization in childhood 
and adolescence. Previous studies have reported media-
tion effects of DNAm for the associations between body-
mass-index (BMI) and trajectories with asthma [43], BMI 
and cardio-metabolic risk [44], and age at puberty onset 
and lung function [45]. Of note, none of these studies 
investigated both directions, DNAm as both a predictor 
(H1) and as a consequence (H2).

Publications investigating mQTLs found that DNAm 
changes are often seen as a consequence of diseases 
rather than their cause [46] and this is supported by our 
findings on the allergy-related MRS. However, in the pre-
sent study we also identified CpGs which serve as media-
tors for the association between known determinants of 
allergies and aeroallergen sensitization. Of note, none 
of the identified single CpGs are part of the evaluated 

MRS after clumping and thresholding, even though one 
has been previously reported by the same EWAS as an 
associated CpG site (Peng [3]). This might indicate that 
DNAm acts in both effect directions, represented by dif-
fering sets of CpG loci.

On the one hand, our finding that MRS are rather a 
consequence than a cause of sensitization falls in line 
with our previous results [7], which might also rely on 
the fact that the pre-identified CpGs were reported in 
mostly cross-sectional EWAS. On the other hand, the 
single CpGs mediating prenatal exposures on aeroaller-
gen sensitization later in life, might be facilitated as early 
predictors for disease development. These should be 
followed up in future studies to further determine their 
clinical relevance.

For cg26851984, which was identified as a mediator of 
the association between maternal smoking during preg-
nancy and sensitization with DACT, we identified the 
closest gene to be PRPF3. This gene is associated with 
eczema [13], eosinophil counts [47] and any allergy [15], 
supporting the importance of this CpG as a mediator of 
allergen sensitization. Of note, this CpG was previously 
reported in an EWAS on aeroallergen sensitization [3], 
as only previously known CpGs were tested as potential 
mediators with the DACT method. However, it is not 
part of the allergy-related MRS previously calculated 
based on these EWAS [7] after clumping and threshold-
ing. Further, it is a mQTL and its associations have to be 
interpreted with caution as effects here could be attribut-
able to surrounding SNPs, which may explain the higher 
mediation effect size (0.139 for maternal smoking as 
exposure and cg26851984 as mediator) compared to all 
others (≤ 0.108), but also the higher albeit non-signifi-
cant proportion mediated of 81.1%.

Other CpGs identified with the hypothesis-gener-
ating HIMA approach were also located in proxim-
ity to allergy-relevant genes. ATXN2L, located in the 
exon boundary and corresponding to cg17992705, is 

Table 4 DNAm in individual CpG sites as predictors of aeroallergen sensitization (H1). Replication of validated CpGs (Table 3) in BAMSE

CpGs cg17992705, cg11329030 and cg04684486 are only available on the EPIC array and thus not available in BAMSE, which used the 450K array.
a No mQTLs from Gaunt et al. were matched to the respective CpGs

HMA Method Mediator [CpG (UCSC/nearest 
gene ‑ UCSC Group)]

Indirect effect
[95% CI]

Direct effect
[95% CI]

Total effect
[95% CI]

Prop.Med
[95% CI]

mQTL
(Hawea)

A. DNAm at eight and sensitization measured at 16 years
(i) Maternal smoking during pregnancy

DACT cg26851984
(/RP11-772E11.1)

0.004
[− 0.012; 0.025]

− 0.035
[− 0.193; 0.134]

− 0.031
[− 0.189; 0.138]

− 0.001
[− 1.667; 1.304]

58

(iii) PRS for any allergies

HIMA cg19310430
(C11orf45 - 5’UTR)

0.000
[− 0.004; 0.004]

0.101
[0.048; 0.154]

0.101
[0.050; 0.154]

0.000
[− 0.041; 0.050]
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associated with forced vital capacity [48], a lung function 
parameter that is reduced in asthma patients. Further, 
DIP2C (cg12724894) and ASB2 (cg03389164) are associ-
ated with eosinophil counts [49, 50] and located within 
the gene body and promoter, respectively.

Looking at Figs. 2 and 3, it can be seen that not all total 
effects are significant while the indirect effects are. While 
significant total effects were a prerequisite of potential 
mediation in the traditional causal step approach pro-
posed by Baron and Kenny in 1986 [51], it is not a formal 
requirement in the causal mediation analysis approach 
we used, but reduces that statistical power to detect indi-
rect effects [50, 51]. While all of our exposures are known 
risk factors for aeroallergen sensitization, they might not 
necessarily show significance in our reduced sub-sam-
ple. The total effect is defined as the sum of the direct 
and all indirect effects and we do sometimes observe 
opposite effect signs for direct and indirect effects (e.g., 
cg17992705), which can attenuate the total effects.

The present study has multiple strengths: We have 
objectively measured data on all levels of the analysis for 
the model in which PRS is the exposure, as neither PRS, 
DNAm, nor blood-measured aeroallergen sensitization 
is subject to recall bias. In addition, the LISA study is a 
well-established prospective German birth cohort with 
still ongoing follow-up and provides a valuable data 
source for studying allergic diseases. This also supports 
the causal interpretation, as the longitudinal succession 
of measured mediators and outcomes was possible due 
to the longitudinal design of the study. DNAm is being 
measured repeatedly at both six and ten years, as well 
as consecutive time points being used for the definition 
of exposure, mediator, and outcome. This longitudinal 
design might also enable future analyses, ideally paired 
with similar studies with comparable design to reach 
higher statistical power for epigenome-wide media-
tion analyses. Further, we applied three different HMA 
methods complemented with causal mediation analysis 
to investigate their applicability to the allergic context 
in contrast to simpler screening methods for reduction 
of the multiple-testing burden. Each HMA approach is 
based on different assumptions and uses different strate-
gies to deal with the challenges of multiple testing.

Limitations of the presented study include the small 
sample size, which might be insufficient to detect all 
potential mediation effects, especially as effects of sin-
gle CpGs are rather small. This might also explain why 
we could not replicate single CpGs in both time win-
dows (A&B) or why we did not find significant gene-units 
using the gHMA approach. It could also be speculated 
that single CpGs might be more relevant in relation to 
allergic sensitization than methylation across a whole 
gene, as this is the biggest difference between gHMA as a 

gene-based approach and the others (HIMA and DACT) 
as CpG-based approaches. Further, applying the PRS as 
an exposure, we did not check whether there is signifi-
cant mediation between single SNPs and CpGs, but with 
the development of relevant methodology [52] this is of 
great interest for future studies. MRS were further deter-
mined according to their cross-sectional prediction accu-
racy and not optimized according to their performance 
in a prospective or mediation setting as applied here. 
Another general issue might be confounding, which is a 
serious problem in mediation analysis [28]. We adjusted 
our models based on DAGs to the best of our knowledge, 
however, unmeasured confounding cannot be ruled out 
completely in observational studies.

Conclusions
In conclusion, we found indications that DNAm could 
either be the cause of allergic sensitization or the con-
sequence thereof, depending on the genomic location. 
The two different sets of DNAm patterns, namely MRS 
as consequence of sensitization or single CpGs as cause, 
have differing clinical implications: While MRS might 
be considered as cross-sectional biomarkers, the single 
CpGs might be clinically relevant early predictors of sen-
sitization and should be investigated in future studies.
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European and multi-ancestry genome-wide
association meta-analysis of atopic dermati-
tis highlights importance of systemic
immune regulation

A list of authors and their affiliations appears at the end of the paper

Atopic dermatitis (AD) is a common inflammatory skin condition and prior
genome-wide association studies (GWAS) have identified 71 associated loci. In
the current study we conducted the largest AD GWAS to date (discovery
N = 1,086,394, replication N = 3,604,027), combining previously reported
cohorts with additional available data. We identified 81 loci (29 novel) in the
European-only analysis (which all replicated in a separate European analysis)
and 10 additional loci in the multi-ancestry analysis (3 novel). Eight variants
from the multi-ancestry analysis replicated in at least one of the populations
tested (European, Latino or African), while two may be specific to individuals
of Japanese ancestry. AD loci showed enrichment for DNAse I hypersensitivity
and eQTL associations in blood. At each locus we prioritised candidate genes
by integrating multi-omic data. The implicated genes are predominantly in
immune pathways of relevance to atopic inflammation and some offer drug
repurposing opportunities.

Atopic dermatitis (AD, or eczema) is a common allergic disease,
characterised by (often relapsing) skin inflammation affecting up to
20% of children and 10% of adults1. Several genome-wide association
studies (GWAS) have been performed in recent years, identifying
genetic risk loci for AD.

Our most recent GWAS meta-analysis within the EAGLE (EArly
Genetics and Lifecourse Epidemiology) consortium, published in 2015
uncovered 31 AD risk loci2. Since then, additional GWAS have been
published which have confirmed known risk loci3,4 and discovered
novel loci5. Five novel loci were identified in a Europeanmeta-analysis6,
and variants in 3 genes were implicated in a rare variant study in
addition to 5 novel loci7. Four novel loci were reported in a Japanese
population (and another 4 identified in a trans-ethnic meta-analysis in
the same study)8, giving a total of 71 previously reported AD loci2–14

(defined as 1Mb regions) of which 57 have been reported in European
ancestry individuals, 18 have been reported in individuals of non-
European ancestry and 29 in individuals across multiple ancestry
groups (Supplementary Data 1).

The availability of several new large population-based studies has
provided an opportunity to perform an updated GWAS of AD, aiming
to incorporate data from all cohorts that have contributed to pre-
viously published ADGWAS, as well as data fromadditional cohorts, to
present the most comprehensive GWAS of AD to date, including
comparison of effects between European, East Asian, Latino and Afri-
can ancestral groups. In this work we identify novel loci and use multi-
omic data to further characterise these associations, prioritising can-
didate causal genes at individual loci and investigating the genetic
architecture of AD in relation to tissues of importance and shared
genetic risk with other traits.

Results
European GWAS
The discovery Europeanmeta-analysis (N = 864,982; 60,653 AD cases
and 804,329 controls from 40 cohorts, summarised in Supplemen-
tary Data 2) identified 81 genome-wide significant independent
associated loci (Fig. 1a and Supplementary Fig. 1). 52 were at
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previously reported loci (Table 1) and 29 (Table 2) were novel
(according to criteria detailed in themethods). All 81 were associated
in the European 23andMe replication analysis (Bonferroni corrected
P < 0.05/81 = 6 × 10−4), N = 2,904,664, Table 1). There was little evi-
dence of genomic inflation in the individual studies (lambda <1.05)
and overall (1.06). Conditional analysis determined 44 additional
secondary independent associations (P < 1 × 10−5) across 21 loci
(Supplementary Data 3).

The SNP-based heritability (h2
SNP) for ADwas estimated to be 5.6%

in the European discovery meta-analysis (LDSC intercept=1.042
(SE =0.011)). This is low in comparison toheritability estimates for twin
studies (~80%)15,16, but comparable with previous h2

SNP estimates for
AD in Europeans (5.4%)6.

Multi-ancestry GWAS
In a multi-ancestry analysis including individuals of European, Japa-
nese, Latino and African ancestry (Supplementary Data 2,
N = 1,086,394; 65,107 AD cases and 1,021,287 controls), a total of 89
loci were identified as associated with AD (Fig. 1b and Supplementary
Fig. 1). 75 of these were not independent of lead variants identified in
the European-only analysis (r2 > 0.01 in the relevant ancestry) and a
further 9 showed some evidence for association (Bonferroni cor-
rected P < 0.05/89 = 5.6 × 10−4) in the European analysis, but 5 were
not associated (P > 0.1) in Europeans (Table 3, Supplemen-
tary Data 4).

Of the 14 loci that reached genome-wide significance in the multi-
ancestry discoveryanalysis only (Table 3), 8 replicated in at least oneof

Fig. 1 | Manhattan plots of atopic dermatitis GWAS. (a) the European-only fixed
effectsmeta-analysis (n= 864,982 individuals) and (b) themulti-ancestryMR-MEGA
meta-analysis (n = 1,086,394 individuals). −log10(P-values) are displayed for all

variants in the meta-analysis. Variants that meet the genome-wide significance
threshold (5 × 10−8, red line) are shown in green.
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the replication samples (of European, Latino and/or African ancestry;
Bonferroni corrected P <0.05/14 = 3.6 × 10−3). Two index SNPs which
did not replicate in any of the samples (rs9864845 (near CCDC80),
rs4312054 (nearNLRP10)) appear to have been driven by association in
the Japanese RIKEN study only (Supplementary Data 4, Supplementary
Figs. 2, 3). Whilst the allele frequencies of these index SNPs are similar
between Europeans and Japanese (37% vs 42% for rs9864845, 41% vs
46% for rs4312054, Supplementary Data 5), in a multi-ancestry fixed
effect meta-analysis at both these loci there were neighbouring (pre-
viously reported)8 SNPs with stronger evidence of association
(rs72943976, P = 2 × 10−9 and rs59039403 P = 2 × 10−35, Supplementary
Fig. 3), that did show large allele frequencies for Japanese (~34% and
13%, respectively) but <1% in Europeans. A further 4 loci did not
replicate, and on closer examination (Supplementary Fig. 2, and MAF
in cases <1%), their association in the discovery analysis appeared to be
driven by a false positive outlying result in a single European cohort.

Seven of the loci in Table 3 have been previously reported as
associated with AD. Two (rs117137535 (near ARRDC1)7 and rs1059513
(near STAT6)8) were previously only associated with Europeans (and
thesewere variants that were just below the genome-wide significance
threshold in our European only analysis). Three (rs4262739 (near
ETS1), rs4574025 (within TNFRSF11A) and rs6023002 (near CYP24 A1))
were previously associated in Japanese and Europeans8, while 2 were
previously associatedonly in Japanese8,10, using the same Japanesedata
(RIKEN) that we include here. Therefore, in our multi-ancestry analysis
(and replication) we identify 3 loci that have not previously been
reported in a GWAS of AD of any ancestry (rs9247 (near INPP5D),
rs34599047 (near ATG5) and rs7773987 (near AHI1)), all of which are
associated in two or more populations in our data (Table 3).

In addition, for 5 loci which had previously been associated with
individuals of European and/or Japanese ancestry, we now show
evidence that these are also associated with individuals of Latino
ancestry and one is also associated in individuals of African ancestry
(Table 3).

Comparison of associations between ancestries
Effect sizes of the index SNPs were remarkably similar between indi-
viduals of European and Latino ancestry (Supplementary Fig. 4A).
Therewere only two variants with any evidence for a difference (where
Latino P > 5 × 10−4 and the 95% confidence intervals didn’t overlap), but
the plot shows that these were only marginally different and likely to
be due to chance. Effect size comparison of the index SNPs between
individuals of European and African ancestry showed greater differ-
ences (Supplementary Fig. 4B). 17 SNPs showed some evidence for
being European-specific in that comparison. The confidence intervals
in the Japanese data weremuch wider but there was weak evidence for
one SNP being European-specific and stronger evidence for two SNPs
being Japanese-specific (Supplementary Fig. 4C). These were
rs4312054 (JAP CI: 0.75-0.84, EUR CI: 0.99-1.01) and rs9864845 (JAP CI:
1.16-1.30, EUR CI: 0.99-1.06), mentioned earlier as the SNPs that
appeared to be driven only by Japanese individuals in the multi-
ancestry meta-analysis (Supplementary Data 4).

Established associations
A review of previous work in this field (Supplementary Data 1) shows
that a total of 202 unique variants (across a much smaller number of
loci) have been reported to be associated with AD. We found evidence
for all but 7 variants of these being nominally associated in the current
GWAS (81% in the European and 96% in the multi-ancestry analysis).
Variants we did not find to be associated were either rare variants
(MAF < 0.01), or insertion/deletion mutations, which were not inclu-
ded in our analysis.

Genetic correlation between AD and other traits
LD score regression analyses showed high genetic correlation, as
expected, between AD and related allergic traits, e.g. asthma
(rg=0.53, P = 2 × 10−32), hay fever (rg=0.51, P = 7 × 10−17) and eosinophil
count (rg = 0.27, P = 1 × 10−7) (Supplementary Fig. 5 and Supple-
mentary Data 6). In addition, depression and anxiety showed notable

Table 3 | Additional loci associated with the multi-ancestry analysis

Multi-ancestry
discovery

European
discovery

RIKEN - Bio-
bank Japan

23andMe
Latino

23andMe
African

23andMe
European

Known Novel

N = 992,907 N = 864,982 N = 118,287 N = 525,348 N = 174,015 N = 2,904,664 Associations Associations

Variant Chr:position Alleles
(EAF)

P P P P P P

rs114059822a 1:19804918 T/G (0.03) 8.59E−09 0.25 – 0.07 0.03 0.87 NA NA

rs9247 2:234113301 T/C (0.21) 1.92E−09 7.32E−08 7.71E−05 1.49E−13 7.23E−03 2.93E−51 allb

rs9864845 3:112383847 A/G (0.37) 2.17E−12 0.22 3.92E−13 0.75 0.23 0.12 Japanese (Tanaka et al.8)

rs34599047 6:106629690 C/T (0.18) 3.32E−08 1.29E−07 0.03 7.18E−04 0.02 3.23E−22 allb

rs7773987 6:135707486 T/C (0.60) 1.22E−08 9.57E−08 0.15 0.18 1.95E−03 5.93E−13 European,
African

rs118029610a 9:1894613 T/C (0.03) 1.89E−08 2.97E−04 – 0.5 0.31 0.78 NA NA

rs117137535 9:140500443 A/G (0.03) 1.99E−08 5.50E−08 – 3.99E−07 0.33 9.25E−19 European (Grosche et al.7) Latino

rs4312054 11:7977161 G/T (0.43) 3.21E−12 0.86 3.46E−15 0.4 0.33 0.52 Japanese (Tanaka et al.8)

rs150113720a 11:83439186 G/C (0.02) 5.52E−10 0.40 – 0.1 0.22 0.14 NA NA

rs115148078a 11:101361300 T/C (0.02) 5.91E−09 0.37 – 3.69E−03 0.91 0.89 NA NA

rs4262739 11:128421175 A/G (0.50) 2.20E−08 6.03E−07 2.28E−03 1.89E−06 0.09 1.45E−36 European & Japanese (Tanaka
et al.8)

Latino

rs1059513 12:57489709 C/T (0.08) 5.15E−09 1.57E−07 0.33 3.06E−04 0.17 6.95E−16 European (Tanaka et al.8) Latino

rs4574025 18:60009814 T/C (0.55) 7.00E−10 1.48E−06 2.67E−05 2.59E−04 1.24E-05 2.96E−05 European & Japanese (Tanaka
et al.8)

Latino, African

rs6023002 20:52797237 C/G (0.52) 4.05E−10 2.26E−06 2.82E−07 5.96E−03 0.07 3.22E−28 European & Japanese (Tanaka
et al.8)

Latino

For loci that were associated in the multi-ancestry discovery analysis, but not the European discovery analysis, we show the (unadjusted two-sided) P-values for association across 4 diverse
ancestral groups, European, Japanese, Latino andAfrican. Full association statistics (includingORand95%CI) for each variant canbeviewed inSupplementaryData 4 (and results acrossall cohorts
individually are depicted in Supplementary Fig. 2).
Alleles are reported as effect allele/other allele.
Genome build = GRCh37/hg19.
NA indicates finding not replicated and likely to be false-positive in discovery.
Bold is used in the novel column to denote the 3 associations that are entirely novel (i.e. locus has not been associated in any ancestry previously).
– Variant was not available in dataset.
aGenome-wide significant loci without replication that are assumed to be false positives in the discovery data.
bWhilst not identified in any GWASADpapers, these loci have previously shown evidence for association with AD in the supplementarymaterial ofmethodological papers92 or GWAS of combined
allergic disease phenotype5.

Article https://doi.org/10.1038/s41467-023-41180-2

Nature Communications |         (2023) 14:6172 6



genetic correlation with AD (rg = 0.17, P = 2 × 10−7), a relationship
which has been reported previously, but causality has not been
established17. Furthermore, gastritis also showed substantial genetic
correlation (rg = 0.31, P = 1 × 10−5), which may be due to the AD
genetic signal including variants with pervasive inflammatory func-
tion or the observed correlation could indicate a shared risk locus for
inflammation or microbiome alteration in the upper gastrointestinal
tract, or it may reflect the use of systemic corticosteroid treatment
for atopic disease which in some cases causes gastritis as a side
effect.

Tissue, cell and gene-set enrichment
The tissue enrichment analyses using distinct molecular evidence
(representing open chromatin and gene expression) both found
blood to be the tissue showing strongest enrichment of GWAS loci
(Fig. 2). The Garfield test for enrichment of genome-wide loci (with
P < 1 × 10−8) in DNase I hypersensitive sites (DHS broad peaks) found
evidence of enrichment (P < 0.00012) in 41 blood tissue analyses, a
greater signal than another tissue or cell type (Fig. 2a and Supple-
mentary Data 7). The strongest enrichment (OR > 5.5 and P < 1 × 10−10)
was seen for T-cell, B-cell and natural killer lymphocytes (CD3+,
CD4+, CD56+ and CD19+). As expected for AD, Th2 showed stronger
enrichment (OR = 4.3, P = 1 × 10−8) than Th1 (OR = 2.3, P = 2 × 10−4). The
strongest enrichment in tissue samples representing skin was seen
for foreskin keratinocytes (OR = 2.0, P = 0.008), but this did notmeet
a Bonferroni-corrected P-value threshold (0.05/425 = 1 × 10−4).

The most enriched tissue type in MAGMA gene expression
enrichment analysis was whole blood (P = 2 × 10−14). Others that met
our Bonferroni-corrected P-value (P < 0.0009) were spleen, EBV-
transformed lymphocytes, sun-exposed and unexposed skin, small
intestine and lung (Fig. 2b and Supplementary Data 8).

DEPICT cell-type enrichment analysis identified a similar set of
enriched cell-types: blood, leucocytes, lymphocytes and natural killer
cells, but with the addition that the strongest enrichment was seen for
synovial fluid (P = 2 × 10−7), which may be due to its immune cell
component.

The DEPICT pathway analysis found 420 GO terms with enrich-
ment (FDR < 5%) amongst the genes from our GWAS loci (Supple-
mentary Data 9). The pathway with the strongest evidence of
enrichment was ‘hemopoietic or lymphoid organ development’
(P = 1 × 10−16). All terms with FDR< 5% are represented in Supple-
mentary Fig. 6, where the terms are grouped according to similarity
and the parent terms labelled illustrating the strong theme of
immune system development and signalling.

Gene prioritisation and biological interpretation in silico
The top genes prioritised using our composite score from publicly
available data for each of the established European AD loci are shown
in Table 1 and Fig. 3a (and the evidence thatmakes up the prioritisation
scores is shown in Supplementary Fig. 7). The top three prioritised
genes at each independent locus are shown in Supplementary Data 10
and a summary of all evidence for all genes reviewed in silico is pre-
sented in Supplementary Data 11.

In most cases the top prioritised gene had been implicated (in
previous GWAS) or is only superseded marginally by an alternative
candidate. One interesting exception is on chromosome 11, where
MAP3K11 (with a role in cytokine signalling – regulating the JNK sig-
nalling pathway) ismarkedly prioritised over the previously implicated
OVOL118 (involved in hair formation and spermatogenesis), although
the prioritisation of MAP3K11 is predominantly driven by TWAS evi-
dence in multiple cell types rather than colocalisation or other
evidence.

There are three instances where multiple associations in the
region implicate additional novel genes. Two are genes involved in
TLR4 signalling: S100A9 (prioritised in addition to the established FLG

and IL6R on chromosome 1) and AGER (prioritised in addition to HLA-
DRA on chromosome 6). The third has a likely role in T-cell activation:
CDC42SE2 (prioritised in addition to SLC22A5 on chromosome 5).

The top prioritised gene at each of the novel European loci are
shown in Table 2 and Fig. 3b. Many are in pathways already identified
by previous findings (e.g. cytokine signalling—specially IL-23, antigen
presentation andNF-kappaBproinflammatory response). At one locus,
the index SNP, rs34215892 is a missense (Pro274Leu) mutation within
the DOK2 gene, although this mutation is categorised as tolerated or
benign by SIFT and PolyPhen. The genes with the highest prioritisation
score amongst the novel loci were GPR132 (total evidence Score=24),
NEU4 (score=22),TNFRSF1B (score = 19) andRGS14 (score=19) andeach
show biological plausibility as candidates for AD pathogenesis.

GPR132 is a proton-sensing transmembrane receptor, involved in
modulating several downstream biological processes, including
immune regulation and inflammatory response, as reportedpreviously
in an investigation of this protein’s role in inflammatory bowel
disease19. The index SNP at this locus, rs7147439 (whichwas associated
with Europeans, Latinos, Africans, but not Japanese), is an intronic
variant within the GPR132 gene. The AD GWAS association at this locus
colocalises with the eQTL association for GPR132 in several immune
cell types (macrophages20, neutrophils21, several T-cell datasets22) as
well as in colon, lung and small intestine in GTEx23. GPR132 has also
been shown to be upregulated in lesional and nonlesional skin in AD
patients, compared to skin from control individuals24,25. OpenTargets
and POSTGAP both prioritise GPR132 for this locus.

The SNP rs62193132 (which showed consistent effects in Eur-
opean, Latino and Japanese individuals, but little evidence for asso-
ciation in African individuals, Supplementary Fig. 2), is in an intergenic
region between NEU4 (~26 kb) and PDCD1 (~4 kb away) on chromo-
some 2. NEU4 was the highest scoring in our gene prioritisation pipe-
line (score=22). However, PDCD1 also scores highly (score = 18,
Supplementary Data 10). NEU4 is an enzyme that removes sialic acid
residues from glycoproteins and glycolipids, whereas PDCD1 is
involved in the regulation of T cell function. The AD GWAS association
at this locus colocalises with the eQTL for NEU4 in several monocyte
and macrophage datasets22,26–28 as well as in the ileum, colon and
skin23,29. The eQTL for PDCD1 also colocalises in monocytes and
macrophages27,28 aswell as T-cells22, skin andwhole blood23. In addition
to the eQTL evidence, PCDC1 is upregulated in lesional and non-
lesional skin in AD patients compared to skin from control
individuals24,25. OpenTargets andPoPsprioritiseNEU4, whilst POSTGAP
prioritises PDCD1 at this locus.

TNFRSF1B is part of the TNF receptor, with an established role in
cytokine signalling. rs61776548 (which showed consistent associations
across all major ancestries tested) is 136 kb upstream of TNFRSF1B,
actually within an intron ofMIIP.MIIP encodesMigration and Invasion-
Inhibitory Protein, which may function as a tumour suppressor. How-
ever, TNFRSF1B is a stronger candidate gene since the AD GWAS
association at this locus colocalises with the eQTL for TNFRSF1B
T cells22,30, macrophages20, fibrobasts31 and platelets29. Furthermore,
TNFRSF1B gene expression and the corresponding protein are upre-
gulated in lesional and nonlesional skin compared to controls24,25,32 and
the PoPs method prioritised this gene at this locus.

RGS14 is a multifunctional cytoplasmic-nuclear shuttling protein
which regulates G-protein signalling, but whose role in the immune
system is yet to be established. rs4532376 is 10.5 kb upstreamof RGS14
and within an intron of LMAN2. The AD GWAS association at this locus
colocalises with the eQTL for RGS14 in macrophages20, CD8 T-cells22,
blood33 and colon23. RGS14 has also been shown to be upregulated in
lesional skin of AD cases compared to skin from control individuals25

andDEPICT prioritises this gene. However, at this locus LMAN2 is also a
reasonably promising candidate (score=15) based on colocalisation
and differential expression evidence (Supplementary Data 11). Open-
Targets and POSTGAP prioritise this alternative gene at this locus and
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Fig. 2 | Cell type tissue enrichment analysis. a GARFIELD enrichment analysis of
open chromatin data. Plot shows enrichment for AD associated variants in DNase I
Hypersensitive sites (broad peaks) from ENCODE and Roadmap Epigenomics
datasets across cell types. Cell types are sorted and labelled by tissue type. ORs for
enrichment are shown for variants at GWAS thresholds of P < 1 × 10−8 (black) and
P < 1 × 10−5 (blue) after multiple-testing correction for the number of effective
annotations. Outer dots represent enrichment thresholds of P < 1 × 10−5 (one dot)

and P < 1 × 10−6 (two dots). Font size of tissue labels corresponds to the number of
cell types from that tissue tested. b MAGMA enrichment analysis of gene expres-
sion data. Plot shows P-value for MAGMA enrichment for AD associated variants
with gene expression from 54 GTEx ver.8 tissue types. The enrichment –log10(P-
value) for each tissue type is plotted on the y-axis. The Bonferroni corrected
threshold P =0.0009 is shown as a dotted line and the 7 tissue types that meet this
threshold are highlighted as red bars.
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it is possible that genetic variants at this locus influence AD risk
through both genetic mechanisms.

We did not include the 3 novel variants from the multi-ancestry
analysis in the comprehensive gene prioritisation pipeline because the
available resources used predominantly represent European samples
only. We did however investigate these variants using Open Targets
Genetics, to identify any evidence implicating specific genes at these
loci. rs9247 is a missense variant in INPP5D, encoding SHIP1, a protein
that functions as a negative regulator of myeloid cell proliferation and
survival. The INPP5D gene has been implicated in hay fever and/or
eczema5 and other epithelial barrier disorders including inflammatory
bowel disease. rs7773987 is intronic for AHI1 (Abelson helper integra-
tion site 1) which is involvedwithbrain development but expressed in a
range of tissues throughout the body; single cell analysis in skin shows
expression in multiple cell types including specialised immune cells
and keratinocytes, but the highest abundance is in endothelial cells
(data available from v21.1 proteinatlas.org). The closest genes to
rs34599047 are ATG5 (involved in autophagic vesicle formation) and
PRDM1 (which encodes a master regulator of B cells).

Network analysis
STRING network analysis of the 70 human proteins encoded by
genes listed in Tables 1 and 2 showed a protein-protein interaction
(PPI) enrichment p-value < 1 × 10−16. The five most highly significant
(FDR P = 1 × 10−9) Gene Ontology (GO) terms for biological process
relate to immune system activation and regulation (Supplementary
Data 12). The network described by the highly enriched term ‘Reg-
ulation of immune system process’ (GO:0002682) is shown in Fig. 4.

Extending the network to include the less well characterised
genes/proteins from the multi-ancestry analysis further strengthened
this predicted network: The PPI enrichment was again P < 1 × 10−16 and
‘Regulation of immune system process’ was the most enriched term
(FDR P = 5 × 10−13).

Discussion
We present the results of a comprehensive genome-wide association
meta-analysis of AD in whichwe have identified a total of 91 associated
loci. This includes 81 loci identified amongst individuals of European
ancestry replicated in a further sample of 2.9 million European indi-
viduals (as well as many showing replication in data for other ances-
tries). Of the additional 10 loci identified in a multi-ancestry analysis, 8
replicated in at least one of the populations tested (European, Latino
and African ancestry) and a further 2 may be specific to individuals of
East Asian ancestry (but require replication).

The majority of the loci associated with AD are shared between
the ancestry groups represented in our data, though there were some
notable exceptions. We report two previously identified loci with
associations that appear to be specific to the Japanese cohort
(although driven by just one cohort and still require independent
replication).Whilst these have been previously reported8, this used the
same data as examined here. However, rs59039403 within NLRP10 is a
likely deleterious missense mutation at reasonable frequency in Japa-
nese (13%) that is present at a far lower frequency (<1%) in Europeans.
Equally, previous further investigation of the association near CCDC80
found a putative functional variant (rs12637953) that affects the
expression of an enhancer (associated with CCDC80 promoter) in

Fig. 3 | PrioritisedgenesatGWAS loci.Prioritisedgenes at known (a) andnovel (b)
loci. For each independent GWAS locus the top prioritised gene (or genes if they
were tied) from our bioinformatic analysis is presented along with a bar repre-
senting the total evidence score for that gene. A more detailed breakdown of the

constituent parts of this evidence score is presented in Supplementary Fig. 5 and
the total evidence scores for the top 3 genes at each locus are presented in Sup-
plementary Data 10. NB. There are some cases of two independent GWAS signals
implicating the same gene.

Article https://doi.org/10.1038/s41467-023-41180-2

Nature Communications |         (2023) 14:6172 9



epidermis and Langerhans cells8, increasing the evidence that these
Japanese-specific loci are real. Furthermore, we have identified several
loci with association in Europeans (many of which also showed asso-
ciation in individuals of Japaneseor Latino ancestry) butwhich showed
no evidence of association in individuals of African ancestry. It is
tempting to speculate, using our knowledge of the differing AD phe-
notypes between European, Asian and African people34,35 that the dif-
fering genetic associations at some loci may contribute to these
clinical observations. rs7773987 within an intron of AHI1 may, for
example, indicate a mechanism contributing to neuronal sensitisation
leading to the marked lichenification and nodular prurigo-type
lesions36 that characterise AD in some people of African and Eur-
opean ethnicities37. Large-scale population cohorts (as used here) have
been useful for identifying associated variants. However, we do note
that the variants identified should be further examined with respect to
specific aspects of AD (age of onset, severity and longitudinal classes38)
in future analysis.

The dominance of blood as the tissue showing most enrichment
of our GWAS signals in regions of DNAse hypersensitivity and of eQTLs
suggests the importance of systemic inflammation in AD and this is in

keeping with knowledge of the multisystem comorbidities associated
with AD39. The dominance of blood also supports the utility of this
easily accessible tissue when characterising genetic risk mechanisms,
and for the measurement of biomarkers for many of the implicated
loci. However, skin tissue also showed enrichment and there are likely
to be some genes for which the effect is only seen in skin. For example,
we know that two genes previously implicated in AD, FLG andCD2072,18

are predominantly expressed in the skin and in our gene prioritisation
investigations there was no evidence from blood linking FLG to the
rs61816766 association and only one analysis of monocytes separated
from peripheral blood mononuclear cell (PBMC) samples28 which
implicated CD207 for the rs112111458 association, amongst an abun-
dance of evidence from skin for both genes playing a role in AD
(Supplementary Data 11). So, whilst the enrichment analysis suggests
blood as a useful tissue for genome scale studies of AD and a reason-
able tissue to include for further investigation at specific loci, it does
not preclude skin as the more relevant tissue for a subset of
important genes.

Atmany of the loci identified in this GWAS, our gene prioritisation
analysis, aswell as theDEPICTpathway analysis, implicated genes from

Fig. 4 | Predicted interaction network of proteins encoded by the top priori-
tised genes from known and novel European GWAS loci. Protein-protein inter-
action analysis carried out in STRING v11.5; nodes coloured red represent the GO

term ‘Regulation of immune system process’ (GO:0002682) for which 28/1514
proteins are included (FDR P = 1 × 10−9). Full results for all identified pathways are
available in Supplementary Data 12.
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pathways that are already known to have a role in AD pathology. The
overwhelming majority of these are in pathways related to immune
system function; STRING network analysis highlighted the importance
of immune system regulation, in keeping with an increasing awareness
of the importance of balance in opposing immune mechanisms that
can cause paradoxical atopic or psoriatic skin inflammation40. Whilst
our in silico analyses cannot definitively identify specific causal genes
(rather,wepresent a prioritised list of all genes at each locus alongwith
the corresponding evidence for individual evaluation), it is of note that
formany of the previously known loci (Table 1) our approach identifies
genes which have been validated in experimental settings, e.g. FLG41,
TNF42 and IL2243. The individual components of the gene prioritisation
analysis have their limitations, particularly the high probability that
findings, whilst demonstrating correlation, do not necessarily provide
evidence for a causal relationship. This has been particularly high-
lighted with respect to colocalisation of GWAS and eQTL associations,
where high co-regulation can implicate many potentially causal
genes44. Another limitation is that only cell types (and conditions) that
have been studied and made available are included in the in silico
analysis, and gaps in the data may prove crucial. However, we believe
this broad-reaching review of complementary datasets andmethods is
a useful initial approach to summarise the available evidence, prioritise
genes for follow-up and provide information to inform functional
experiments. The best evidence is likely to be produced from trian-
gulation of multiple experiments and/or datasets and we have pre-
sented our workflow and findings in a way to allow readers to make
their own assessments. Another important limitation of our gene
prioritisation, is that we only undertook the comprehensive approach
for loci associated in European individuals, given that the majority of
datasets used come from (and may only be relevant for) European
individuals. Expansion of resources that allow for similarly compre-
hensive follow-up of GWAS loci in individuals of non-European
ancestry are urgently needed45. However, we do report some evi-
dence that implicates certain genes at loci from our multi-ancestry
analysis, whilst noting that these require further investigation in
appropriate samples from representative populations.

Amongst the genes prioritised at the novel loci identified in this
study, four are targets of existing drugs (and have the required
direction of action consistent with the AD risk allele’s direction of
effect on the gene expression) as reported by Open Targets46: CSF1 is
targeted by a macrophage colony-stimulating factor 1 inhibiting anti-
body (in phase II trials as cancer therapy but also for the treatment of
rheumatoid arthritis and cutaneous lupus); CTSS is targeted by a small
molecule cathepsin S inhibitor (in phase I-II trials for coeliac disease
and Sjogren syndrome); IL15, targeted by an anti-IL-15 antibody (in
phase II trials for autoimmune conditions including vitiligo and psor-
iasis); andMMP12, targeted by small molecule matrix metalloprotease
inhibitors (in phase III studies for breast and lung cancer, plus phase II
for cystic fibrosis and COPD)47. These may offer valuable drug repur-
posing opportunities.

We have presented the largest GWAS of AD to date, identifying 91
robustly associated loci, 22 with some evidence of population-specific
effects. This represents a significant increase in knowledge of AD
genetics compared to previous efforts, taking the number of GWAS
hits identified in a single study from 31 to 91 and making available the
well-powered summary statistics to enable many future important
studies (e.g. Mendelian Randomization to investigate causal relation-
ships). To aid translation we have undertaken comprehensive post-
GWAS analyses to prioritise potentially causal genes at each locus,
implicating many immune system genes and pathways and identifying
potential novel drug targets.

Methods
Appropriate ethical approval was obtained for all cohorts by their
ethics committees as detailed in the Supplementary Methods.

Phenotype definition
Cases were defined as those who have “ever had atopic dermatitis”,
according to the best definition for the cohort, where doctor-
diagnosed cases were preferred. Controls were defined as those who
had never had AD. Further details on the phenotype definitions for the
included studies can be found in Supplementary Methods and Sup-
plementary Data 2.

GWAS analysis and quality control of summary data
We performed genome-wide association analysis (GWAS) for AD case-
control status across 40cohorts including60,653ADcases and804,329
controls of European ancestry. We also included cohorts with indivi-
duals of mixed ancestry (Generation R), as well as Japanese (Biobank
Japan), African American (SAGE II and SAPPHIRE) and Latino (GALA II)
studies, giving a total of 65,107 AD cases and 1,021,287 controls.

Genetic data was imputed separately for each cohort with the
majority of European cohorts using the haplotype reference con-
sortium (HRC version r1.1) reference panel48 (imputed with either the
Michigan or Sanger server). 8 European and 2 non-European cohorts
instead used the 1000 Genomes Project Phase 1 reference panel for
imputation. GWAS was performed separately for each cohort while
adjusting for sex and ancestry principal components derived from a
genotypematrix (as appropriate in each cohort). Genetic variants were
restricted to a MAF > 1% and an imputation quality score > 0.5 unless
otherwise specified in the Supplementary Methods. In order to
robustly incorporate cohorts with small sample sizes, we applied
additional filtering based on the expected minor allele count (EMAC)
as previously demonstrated49. EMAC combines information on sample
size, MAF and imputation quality (2*N*MAF*imputation quality score)
and a threshold of >50 EMAC was used to include variants for all
cohorts. QQ-plots and Manhattan plots for each cohort were gener-
ated and visually inspected as part of the quality control process.

Meta-analysis
For the discovery phase, meta-analysis of the European cohorts was
performed with GWAMA47 for 12,147,822 variants assuming fixed
effects, while the multi-ancestry analysis of all cohorts was conducted
inMR-MEGA50 (whichmodels the heterogeneity in allelic effects that is
correlated with ancestry). The latter included only 8,684,278 variants
as MR-MEGA excludes variants where the number of contributing
cohorts is less than 6. P < 5 × 10−8 was used to define genome-wide
significance. Clumping was performed (in PLINK 1.9051) to identify
independent loci.We formed clumps of all SNPswhichwere ±500kbof
each index SNPwith a linkage disequilibrium r2 > 0.001. Only the index
SNP within each clump is reported. For multi-ancestry index variants
within 500 kb of index SNPs identified in the European-only analysis,
we considered these to be independent if the lead multi-ancestry SNP
was not in LD (r2 < 0.01) with the lead neighbouring European variant.
Multi-ancestry fixed effect meta-analysis was also performed for
comparison with the MR-MEGA results.

Known/Novel assignment
Novel associations are defined as a SNP that had not been reported in
a previous GWAS (Supplementary Data 1), or was not correlated
(r2 < 0.1 in the relevant ancestry) with a known SNP from this list. In
addition, following the assignment of genes to loci (see gene prior-
itisation) any locus annotated with a gene that has been previously
reported were also moved to the ‘known’ list. Therefore, some loci
which are reported in Open Targets52,53 (but not reported in a pub-
lished AD GWAS study) have been classed as novel. These loci are
marked as such in Table 2.

Conditional analysis
Conditional analysis was performed to identify any independent sec-
ondary associations in the European meta-analysis. Genome-wide
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complex trait analysis-conditional and joint analysis (GCTA-COJO54)
was used to test for independent associations 250kb either side of the
index SNPs using UK Biobank HRC imputed data as the reference.
COJO-slct was used to determine which SNPs in the region were con-
ditionally independent (using default P < 1 × 10−5) and therefore
represent independent secondary associations. COJO-cond was then
used to condition on the top hit in each region to determine the
conditional effect estimates.

Replication
The genome-wide index SNPs identified from the European and
mixed-ancestry discovery meta-analyses were taken forward for
replication in 23andMe, Inc. Individuals of European (N = 2,904,664),
Latino (N = 525,348) and African ancestry (N = 174,015) were analysed
separately. Full details are available in the Supplementary Methods.

LD score regression
Linkage disequilibrium score (LDSC) regression software (version
1.0.1)55 was used to estimate the SNP-based heritability (h2

SNP) for AD.
This was performed with the summary statistics of the European dis-
covery meta-analysis. The h2

SNP was estimated on liability scale with a
population prevalence of 0.15 and a sample prevalence of 0.070.

Genetic correlation with other traits was assessed using all the
traits available on CTG-VL56 (accessed on 5th November 2021). We
considered phenotypes with p-values below the Bonferroni-corrected
alpha threshold (i.e., 0.05/1376 = 4 × 10−5) to be genetically correlated
with AD (a conservative threshold given the likely correlation between
many traits tested).

Bioinformatic analysis
For the following analyseswedefined the regionswithinwhich the true
causal SNP resides to bedeterminedbyboundaries containing furthest
distanced SNPs with r2 >= 0.2 within ±500kb of the index SNP18. We
refer to such regions as locus intervals and we used them as input for
the analyses described below.

Enrichment analysis
Enrichment of tissues and cell types and gene sets for AD GWAS loci
was investigated using DEPICT57 and GARFIELD (GWAS analysis of
regulatory or functional information enrichment with LD correction)58

ranwithdefault settings, aswell asMAGMAv.1.0659 (usingGTEx ver. 823

on the FUMA60 platform). In addition, we used MendelVar61 run with
default settings to check for enrichment of any ontology terms
assigned to Mendelian disease genes within the locus interval regions.

By default, MAGMA only assigns variants within genes. DEPICT
maps all genes within a given LD (r2 > 0.5) boundary of the index var-
iant. DEPICT gene set enrichment results for GO terms only were
grouped (using the Biological Processes ontology) and displayed using
the rrvgo package. The default scatter function was adapted to only
plot parent terms62.

Prioritisation of candidate genes
To prioritise candidate genes at each of the loci identified in the Eur-
opean GWAS, we investigated all genes within ±500 kb of each index
SNP (selected to capture an estimated 98% of causal genes)63. The
approach used has been previously described by Sobczyk et al.18. For
each gene we collated evidence from a range of approaches (as
described below) to link SNP to gene, resulting in 14 annotation cate-
gories (represented as columns in Supplementary Fig. 7). We sum-
marised these annotations for each gene into a score in order to
prioritise genes at each locus. We present the top prioritised gene in
the main tables, but strength of evidence varies and so we encourage
readers to use our full evaluation (of all the evidence presented in
Supplementary Data 11 for all genes at each locus) for loci of interest.

We tested for colocalisation with molecular QTLs, where full
summary statistics were available, using coloc64 method (with betas as
input).Weused the eQTLCatalogue65 andOpenGWAS66 to downloada
range of eQTL datasets from all skin, whole blood and immune cell
types as well as additional tissue types which showed enrichment for
our GWAS loci, such as spleen and oesophagus mucosa18. A complete
list of eQTL datasets20–23,26–31,33,67–71 is displayed in Supplementary
Data 13. pQTL summary statistics for plasma proteins72 were down-
loaded from Open GWAS. An annotation was included in our gene
prioritisation pipeline if therewas a posterior probability >95% that the
associations from the AD GWAS and the relevant QTL analysis shared
the same causal variant.

Additional colocalisation methods were also applied. TWAS
(Transcriptome-Wide association Study)-based S-MultiXcan73 and
SMR (Summary-based Mendelian Randomization)74 were run on
datasets available via the CTG-VL platform (including GTEx tissue
types and 2 whole blood pQTL72,75 datasets available for the SMR
pipeline). For S-MultiXcan and SMR, we report only results with
p-values below the alpha threshold established with Bonferroni cor-
rection, as well as no evidence of heterogeneity (HEIDI P-value >
0.05) in SMR analysis.

Genes were also annotated if they were included in any of the
globally enriched ontology/pathway terms from the MendelVar ana-
lysis described above or if they were identified in direct look-ups of
keywords: “skin”, “kera”, “derma” in their OMIM76 descriptions, or
Human Phenotype Ontology77/Disease Ontology78 terms.

We also used machine learning candidate gene prioritisation
pipelines – DEPICT57, PoPs79, POSTGAP80 and Open Targets Genetics53

Variant 2 Gene mapping tool as well as gene-based MAGMA59 test. We
added annotations to genes reported in the top 3 (by each of the
pipelines).

Wemined the literature for a list of differential expression studies
and found 9 RNA-Seq/microarray plus 4 proteomic analyses involving
comparisons of AD lesional25,32,81–84 or ADnonlesional24,25,32,82,85–87 skin vs
healthy controls. Studies with comparisons of AD lesional acute vs
chronic88, blood proteome in AD vs healthy control32 and FLG knock-
down vs control in living skin-equivalent89 were also included. We
annotated each gene (including direction of effect, i.e. upregulated/
downregulated) with FDR <0.05 in any dataset.

Lastly, we annotated genes where the index SNP resided within
the coding region according to VEP (Variant Effect Predictor)90

analysis.
For each candidate gene, we established a pragmatic approach to

combine all available evidence in order to prioritise which the most
plausible candidate gene(s). This prioritisation was carried out as
follows:

• The number of annotations (each representing one piece of
evidence) were summed across all methods and datasets, to
derive a ‘total evidence score’, i.e., if coloc evidence was
observed for 5 datasets for a particular gene, this would add 5 to
the score for that gene.

• Additionally, to assess if evidence was coming from multiple
datasets using the same method, or evidence was coming from
diverse approaches, we counted ‘evidence types’, summing up
the methods (as opposed to datasets) with an annotation for
each gene tested (up to a maximum of 14), i.e., in the same
example of coloc evidence observed in 5 datasets, this would
add 1 to this measure for this gene. Evidence types are repre-
sented by the columns in Supplementary Fig. 7.

• In order to prioritise genes with the most evidence, whilst
ensuring there was some evidence of triangulation across
methods, at each locus we prioritised the gene with the highest
‘total evidence score’ with a minimum ‘evidence type’ of 3. ‘Evi-
dence type’ was also used to break ties.
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Network analysis
Network analysis of the prioritised genes was carried out using stan-
dard settings (minimum interaction score 0.4) in STRING v11.591.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Summary statistics of the GWASmeta-analyses generated in this study
have been deposited in the GWAS Catalog under study accession IDs
GCST90244787 and GCST90244788. The variant-level data for the
23andMe replication dataset are fully disclosed in the main tables and
supplementary tables. Individual-level data are protected and are not
available due to data privacy laws, and in accordance with the IRB-
approved protocol under which the study was conducted.

Code availability
Code for the bioinformatic analysis is available here: https://github.
com/marynias/eczema_gwas_fu/tree/bc4/new_gwas.
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