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1 INTRODUCTION

1.1 Asthma aetiology

The global asthma report, published in 2018, classifies asthma as one of the most common
non-communicable chronic inflammatory diseases worldwide with more than 339 million
people being affected (1). Although decades ago, asthma was known as highly prevalent in
industrialized western countries, it is now on the rise in developing and emerging countries (2).
In Germany, the Robert Koch Institute estimated the general lifetime prevalence of asthma as
about 6.3 % for children between 0-17 years. The observed difference in prevalence between
boys (7.4%) and girls (5.2%) before adulthood (3) reverses with increasing age (4). Asthma,
which is not curable so far, is a worldwide health burden with enormous costs for the health
care system (2). Accordingly, efforts are being made to understand the underlying mechanisms
of asthma development and to establish reliable instruments for prevention, early diagnosis

and therapy.

Generally, asthma is characterized by a chronic inflammation which affects the respiratory tract
leading to elevated expression of inflammatory proteins such as cytokines, chemokines,
adhesion molecules, inflammatory enzymes and receptors (5). This chronic inflammation of
the airways is accompanied by an activation and infiltration of inflammatory immune cells, such
as mast cells, dendritic cells, lymphocytes and eosinophils into the lung epithelium promoting
bronchoconstriction, vasodilatation, airway oedema and the activation of sensory nerve
endings. Clinically common asthma symptoms are shortness of breath, wheezing, tightness in
the chest and coughing (6). These symptoms are caused by the difficulty to exhale air out of
the lungs due to bronchoconstriction and associated airway narrowing accompanied with
airway wall thickening and an increased amount of mucus (7). An acute asthma attack is
triggered by various conditions including allergens, air pollution, viral infections, exposure to

tobacco smoke, physical exercise and stress (8).

1.2 Pathomechanisms of childhood asthma

1.2.1 Asthma phenotypes

Asthma is categorized in two basic phenotypes: the allergic (atopic) or extrinsic asthma, and
the non-atopic or intrinsic asthma, respectively (9). In early childhood and adolescence allergic
asthma is more prevalent, whereas non atopic asthma is common in adult patients. Over the
last decade asthma phenotypes were further classified into different endotypes based on their

distinct mechanistic pathways. The type 2 high endotype is primarily characterized by an
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increased number of T-helper 2 (Th2) cells. Other cell types are highly prevalent in this
endotype like eosinophils, mast cells and basophils. This increase in immune cells goes along
with elevated levels of inflammatory cytokines (interleukin 4 (IL4); interleukin 5 (IL5) and
interleukin 13 (IL13)) and activated proteins, so called alarmins (Thymic Stromal
Lymphopoietin (TSLP), interleukin 25 (IL25), interleukin 33 (IL33)) (9-11). One of the most
important factors in immune response in atopic asthma is elevated Immunoglobulin E (IgE).
IgE initiates the response to allergens on dendritic cells, driving the T-helper 2 cell inflammatory
process (12, 13). Elevated IgE concentration in the blood of asthmatic children suggests IgE
as an important marker for inflammation and immune response to allergens or infections.
Elevated IgE levels and Th2 driven inflammation of the lungs were observed in the type 2 high
group with an increased activation and infiltration of eosinophils in the airways. Related
phenotypes are early onset allergic asthma and late onset eosinophilic asthma (9). The type 2
low endotype is more closely related to an increase in neutrophils and an activation of T-helper
1 (Th1) and or T-helper 17 (Th17) cells. This endotype shows an association to obesity,

smoking and is more common among very late onset asthma (9).

1.2.2 Inflammatory process of asthma induced by allergens

In early childhood allergic asthma is very common and often the inflammatory process of the
airways is initiated by allergens (e.g. pollens). A schematic overview of the inflammatory
response in allergic asthma is shown in Figure 1.1. Antigen presenting cells (APC) (e.g.
dendritic cells) at the epithelial surface of the airways perceive inhaled allergens and induce a
signal to initiate differentiation of naive T cells into Th2 cells (14). The Th2 cells secrete
cytokines like IL-5, which subsequently leads to an activation of eosinophils by binding to the
IL5 receptor (ILSRA). Furthermore the activation of Th2 cells can induce immunoglobulin class
switching of B cells promoting IgE production. IgE activates mast cells by binding to the IgE-
specific Fc epsilon receptor (FceR1) (15). Activated mast cells then release histamines and
leukotrienes, which induce bronchoconstriction and activate goblet cells to produce mucus
(16).
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Figure 1.1: Schematic overview of the inflammatory process of asthma induced by allergens (adapted from KEGG
asthma pathway (17)). Allergens presented by allergen presenting cells (APC) induce Th2 cells and B-cells to
release cytokines (e.g. IL5) and IgE leading to an activation of mast cells and eosinophils by binding to receptors
(FceR1 and IL5RA). Activated mast cells and eosinophils secrete histamines and leukotrienes to induce
inflammation and obstruction of the airways.

In conjunction with the inflammation of the airways, structural changes of the lung epithelium
are observed in asthmatic patients. These changes known as airway remodelling include
subepithelial fibrosis, increased smooth muscle mass, epithelial alteration and goblet and
mucous gland hyperplasia (18, 19). The sub-epithelial fibrosis and smooth muscle hyperplasia
have both been associated with severe asthma (18). An increase of smooth muscle mass
contributes to a rise in proinflammatory cytokines and promotes airflow constriction (19), which
can be further exacerbated by an increased mucus production and airway thickening due to
goblet and mucous gland hyperplasia (18). Airway remodelling can impair barrier functions of
the epithelium and thus increase vulnerability to e.g. virus infections (14). A variety of factors
can promote the asthma-related activation ofimmune response. The following sections provide

brief overview of commonly discussed risk factors for childhood asthma.

1.3 Risk factors of asthma development

1.3.1 Genetic predisposition

Although the symptoms and manifestation of asthma are commonly recognized, the underlying
pathomechanisms are still not fully understand. The genetic background is one important risk
factor of asthma (20). During the last two decades, a variety of studies was conducted in order
to identify genetic loci which may explain asthma heritability. Initially, candidate gene studies
were applied to identify genetic variants associated with asthma or with an inflammation

process by targeted analyses (21, 22). Genetic variants such as single nucleotide
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polymorphism (SNP), which occur in a frequency of approximately one in 1000bp in the
genome, have impact on promoter activity and therefore influence transcription and translation
of genes (23). Numerous loci or risk variants were identified for asthma including loci of
immune system-related genes like interleukin 4 (IL4) or interleukin 13 (IL13) or those involved
in lung function (e.g. adrenoceptor beta 2 (ADRB2) and filaggrin (FLG)) (20).

A more comprehensive approach to identify risk alleles, loci and genes related to asthma are
genome-wide association studies (GWAS) which are unbiased and the current gold standard
discovering new disease associated loci (24). Research on adult twins revealed that genetic
factors may determine up to 24% of the phenotype variability in asthma severity (25). A recent
review by Ober et al. estimated heritability of asthma between 35-95% (20). However, these
estimates should be considered with caution as they are most likely inflated. Large GWAS
studies pool individuals with different environmental backgrounds and phenotypes, for which
heritability might be very different (20, 26, 27). In particular, heritability estimates from twin
studies might lead to inflation as twins not only share nearly the same genetic background but

also a similar living environment (21).

In 2007, Moffatt et al. (28) published the first asthma GWAS. In total, more than 317.000 single
nucleotide polymorphisms were analyzed in 994 children with asthma and 1243 controls with
European ethnicity. Several loci on chromosome 17921 were significantly associated with
childhood asthma and could be replicated in an independent cohort. Another major finding was
an expression quantitative trait locus (eQTL) for rs7216389 located between the ORMDL
Sphingolipid Biosynthesis Regulator (ORDML) and gasdermin-like (GSMDL) region affecting
the ORMDL gene expression in asthmatic children. An eQTL is a genetic variant, which
regulate gene expression (29). The ORMDL eQTL is a commonly investigated and validated
asthma locus (30) and ORMDL was indeed shown to be the target gene involved in airway
inflammation and remodeling (31). A variety of different genomic loci have been associated
with an increased asthma risk so far including loci inter alia 1721 (ORMDL Sphingolipid
Biosynthesis Regulator 3 (ORMDL3)), 5931 (RAD50 Double Strand Break Repair Protein
(RAD50)) 9924 (interleukin 33 (IL33)) 15922 (SMAD Family Member 3 (SMAD3)) (28, 32, 33).

However, it is of note that so far, only a small variance of asthma heritability could be explained
with genomic variants identified by GWAS (20, 34). Loci identified are all common variants,
while rare variants with larger effect size have not been found (30). In addition, most common
variants were found in studies including cohorts of European ancestry. Furthermore, GWAS
did not consider gene-gene interactions or gene-environment interactions (21). In addition, a

clear diagnosis of complex asthma disease is often difficult due to poor clinical data (34).
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1.3.2 Environmental factors

Obviously the impact of genetic predisposition does not fully explain causes and
consequences of asthma. However, a substantial part of the asthma risk seems to be
independent of genetic predisposition but rather attributable to environmental factors.
Apparently, the environment has an impact on the perturbation of genetic patterns. Recently,
researchers discovered a variety of environmental risk factors which act already during
prenatal development during a crucial phase of early development, and thus might have an
impact on asthma development later in life (35) including maternal stress (36-38) or maternal
tobacco smoke exposure during pregnancy (39-41). In addition, further risk factors in early
childhood are the socio-economic status (42, 43), nutrition (44), obesity (45), lower respiratory
infections including virus infections (46), the exposition to air pollution (47) and allergens (48,
49). As the genetic predisposition only explains part of the risk for asthma development,
environmental factors are likely to add to inherited risk. In recent years epigenetic modifications
came into focus of research as likely mediators between the genetic background and

environment-related factors (50).

1.4 Epigenetic modifications

The term epigenetics describes the study of heritable modifications which affect gene
expression without changing the underlying DNA sequence (51). The different levels of
epigenetic regulation are comprised of DNA methylation, histone modifications and microRNAs
(52). These epigenetic modifications are responsible for the alteration of DNA accessibility for
transcription factors and chromatin structure, which further results in different gene activity

(53). An overview of the epigenetic modifications is shown in Figure 1.2.
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Figure 1.2: Epigenetic mechanism including histone modification, RNA interference and DNA methylation (54)

1.4.1 DNA methylation

The best studied epigenetic modification and stable long term epigenetic modification is DNA
methylation (55, 56). In humans, DNA methylation mainly affects cytosines in the CpG (5’-
cytosine-phosphat  group-guanine-3’)  dinucleotide context (57). Different DNA
methyltransferases (DNMT) can mediate the covalent binding of a methyl group (-CH3) to the
cytosine, resulting in 5-methylcytosine (53). CpG sites are not randomly distributed across the
human genome. They are condensed in CpG-rich regions, which are known as CpG-islands
(58). These regions are usually unmethylated. Exceptions are subsets of promoter islands that
are nearly fully methylated and are associated with specific germline genes, imprinted genes
(e.g. only expressed from either maternal or paternal copy) or genes that undergo X-

chromosome inactivation in females (58). However, DNA methylation can also occur at
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transcription start sites (TSS) within or without CpG islands, in gene bodies or repetitive
sequences as well as at regulatory elements in particular enhancer regions (59). DNA
methylation at CpG islands is associated with gene silencing (60) by blocking DNA recognition
and binding of transcription factors (53). The chromatin structure of methylated DNA is more
compact. This can lead to a reduced DNA-binding capacity of transcription factors and the
transcription machinery in general can be reduced (61). As a consequence gene expression

might be repressed or completely silenced (59).

1.4.2 Histone modification and micro RNAs

The second of the three major epigenetic modification is known as histone modification (62).
Histone modifications are flexible short term post-translational modifications (53) and have an
impact on the DNA accessibility for gene transcription (62). The basic structure of chromatin is
the nucleosome consisting of 145-147bp and the DNA sequence is wrapped around (53). The
nucleosome consisting of a protein octamer formed by four dimers of two histone 2A and 2B
(H2A-H2B) and two histone 3 and histone 4 (H3-H4) (63). These proteins can be modified via
phosphorylation, acetylation, methylation, ubiquitination, SUMOylation and ADP-ribosylation
(53).

The third epigenetic mechanism which potentially affects gene expression are microRNAs.
These small non-coding single stranded RNAs (ssRNAs) occur post-transcriptional and
interfere with transcribed mRNA (64) and thus can inhibit translation (65).

1.4.3 Epigenetic modifications in genomic regulatory elements and gene
expression

Regulatory elements such as enhancers and promoters are important components of the
genome, which interact with transcription factors to regulate gene expression (66). These
regions are epigenetically characterized by histone modifications and DNA methylation (66).
For example, an enhancer is associated with histone modifications such as mono- and
dimethylation of histone H3 lysine 4 (H3K4me1/2) as well as histone H3 lysine 27 acetylation
(H3K27Ac) (67). Other histone modification such as the methylation of histone H3 lysine 9 and
histone H3 lysine 27 lead to a more condensed chromatin and thus to transcriptional repression
(66). High DNA methylation in promoter regions is also associated with a decreased gene
expression, as transcription factors are inhibit to bind at the DNA (68). Although, DNA
methylation in gene bodies is positively correlated with gene expression levels (59, 69).
Therefore, epigenetic modification especially in genomic regulatory elements and their
resulting consequences for gene transcription might play a crucial role for metabolic

downstream processes and finally disease development.
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1.4.4 Epigenetic modifications related to asthma disease

In the last years, research on such epigenetic modifications related to asthma disease evolved.
Although, compared to DNA methylation, histone modifications and miRNA are less explored
in the context of asthma, there is rising evidence that e.g. altered histone modifications may
have an impact on asthma development and related traits (70-73) and miRNA expression
profiles seem to be associated with asthma disease progression (74). As mentioned before,
DNA methylation is the most stable long term epigenetic modification and therefore very
important for disease development. So far, there are two main approaches to investigate DNA
methylation pattern of asthmatic and healthy patients, namely candidate gene studies and
epigenome wide association studies (EWAS). These epigenome wide studies are commonly
based on arrays (e.g. lllumina 27K CpGs and 450K CpGs Array) and use different biological
material such as whole blood or nasal epithelial cells (75-77). DNA methylation measurement
(single CpGs) using 27K or 450K arrays is based on fluorescence detection of bisulfite-
converted DNA captured by beads (78). These strategy already revealed several genes
associated with childhood asthma and responsible immune mechanisms (79) as shown by
Morales and colleagues (80), who identified DNA hypomethylation at one CpG site of
arachidonate 12-lipoxygenase (ALOX12) gene, which is associated with a higher risk of
persistent wheeze compared to children who have never wheezed. ALOX72 is involved in the
metabolism of arachidonic acid, resulting to the formation of the inflammatory eicosanoids (80).
There are several other studies that have discovered DNA methylation differences in
asthmatics compared to healthy controls (76, 81-83), such as DNA hypomethylation of /L13
(involved in B-cell maturation), RUNX3 (a transcription factor involved in T-cell differentiation)
(83) and T-cell specific genes (TIGITs) which are associated with higher serum IgE levels and
the amount of predicted percent forced expiratory pressure in one second (FEV1), which is a

marker for lung function (84).

Another 450K array based study (85) observed 36 differentially methylated CpGs associated
with IgE serum levels in peripheral blood leukocytes. In addition, hypomethylated CpG sites of
IL5RA and /L4 were identified in asthmatic patients with high serum IgE levels compared to
asthmatics with low IgE levels and healthy controls in isolated eosinophils (85). Two studies of
Gao et al. and Barton et al. tried to determine DNA methylation pattern at the time of birth and
its impact on risk stratification for development of wheezing and asthma in early childhood.
They identified DNA hypermethylation of a CpG in AXL Receptor Tyrosine Kinase (AXL) gene
at time of birth in combination with a higher risk of wheezing and a CpG in GATA Binding
Protein 3 (GATA3) gene in association with a lower risk of asthma in early childhood (86, 87).

Unlike most studies that investigated altered DNA methylation in whole blood, there are only a
few studies that focused on DNA methylation changes in lung and respiratory cells. In a study,
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Murphy et al. investigated DNA methylation differences in monozygotic twin pairs and found
an association of a single CpG methylation (cg23603194 downstream of the H2.0 like

homeobox (HLX) gene) and asthma in buccal cell samples (75).

Furthermore, it was reported in literature, that DNA methylation differences were observed
already in nasal epithelial cells between asthmatics and controls (88, 89). Although, the
majority of the studies was focussed on methylation of single CpG sites some further reported
changes in differentially methylated regions (DMRs). For instance, a publication by Yang et al.
identified DMCs (n=118) but also DMRs (n=119) within regions of Acyl-CoA Thioesterase 7
(ACOT7), interferon gamma receptor 2 (IFNGR2) and arachidonate 15-lipoxygenase
(ALOX15) in nasal epithelial cells (77).

So far, all of the recent studies had in common, that they are array based EWAS (epigenome
wide association studies) with the ability to screen only fragments of epigenome. Thereby only
5% of all CpG sites could be covered, mostly in intragenic regions. In addition, most of the
identified DNA methylation perturbation were located in promoters, introns or exons of genes
but not in regulatory regions away from transcription start site of the genes, in particular
enhancers. Moreover, research has illuminated that no study to date has provided a
comprehensive genome wide view on epigenetic pattern of asthmatic children using whole

genome bisulfite sequencing.

1.5 Aim of the study

It is highly challenging to accurately diagnose asthma in early childhood. Other conditions that
cause asthma-like symptoms, such as respiratory infections, can potentially mask an asthma
condition or lead to a misdiagnosis. The physician needs to consider parental reported asthma-
like symptoms e.g. wheeze and their frequency, as well as other lung function tests
(spirometry) or allergies, in order to diagnose asthma. Due to their age, these tests are difficult
to conduct in infants. The diagnosis of asthma in adolescent children is more accurate when
the asthma phenotype is manifest and side effects of the symptoms (e.g. IgE levels, wheezing
symptoms) can be better classified. Obviously, it is important to diagnose asthma in early
childhood using validated diagnostic markers to counteract asthma development from very

early on.

Wheezing episodes in general are common during childhood affecting one of three infants
before the age of three and usually caused by viral lower respiratory tract infections in early
life (90, 91). Whereas the asthma development and airway hyperresponsiveness seems to be
facilitated by Immunoglobulin E (IgE)-mediated lung inflammation (92-94). Early childhood

asthma is mostly associated with allergic hypersensitivity (atopic status), while non-allergic
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(intrinsic) asthma is a rather rare condition (92, 93). IgE is an important driver in the
development of impaired lung function in early childhood, therefore several studies tried to
differentiate children with transient wheezing episodes from those with persistent wheeze
based on early childhood serum IgE levels. These studies provide evidence that persistently
wheezing children may have increased IgE levels from very early on (95). However, those
studies disregard the fact that not every child with persistent or late-onset wheeze will develop
asthma later on. None of the previous implemented studies concentrating on IgE, wheeze, and

asthma distinguished between persistent wheeze and asthma (93, 95).

Thus, the first aim of this thesis was to evaluate the longitudinal trends of serum IgE
concentrations in wheeze and asthma considering wheeze and asthma as independent
endotypes from two German birth cohorts, LINA and LISA. In addition to IgE, the
transcription of interleukin 5 receptor a (IL5RA) was included, as it is known to be closely linked
to both IgE and asthma development. The IL5 receptor contributes together with IgE to
eosinophilic and regulatory T cell pathways and thus, is an important factor for allergic
inflammatory response (96, 97). Further, first studies observed epigenetic (76, 85) and

transcriptional (98) associations with total serum IgE levels.

The development of asthma is strongly influenced by environmental factors (e.g. exposure to
tobacco smoke or air pollution) and genetic predispositions, both contributing to altered gene
regulation of asthma relevant genes most likely mediated via epigenetic mechanism. So far,
the knowledge of epigenetic modification involved in asthma development is still limited. DNA
methylation changes have previously been described based on selected CpG sites as they
can be observed by 27K and 450K arrays or target- specific analyses. A more precise genome
wide DNA methylation analysis would help to understand the development of asthma better,
and thus have new entry points for future causative therapies. Therefore, the second aim of
this thesis was to investigate genome wide DNA methylation pattern of asthmatic
children and healthy controls by performing whole genome bisulfite sequencing
(WGBS) from 82 children of three German birth cohorts, LINA, LISA and PASTURE. In
accordance with the first part of the thesis, the influence of DNA methylation on transcription

and functional regulation was explored.

The third objective of this thesis was to investigate longitudinal DNA methylation
pattern and stability of asthmatic children and healthy controls at the time of birth by
performing WGBS from 48 samples of the LINA and PASTURE cohort. The influence of

genetic and environmental factors on DNA methylation perturbation were evaluated.

Taken together, this thesis aims to add new data to the asthma research field 1) to improve
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early diagnosis of asthma with clinical relevant view of different entities between persistent
wheeze and asthma; 2) to better understand the role of epigenetic perturbation in early asthma
development and so, to help in identification of new biomarkers highly desirable for risk

stratification, asthma prevention and therapy.
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2 MATERIAL AND METHODS

2.1 Material

Table 2.1.1: Overview applied materials and software

catalog No/ID

manufacturer

Kits

EZ-96 DNA Methylation (Lightning)
Kit

QlAamp DNA Blood Mini Kit

EpiTYPER® Reagent And
SpectroCHIP® Kit

TruSeq-Methyl Capture EPIC
Library Prep Kit
PAXgene Blood RNA kit

Reagents

Gibco™ RPMI 1640 Medium
HotStartTag DNA Polymerase
dNTP mix 4 x 25 pmol (250 pl), 100

mM
mitogen phytohemagglutinin (PHA)

50 pg/ml

Agarose

100bp DNA ladder 50ug
Loading buffer

Ethidium bromide 1%

FastStart Universal Probe Master
(Rox)

peqGold RNA Pure

ImProm-IITM Reverse Transcription
System

D5002/D5003

51106

11377

FC-151-1003

762164

11530586

203205

178.1

11249738001

A8963.0500

T835.1

A3481.0010

A1152.0010

04913949001

30-1010

A3800

12

Zymo Research Europe, Freiburg,
Germany

Qiagen, Hilden, Germany

Sequenom/Agena Bioscience, Hamburg

lllumina, San Diego, USA

Qiagen, Hilden, Germany

Thermo Fisher Scientific,
Massachusetts; USA

Qiagen, Hilden, Germany

Carl Roth, Karlsruhe, Germany
Sigma Aldrich, Hamburg, Germany
Applichem, Darmstadt, Germany
Carl Roth, Karlsruhe, Germany
Applichem, Darmstadt, Germany

Applichem, Darmstadt, Germany

Roche Applied Science, Mannheim,
Germany

peqglab, Erlangen, Germany

Promega, Mannheim, Germany
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Others

UPL probe # 72

UPL probe # 60

UPL probe # 57

UPL probe # 65

UPL probe # 38

GE 96.96 Dynamic Array™ DNA
Binding Dye Sample & Assay
Loading Reagent Kit

96.96 Dynamic Array™ IFC for
Gene Expression
Instruments

MassARRAY system

BioMark HD Reader

IFC controller HX (96.96)
Biometra TAdvanced

HiSeq 2500/ HiSeq X

Software

IBM SPSS Statistics version 25
GraphPad Prism

Cytoscape version 3.6.1

Statistica, version 12/13

RStudio version 1.2.5001

R version 3.6.1

04688953001 Roche Applied Science, Mannheim,
Germany

04688589001 Roche Applied Science, Mannheim,
Germany

04688546001 Roche Applied Science, Mannheim,
Germany

04688643001 Roche Applied Science, Mannheim,
Germany

04687965001 Roche Applied Science, Mannheim,
Germany

100-3415-R Fluidigm, San Francisco, USA

BMK-M-96.96 Fluidigm, San Francisco, USA

Sequenom/Agena Bioscience, Hamburg
Fluidigm, San Francisco, USA
Fluidigm, San Francisco, USA
Analytik Jena, Jena, Germany

lllumina, San Diego, USA

IBM Corps., Chicago, USA
GraphPad Software Inc., La Jolla, USA

U.S. National Institute of General Medical Sciences (NIGMS),
Bethesda, USA

TIBCO Software Inc., Palo Alto, USA

RStudio: Integrated Development for R. RStudio, Inc., Boston,
USA

R Foundation for Statistical Computing, Vienna, Austria
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2.1.1 Databases

Table 2.1.2: Overview applied databases

Database

Ensembl Genome Browser

National Center for Biotechnology Information
GREAT: Genomic Regions Enrichment of
Annotations Tool

UCSC Genome Browser Gateway

Primer Design and Search Tool

GeneCards Human Gene Database

GSEA: Gene Set Enrichment Analysis
ENCODE: Encyclopedia of DNA Elements
Motif Analysis of Large Nucleotide Datasets

Roadmap Epigenomics Project

2.1.2 List of primer

Table 2.1.3: List of qPCR primer

Source of supply
www.ensembl.org
www.ncbi.nim.nih.gov

http://bejerano.stanford.edu/great/public/html/

https://genome.ucsc.edu/
http://bisearch.enzim.hu/
http://www.genecards.org/
http://software.broadinstitute.org/gsealindex.jsp
https://www.encodeproject.org/
http://meme-suite.org/tools/meme-chip

http://www.roadmapepigenomics.org/

Gene Forward primer Reverse primer UPL#
PGK1 5’-tgcaaaggccttggagag-3’ 5’-tggatcttgtctgcaactttage-3’ 72
GAPD 5’-gctctetgetectectgttc-3° 5’-acgaccaaatccgttgactc-3’ 60
GUSB 5’-cgccctgcectatctgtatte-3’ 5’-tccccacagggagtgtgtag-3’ 57
IL5RA 5’-cagcaccaaaaagtaatatcaaagat-3’ 5’-ccaaagtgacagtcaaaacacag-3’ 65
EPX 5’-ccctgtctcctcaccaacc-3’ 5'-gtttccgttgatcgggtgt-3’ 38
IL4 5’-agctgatccgattcctgaaa-3’ 5’-agctgcttgtgcctgtggaactg-3’ 57
Table 2.1.4: List of MassARRAY primer
Gene Forward primer Reverse primer TQ;::?:?u%e
IL4 5-x-GATGTTATATTAGTGAAAGGAG-3’ 5-y-CAAAAAATAAACCAAAACACTC-3’ 56°C
IL5RA 5-x-TATTTTTTGTTAATTGTATATGGTG-3’ 5-y-ACTCATTCCTCTATTAAATTTC-3' 52°C
EPX 5-x-GTGGGGTTAGGGAGTTTATG-3' 5-y-CAAACAACTCCTTAAAAATAATAC-3' 52°C

10Dimer forward tag X=aggaagagag; T7-reverse primer tag y-cagtaatacgactcactatagggagaaggct
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2.2 Methods

2.2.1 Epidemiologic studies

For the presented studies in this thesis, samples and data were derived from the three
independent prospective birth cohorts LINA (Lifestyle and Environmental Factors and their
Influence on Newborns Allergy risk), LISA (Influences of Lifestyle- related factors on the
Immune System and the Development of Allergies in Childhood) and PASTURE (Protection
against Allergy: Study in Rural Environments). Personal contributions in the epidemiological
parts of this thesis were the calculation of the respiratory phenotypes within the LINA and LISA

questionnaires as well as all main statistical data analysis.

2.2.1.1 LINA cohort

The LINA (Lifestyle and Environmental Factors and their Influence on Newborns Allergy risk)
cohort is a prospective mother-child study. 629 mother-child pairs (622 mothers and 629
children, 7 twin pairs) were recruited between May 2006 and December 2008 in Leipzig,
Germany. The aim of the study was to investigate the impact of lifestyle and environmental
factors on the newborn’s risk for allergy development. Whole blood samples were obtained
annually at clinical visit. Comprehensive standardized questionnaires regarding lifestyle factors
and children’s health outcomes were answered by the parents at the corresponding time
points. Participation in the study was voluntary and informed consent was given by all
participants (99, 100). The study was approved by local Ethics Committees (046-2006, 160-
2008, 160b/2008, EK-BR-02/13-1, 169/13ff, 150/14ff).

2.2.1.2 LISA cohort

The LISA study (Influences of Lifestyle- related factors on the Immune System and the
Development of Allergies in Childhood) is a prospective birth cohort, for which 3097 newborns
were recruited from November 1997 until January 1999 in eastern and western Germany
(Leipzig, Munich, Wesel and Bad Honnef). The study was designed to investigate the influence
of lifestyle and environmental factors on the immune system and the development of allergic
diseases. The study design was similar and comparable to the LINA study including study aims
and questionnaires. Comprehensive standardized questionnaire were answered by parents
and at later age additionally by the children themselves (101). Whole blood samples were
collected at the time of birth (cord blood) and thereafter at the age around two, six, ten and 15
years during clinical visits. Participation in the study was voluntary and informed consent was
received from all participants. The study was approved by local Ethics Committees (398-12-
05112012).
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2.2.1.3 PASTURE cohort— EFRAIM study group

The PASTURE cohort (Protection against Allergy: Study in Rural Environments) from the
EFRAIM (Mechanisms of early protective exposures on allergy development) study group is a
prospective birth cohort study focusing on rural areas within Europe. Five study centers in
Austria, Germany, Finland, France and Switzerland recruited 1133 children born to farm and
of non-farm women between September 2002 and May 2005. The objective of the study was
to assess the effect of farming-related factors on the development of childhood asthma and
allergies (102). Whole blood samples were collected at the time of birth (cord blood) and
thereafter at the age around one, four, five and six years during clinical visits. Comprehensive
questionnaires were answered by parents to gather information on health outcomes and
environmental exposures. Participation was voluntary and informed consent was obtained by
at least one parent prior study begin. The study was ethical approved by local authorities at all

five study centers (103).

2.2.2 Definition of respiratory phenotypes

Information on children’s respiratory outcomes was based on questionnaires. Asthma was
defined based on the positive answer to the question: “Has a physician diagnosed your child
with asthma during the past 12 months?”, which was repeated at each follow-up examination.
Wheezing was defined by positively answering the question: “Had your child whistling or
wheezing sounds in the chest while breathing during the past 12 months?”. Children with
wheezing symptoms were separated in three different subtypes according to the classification
by Martinez et al. (104): Transient wheeze was defined as wheezing symptoms occurring
during the first three years of life, but not thereafter. Persistent wheeze was defined as
wheezing at least once up to the age of three and at least once during the following years up
to the age of eight. Late-onset wheeze was defined as wheezing after the age of three. Healthy
controls never had asthma or obstructive bronchitis, or wheezing symptoms. For an overview
of study participants and sample numbers of the study “The Role of IgE in asthma and wheeze”
(chapter 3.1) see Table 3.1.1; for “The role of epigenetic modifications in childhood asthma”
(chapter 3.2) see Table 3.2.1; for “Longitudinal DNA methylation pattern in asthma” (chapter
3.3) see Table 3.3.1.

2.2.3 IgE and cytokine measurement

Total IgE (immunoglobulin E) and specific IgE (sIgE) concentrations in sera of children were

measured by the group of Prof Dr. Ulrich Sack at the University of Leipzig, Medical Faculty,

Institute for Clinical Immunology using Pharmacia CAP System Phadia GmbH, Freiburg,

Germany. The measurement of IL-4 concentration was performed by the group of Dr. Gunda

Herberth in the Department of Environmental Immunology at the Helmholtz Centre for
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Environmental Research, Leipzig, Germany. Personal contribution included the statistical
analyses of the provided data.

Briefly, specific IgEs (aeroallergens rx1/sx1) were assessed by using a multiple allergen panel.
rx1 mixture includes allergens of timothy, mugwort, ribwort, glass herb and birch, while sx1
panel includes allergens of house dust mite (Der p 1 dermatophagoides pteronyssinus), cat,
dog, timothy, rye, birch, mugwort and cladosporium herbarum. Samples with sIgE
concentrations >0.35 kU/I were regarded as positive.

To assess interleukin-4 (IL-4) cytokine concentration 500 ul heparinized whole blood samples
were stimulated for 4 h at 37°C with the mitogen phytohemagglutinin (PHA, 50 pg/ml; Sigma
Aldrich, Hamburg, Germany). Samples were diluted 1:1 with RPMI1640 medium without
supplements. After centrifugation the supernatants were collected and stored at -80°C until
further analysis. IL-4 concentrations were quantified by flow cytometry using the cytometric
bead array (BD CBA Human Soluble Flex Set system, Becton Dickinson, Heidelberg,
Germany) according to manufacturer's recommendation. For samples with a concentration

below the detection limit of 3 pg/ml a value according to half of detection limit was set (99).

2.2.4 Gene expression

Measurement of relative mRNA expression was performed by the group of Dr. Mario Bauer in
the Department of Environmental Immunology at the Helmholtz Centre for Environmental
Research, Leipzig, Germany. Personal contribution included the statistical analyses of the

provided data.

Total RNA was extracted by peqGold RNA Pure (peglab, Erlangen, Germany) and the
PAXgene Blood RNA kit (Qiagen, Hilden, Germany) according to the manufacture’s protocols.
For the cDNA synthesis 1 ug of RNA were reverse transcribed by using the ImProm-IITM
Reverse Transcription System (Promega, Mannheim, Germany). Gene expression was
measured by applying 96.96 Dynamic Arrays (Fluidigm, San Francisco, CA, USA) with the
FastStart Universal Probe Master (Rox) mix (Roche Applied Science, Mannheim, Germany).
Intron-spanning primers were designed (Table 2.1.3). All reactions were performed in
triplicates. Gene expression values were determined by the 2-AACT method (149) with GAPD,

PGK1, and GUSB, as reference genes and normalized to the lowest measured value.

2.2.5 DNA extraction

Genomic DNA (gDNA) extraction was performed by the group of Dr. Mario Bauer in the
Department of Environmental Immunology at the Helmholtz Centre for Environmental

Research, Leipzig, Germany.
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Briefly, DNA was isolated from whole blood using the DNeasy Blood & Tissue Kit (Qiagen,
Hilden, Germany) according to the manufacturer's recommendation and stored at 4°C until

further analyses as previously described (105).

2.2.6 Whole-genome bisulfite sequencing

Preparation and measurement of whole blood samples by WGBS were performed in the
Genomics & Proteomics Core Facilities (headed by Dr. Stephan Wolf) at the German Cancer
Research Center in Heidelberg, Germany. Data processing was performed by Matthias Bieg,
Digital Health Center (headed by Prof. Dr. Roland Eils), Berlin Institute of Health, Berlin,
Germany. Personal contribution included the calling and annotation of DMRs as well as

subsequent data analysis.

Whole blood DNA samples (n=130) of the three cohorts (see Table 3.2.1 and Table 3.3.1) were
subjected to whole genome wide bisulfite sequencing (WGBS) as previously described in
Bauer et al. 2016 (106). In brief, libraries were prepared using the TruSeq DNA Sample Prep
Kit v2-Set A (lllumina Inc., San Diego, CA, USA) (and EpiTect Il TruSeq DNA (lllumina Inc.,
San Diego, CA, USA)) according to the manufacturer’s instructions. Adapter-ligated libraries
were treated with bisulfite and PCR-amplified. Whole genome sequencing was performed on
HiSeq2000 (three lanes, 101-bp paired-end) and lllumina HiSeq X Ten V2.5 (two lanes;150bp)
using standard lllumina protocols and the 200-cycle TruSeq SBS Kit v3 and HiSeq X Ten
Reagent Kit v2.5 (lllumina Inc., San Diego, CA, USA). Reads were aligned against the phase
Il reference sequence of the 1000 genomes project including decoy sequences

(ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/technical/reference/phase2 reference assembly s

equence/hs37d5.fa.gz). Since DNA sequences were bisulfite converted, a special alignment

protocol was adapted for WGBS data (using methylCTools:
https://github.com/hovestadt/methylCtools). In brief, the reference sequence was in-silico
bisulfite converted (all cytosines to thymines on the forward strand, and all guanines to
adenines on the reverse strand). The same procedure was performed for the sequencing
reads, but the original bases were stored. Afterwards, the reads were aligned against the
converted forward and reverse reference-strands, using BWA mem (version:0.7.8) (107).
Duplicate reads were removed using sambamba (version:0.5.9) (108). The aligned reads were
back transformed into their original state and methylation ratios were called per reference CpG

site.
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2.2.6.1 Determination of genome-wide differentially methylated regions (DMR) of

whole blood and cord blood DNA

To determine differentially methylated regions between 40 asthma and 42 control children
between the age of five and 15 (whole blood, chapter 3.2) and 23 asthma vs. 25 control
newborns (cord blood, chapter 3.3) two independent statistical algorithms were used: DSS
(Dispersion Shrinkage for Sequencing data) (109) and metilene (110). A DMR was defined as
three consecutive CpG sites with a test statistic p-value<0.01 (DSS) or g-value<0.05
(metilene). Only chromosomes 1-22 were considered for analysis and gonosomes were

omitted.

2.2.6.2 DSS

DSS version v2.12.0 was used to estimate DMRs. DSS is a Bioconductor package for analysis
of high-throughput sequencing data. DSS uses a Bayesian hierarchical model to estimate and
shrink gene- or CpG site-specific dispersions, followed by Wald tests for detecting differential
methylation (109). Here at first, methylation differences of single CpG sites are defined,
followed by the determination of differentially methylated regions (DMRs) based on the

parameters presented in Table 2.2.1.

Table 2.2.1: DSS parameters used for DMR calling

parameter parameter
value
0 delta.m [delta methylation threshold]
0.01 p.threshold [p-value threshold ]
50 minlen [minimum length in bp]
3 minCG [minimum number of CpG sites]
100 dis.merge [merge DMRs if closer than 100bp]
0.3 Pct.sig [percentage of CG sites with significant p-values]

2.2.6.3 Metilene

The second used algorithm for the determination of DMRs was metilene, developed by the
group of Steve Hoffmann and Peter F. Stadler at the University of Leipzig (110). Metilene is a
bioinformatical tool, which uses a segmentation algorithm to determine DMRs directly, in
contrast to DSS which first determine DMCs. It investigates the maximum difference of the
cumulative sum of the mean methylation value in a specific region by an approximation to the
maximum difference (110). Metilene version v0.2-6 with the parameters given in Table 2.2.2

was used to determine DMRs.
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Table 2.2.2: Metilene set up conditions for DMR calling

parameter parameter
value
100 M [maximal distance in bp between CpGs within a DMR]
3 m [minimum number of CpGs sites]
0 d [delta methylation threshold]
5 t [minimum number of CpGs sites]
<0.05 g-value

2.2.6.4 DMR annotation and definition of enhancers

HOMER (Hypergeometric Optimization of Motif EnRichment) tools software package was used
to determine initial genomic annotation to the nearest TSS (transcription start site) in order to
identified DMR applying genome version hg19 (111). Predicted target genes of DMRs were
defined either as an intersection with chromatin interaction analysis by paired-end tag
sequencing (ChlA-PET) data (112-114) or promoter DNasel hypersensitive sites (DHSs) data
from ENCODE (Encyclopedia of DNA Elements) (115-117).

DMRs were defined as enhancers, if their genomic location intersected (at least 1bp overlap)
with previously identified enhancer regions according to ENCODE cell line sets (n = 16) (118,
119) or ROADMAP hematopoietic stem cells (HSC) or B-cell sets (n=9) and blood or T-cell
sets (n=14) (120) data. All data sets considered for this analysis are summarized in
Supplemental Table 8.1.1. In addition, DMRs overlapping with an active regulatory element as
previously identified in an earlier LINA study by Bauer et al. (106) based on chromatin
immunoprecipitation DNA-sequencing (ChIP-Seq) experiments were considered as enhancer
associated DMRs. Active regulatory elements were defined by merging three active states
(state 1: H3K27Ac and H3K4me1 active, state 2: H3K27Ac active and state 3: H3K4me
poised).

2.2.6.5 Enhancer enrichment of DMRs

Enrichment of enhancer was conducted in cooperation with Matthias Bieg, Digital Health
Center (headed by Prof. Dr. Roland Eils), Berlin Institute of Health, Berlin, Germany. Personal

contribution included the preparation of the data for the enrichment analysis.

To investigate the enrichment of DMRs within known enhancer regions, the algorithm/R
package Locus Overlap Analysis (LOLA) (version 1.16.0) was utilized (121). LOLA is based on
a Fisher’s exact test, to evaluate whether the ratio of foreground features (in particular case
DMRs) that overlap with a list of regions of interest (ROIs) is enriched against the ratio of
background features that overlap with a list of ROls. For ROIs merged enhancers were used

from HSC or B-cell sets (n=9), from blood or T-cell sets (n=14), from ENCODE cell line sets
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(n=16) and active regulatory elements of a subset of LINA children (106). Enhancer regions
were merged from a set, if their distance is smaller or equal to 1000 bp. Set of background
features were calculated by merging CpG positions among the whole genome that have a
distance of smaller or equal to 100 bp. In a second step, all merged regions containing less
than three CpG sites were removed from further analysis. The definition of the background-set
of features reflects the parameters for DMR calling (refer to Table 2.2.1 and Table 2.2.2) and

ensures that the foreground set of features is a subset of the background set of features.

2.2.6.6 Intersection of DMRs between the cohorts

The intersection of identified DMRs were determined using the R package Genomic Ranges
between the two statistical approaches (dss and metilene), the cohorts (LINA, LISA and
Pasture) and the time points within the established phenotype and at the time of birth (122).
Only DMRs with a coverage (number of reads) above five were considered for further analyses
according to Ziller et al. (123). DMRs were individually assessed for significance in each cohort
at the established asthma phenotype time point (chapter 3.2) and at the time of birth (chapter
3.3) before intersection analyses. To this end a factorial analysis of variance (ANOVA) followed

by a Bonferroni multiple test correction (p-value <0.00012) was applied.

2.2.7 Targeted DNA methylation analyses

The EpiTYPER- MassARRAY (Agena Bioscience, Hamburg, Germany) is a target specific
approach to quantify DNA methylation of multiple CpG sites following bisulfite treatment of
genomic DNA. During the conversion reaction unmethylated CpGs were converted to uracils
while methylated CpGs remain. For targeted DNA methylation analyses 500ng gDNA from
whole blood of LINA and LISA samples was bisulfite-converted using the EZ DNA Methylation
Kit (Zymo Research, Freiburg, Germany) and the EZ DNA Methylation-Lighting Kit (Zymo
Research, Freiburg, Germany) according to manufactures instructions. Bisulfite-converted

genomic DNA was stored at -80°C until further analyses.

DNA sequences of interest were amplified by PCR with a T7-promoter tagged reverse primer,
which is necessary for the following in vitro transcription by a T7 RNA polymerase. Primer
sequences are shown in Table 2.1.4 in section Materials. For that, 2 ul bisulfite treated genomic
DNA was PCR amplified using HotStarTag DNA polymerase (Qiagen, Hilden, Germany) (final
concentration/ 5ul reaction: 1x reaction buffer, 200uM dNTPs, 0.2U Polymerase, 200nM

forward primer, 200nM reverse primer, H.O) with the following cycling program.
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Step Temperature (°C) Duration Number of
cycles

Initial denaturation 95 15 min

Denaturation 94 30s 45

Annealing 52(56/60)* 30s

Extension 72 30s

Final extension 72 5 min

*depending on Amplicon see primer Table 2.1.4

To proof a successful amplification, 2 d gel electrophoresis with 1 yl PCR product was
performed. DNA methylation standards (0%, 20%, 40%, 60%, 80%, 100% methylated genomic
DNA) were used on each 384 well plate to control for potential PCR bias. Further, 4ul of the
amplified PCR products were phosphorylated by a shrimp alkaline phosphatase (1U/ul)
degrading any incorporated phosphorylated nucleotides to avoid disturbance of later reaction
(20 min incubation at 37°C and inactivation at 85°C for 5 min). After the dephosphorylation
step, 2 pl of dephosphorylated PCR product was transcribed in vitro into RNA and was cleaved
uracil base-specifically by an endoribonuclease RNase A. Epityper T Complete Reagent set
(Agena Bioscience, Hamburg, Germany) was used for RNA transcription (final concentration/
7 ul reaction: 0.64x T7 Polymerase Buffer, 3.14mM DTT (Dithiothreitol), 22 U T7RNA & DNA
Polymerase, 0.09mg/ml RNase A, add H.0 and T Cleavage Mix; incubation 3h at 37°C).
Cleaved RNA fragments were analyzed by MALDI-TOF mass spectrometry (matrix assisted
laser desorption ionization - time of flight). The methylation status of each fragment was
quantified due to the mass shift of methylated against unmethylated fragments (124). The

following figure shows the workflow of the MassARRAY platform (Figure 2.2.1).
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Figure 2.2.1: Analysis of DNA methylation using MassARRAY platform (124) Yellow indicated methylated CpGs
and red indicated unmethylated CpGs

Personal contributions included the bisulfite conversion of the gDNA, the primer design, assay
and MassArray samples preparation as well as final analysis. Subjection to mass spectrometry
analysis and initial quality control were conducted by Oliver Miicke and Dr. Dieter Weichenhan
at the DKFZ, Division Epigenomics and Cancer Risk factors (headed by Prof. Dr. Christoph
Plass), Heidelberg, Germany. Oliver Miicke provided methylation standards.

2.2.8 SNP calling of WGBS data
SNP-calling was performed by Matthias Bieg, Digital Health Center (headed by Prof. Dr.

Roland Eils), Berlin Institute of Health, Berlin, Germany.

Briefly, SNPs were called using Bis-SNP (version 0.81.2) using standard parameters (125).
The derived SNP information was matched against known SNPs from dbSNP (version: 141)

(126). Only SNPs matched with dbSNPs were retained for subsequent analyses.

2.2.9 Definition of genotype associated DMRs

Definition of genotype associated DMRs was performed by Matthias Bieg, Digital Health
Center (headed by Prof. Dr. Roland Eils), Berlin Institute of Health, Berlin, Germany. Personal

contribution included the statistical analyses of the provided data.

To identify genotype associated DMR (gDMR) a Spearman correlation test was performed to
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correlate SNPs to the mean methylation values of DMRs. For each DMR, known SNPs were
considered from dbSNP (version: 141) (126) within the DMR, and in 5kb vicinity around the
DMR endpoints. For each SNP and sample the genotype was encoded as 0 (homozygous
reference alleles), 1 (heterozygous alleles), and 2 (homozygous alternative alleles). This
enabled to calculate the Spearman correlation coefficient of the genotypes versus the mean
methylation values within the DMR. Furthermore, a correlation test was performed (HO: No
correlation between the genotype and the mean methylation within the DMR could be
identified), and rejected HO, if the corrected p-value was smaller or equal to 0.1. P-value
correction was performed according to the Benjamini-Hochberg, controlling a false discovery
rate (FDR) of 10 %. Therefore, DMRs were defined either as genotype associated (JDMR), if
a correlation with a SNP was observed or as non genotype associated (ngDMR) if no

correlation with a SNP was present.

2.2.10 Motif Analysis of DMRs

MEME Suite version 5.0.5 (Motif-based sequence analysis tools) (127, 128) were used in order
to identify motifs within the DMR related genomic regions. For analysis, the MEME-ChIP tool
(http://meme-suite.org/tools/meme-chip) was applied with DMRs elongated by 20bp at the start
and at the end of every DMR to ensure an intersection with motifs. Only motifs with a width
between six and twelve nucleotides and an E-value<0.05 (estimate of the statistical

significance of each motif) were considered.

2.2.11 Gene enrichment and module analysis of DMRs

Gene enrichment analysis with the genomic sequences of the identified DMRs was performed
using GREAT version 3.3.0 (Genomic Regions Enrichment of Annotations Tool) (129) using

the whole human genome as background and a significance level of p-value<0.05.

Cytoscape version 3.6.1 (130) was utilized for network and module analysis of predicted target
genes of these DMR associated enhancer regions and, if not an enhancer region, genes
closest to the next TSS. Reactome Functional Interaction (FI) v 6.1.0 with FI network version
2016 (131) was implemented to determine network patterns of familiar and predicted
interactions. These predicted interactions were estimated via Naive Bayes Classifier. Only the
original set of genes was considered without additional linker genes (132). Cluster FI network
was applied to decipher modules (cluster of genes) (133). Subsequently module pathway
enrichment was performed using the underlying databases CellMap (134), Reactome (135),
Kyoto Encyclopedia of Genes and Genomes (KEGG) (136), US National Cancer Institute
pathway interaction database (NCI PID) (137), Panther (138) and BioCarta (139). However,

solely pathway enrichment results with a cut off FDR less than p-value<0.001 were considered.
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2.2.12 Natural Language Processing

Natural language processing was performed by Dr. Sascha Schauble and Erik Fassler of the
Jena University Language & Information Engineering (JULIE) Lab, Friedrich-Schiller-
University Jena, Jena, Germany and Systems Biology and Bioinformatics, Leibniz Institute for
Natural Product Research and Infection Biology - Hans Kndll Institute, Jena, Germany.
Personal contribution included evaluation and analyses of the provided natural language
processing data.

To elucidate whether DMR related genes were previously described in association with asthma
natural language processing was applied. Target gene names were mapped to human NCBI
gene identifiers by symbol, name and synonym match. In case this procedure led to more than
one possible NCBI Gene ID candidate target gene names were matched to GeneRIF (140)
data, which are brief descriptions of gene functions frequently containing the gene name.
Matches were scored with Lucene's (141) BM25 (142) implementation. The match with the
highest score was used as the correct candidate target gene.

To identify associations of gene names with asthma related outcomes, the following terms were
used for the search in the PubMed and the PubmedCentral literature database: asthma,
asthmatic, asthmatics, wheeze, bronchial hyperreactivity, airway hyperreactivity, bronchial
hyperresponsiveness, and hyperreactive airway disease.

The BANNER (143) gene tagger was employed to identify gene mentions in the texts. Mapped
NCBI Gene IDs of the target genes were matched with the identified gene mentions in the
literature. All documents matching an asthma related outcome term together with a target gene

were extracted.

2.2.13 Literature search of DNA methylation studies related to environmental
exposures

For the investigation of the impact of environmental factors and prenatal exposures on the
DNA methylation at the time of birth a literature search at Pubmed (query date: 10.10.2020)
was applied. Briefly, studies were identified using the search terms ("DNA methylation"[All
Fields] AND "prenatal exposure"[All Fields]) OR "450K"[All Fields] OR "WGBS"[AIl Fields] OR
"850K"[All Fields] OR "EWAS"[AIl Fields]. Only studies were used, which were conducted in
human newborns (birth-1 month of age) or infants (birth-23 months of age) in MEDLINE, in
English language and published from the year 2007 to 2020. Further, only studies with DNA
methylation measurement in cord blood or blood were considered using array based (lllumina
HumanMethylation27/450/850K BeadChip) or WGBS approach in order to reach comparable

DNA methylation data also used in this thesis. Altogether, 32 studies were included in the

25



MATERIAL AND METHODS

analysis. Further, four publications in the LINA cohort regarding environmental exposure and

DNA methylation in cord blood were included in addition.

2.2.14 Statistical Analysis

Used software is listed at Table 2.1.1. For the study of longitudinal trends of serum IgE in
asthma and wheeze (chapter 3.1) analyses were based on quantitative information for specific
(slgE) and total serum IgE (tIgE) concentrations (kU/I). Both variables were In transformed for
general estimating equations (GEE) and mediation analysis. IL5RA expression was

considered based on the normalized values described in section 2.2.4 gene expression.

X?- test was applied to evaluate distribution between analyzed subcohorts and entire LINA and
LISA cohort. One-way repeated measurement ANOVA followed by Dunnett’s post-hoc test was
conducted to decipher the relationship between sIgE, tIgE and /IL5RA expression in the
different subgroups of wheezing and asthma. Fisher exact test was applied to determine
differences in frequencies of elevated serum IgE (slgE>0.35kU/l; tigE>100kU/l) between

asthmatic children compared to healthy controls or wheezing endotypes.

The longitudinal association of tigE, IL5RA expression and asthma was investigated based on
GEE. For this analysis a binary logistic model with a binomial distribution and logit as the link
function was used. A first order autoregressive relationship (AR(1)) was assumed as the
structure of the working correlation matrix. Mediation analysis with LINA and LISA data together
was performed using the PROCESS macro v2.16.03 (6) for SPSS. A bootstrap approach
based on 5000 samples was applied to estimate the statistical significance of the indirect effect
as bias-corrected 95% confidence intervals. The following confounding factors were
considered for wheezing and asthma respectively in these analyses: mode of delivery, gender,

maternal history of atopy, parental education, prenatal tobacco smoke exposure, birth year.

For the study “the role of epigenetic modifications in childhood asthma” (in chapter 3.2) X* test
was applied to evaluate the gender distribution between asthmatics and controls. A factorial
ANOVA was used to assess significance of DMRs in each of the three individual cohorts. DNA

methylation values were In transformed in order to reach normal distribution.

Adjusted logistic regression analyses were applied to determine the methylation patterns of
asthmatic and healthy children based on MassARRAY data from the LINA cohort (age six
and/or eight) and the LISA cohort (age 15). Mann-Whitney-U test was used to compare DNA
methylation and relative mRNA expression levels between asthmatics and healthy controls in

six to eight year old LINA children and 15-year-old LISA children. Spearman correlation was
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used to determine the association between DNA methylation and relative mRNA expression.
Adjusted multiple regression model was applied to examine the effect of DNA methylation and

asthma outcome on relative mRNA expression.

Mediation analysis were performed using the PROCESS macro version v3.4 (24) for SPSS. A
bootstrap approach based on 5000 samples was applied to estimate the statistical significance
of the indirect effect as bias-corrected 95% confidence intervals. Confounding factors used in
the analyses were gender and family history of atopy. Additional confounding factor affiliation

to cohort was applied in multiple regression model.

For the chapter 3.3 “longitudinal DNA methylation pattern in childhood asthma” one factorial
ANOVA was applied to identify significant DMRs in LINA and PASTURE cohort separately.
Intersection analysis using R package GenomicRanges version 1.40.0 was applied to compare
the identified DMRs with the DMCs/DMRs of DNA methylation studies related to environmental

exposures.
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3 RESULTS

3.1 The role of IgE in asthma and wheeze

Note: Results of the following chapter have been published in Klds et al. (2019) “Longitudinal trends of
serum IgE and IL5RA expression throughout childhood are associated with asthma but not with
persistent wheeze” in Allergy (DOI: 10.1111/all.13837). Personal contributions included the preparation
of all figures and tables and the initial manuscript, as well as the statistical analyses regarding the
longitudinal association between serum IgE, asthma and the wheezing phenotypes. Contribution by
others are highlighted in the corresponding method descriptions.

3.1.1 Study characteristics and phenotype classification

This study is based on samples and data derived from the two German birth cohorts LINA (38)
and LISA (144). For the LINA study (discovery cohort) annual, longitudinal blood samples until
the age of eight years were available, including information on total serum IgE (tIgE), specific
IgE (slgE sensitization against aeroallergens), ILSRA mRNA expression, wheezing symptoms,
and asthma onset. For the validation, blood samples of the LISA study (validation cohort) from
two, six, ten and 15 year-old children were used. For subsequent analyses, only children with
longitudinal blood samples and available RNA (LINA: n=98; LISA: n=453) were included
(Figure 3.1.1).

questionnaires

birth age 1 age2__age3__aged _age5__age6__ age8
n=629 n=606 h=546 =514 “Fuea7a neads =20 T n=333
Z blood samples
3 IgE birth age 1 age2 age3 . aged age5  age6 _ age8
- n=518 " n=517 Y2340 =280 T n=254 T =246 =245 T n=221
RNA age 1 L age 4 age 8
n=467 n=235 n=210
available longitudinal samples: n=98
questionnaires
birth__ age 0.5 age1 .age1.5 age2 age 4 age 6 . age 10 age 15
n=3007 T =282 ~R=2737 Tn=2710" A=2664 n=2441 n=2203 P 1=1761 P n=1736
(/2] blood samples
— -
IgE Dbirth 5 age2 s ageb » age 10___ age 15
- 9% =ioes n=2176 ¥ n=1193 n=1089 T Tn=1035
RNA » age 15
n=904

available longitudinal samples: n=453

Figure 3.1.1: Overview of the subcohorts with complete longitudinal questionnaires, RNA availability and IgE
measurements at all time points.

There were no differences between the analysed subcohorts and the entire cohorts (LINA age
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8 n=333 and LISA age 15 n=1736) regarding gender, parental history of atopy, smoking during
pregnancy, parental educational level and mode of delivery, neither in LINA nor in LISA (Table
3.1.1).

Table 3.1.1: General study population characteristics of LINA and LISA cohorts. Chi-Square test (p-value) was
applied to compare analysed subcohorts with the entire cohorts of LINA (age of eight) and LISA (age of 15),
respectively.

LINA LISA
(Discovery cohort) (Validation cohort)
Analyzed Total Analyzed Total
sub- cohort sub- cohort
cohort age 8 X?Test cohort age 15 X*Test
n =982 n=333¢ [p-value] n =453b n=1736" [p-value]
n(%) n(%) n(%) n(%)

Gender of the child 0.96 0.10
Female 48(49.0)  164(50.7) 198(43.7) 833(48.0)

Male 50(51.0)  169(49.3) 255(56.3) 93(52.0)

Parental history of 0.99 0.93

atopy®
No 33(33.7)  109(32.7) 201(44.5) 799(46.0)
Mother 47(48.0) 162(48.7) 166(36.7) 631(36.4)
Father 36(36.7)  123(37.0) 148(32.7) 544(31.3)
Both 18(18.4) 61(18.4) 63(14.0) 243(14.0)

Smoking during 0.80 0.67

pregnancy
No 88(89.8) 296(88.9) 383(87.2)  1449(83.5)
Yes 10(10.2) 37(6.9) 56(12.8) 227(13.1)

Parental educational 0.78 0.33

leveld
Low 1(1.0) 4(1.2) 10(2.2) 60(3.5)
Intermediate 22(22.5) 64(19.2) 116(25.7) 413(23.8)
High 75(76.5)  265(79.6) 326(72.1)  1249(72.0)

Mode of delivery 0.61 0.42
Spontaneous 77(78.6)  254(76.4) 324(73.3)  1221(50.5)
Caesarean 21(21.4) 75(22.6) 84(19.0) 305(17.6)

Others 0(0.0) 3(0.9) 34(7.7) 164(9.5)

Lung outcomes 0.74 0.10

Never9 51(52.0) 163(48.9) 237(52.3) 877(50.5)

Wheeze 37(37.8) 128(38.4) 167(36.9) 495(28.5)

Asthma 10(10.2) 25(7.5) 49(10.8) 141(8.1)

@ n may be different from 98 due to missing data;
b n may be different from 453 due to missing data;
C defined as: occurrence of asthma, atopic dermatitis, hay fever or food allergy; assessed at the time of pregnancy

d low = 8 years of schooling (‘Hauptschulabschluss'); intermediate = 10 years of schooling (*Mittlere Reife’); high = 12
years of schooling or more (*(Fach-)hochschulreife’); assessed at birth

€ LINA study participants at the 8-year-follow-up
fLISA study participants at the 15-year-follow-up
9 no asthma, wheezing, or obstructive bronchitis during observational period
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For analyses, four different lung dysfunction phenotypes were distinguished. The first group is
composed of children with a physician diagnosed asthma, according to the question: “Has a
physician diagnosed your child with asthma during the past 12 months?”. Within the studied
LINA and LISA subcohorts 10.2% (10/98) and 10.8% (49/453) of the children were ever
diagnosed with asthma, respectively. Children with parent-reported wheezing episodes but
without an asthma diagnosis were classified according to their wheezing endotypes: reported
wheezing up to the age of three but not thereafter (“transient”; 22.5% (22/98) and 19.9%
(90/453)), wheezing reported after age three (“late-onset”; 7.1% (7/98) and 10.2% (46/453)),
and wheezing during the first three years of life and at least one time thereafter (“persistent
wheeze”; 8.2% (8/98) and 6.8% (31/453)). The children without wheezing symptoms, 52.0%
(51/98) and 52.3% (237/453) respectively, were defined as controls and were compared to

children with wheezing symptoms or to children diagnosed with asthma.

3.1.2 Longitudinal pattern of specific aeroallergen and total serum IgE

Immunoglobulin E (IgE) is known as one of the most important factors for the immune-related
response of atopic asthma (12). Both cohorts showed significantly different specific IgE
concentrations (slgE) against aeroallergens between groups over time using one-way
repeated measurement ANOVA (Figure 3.1.2, left panel). The specific IgE test against
aeroallergens included timothy, mugwort, ribwort, glass herb and birch (Rx1; only LISA year
two), while Sx1 includes house dust mite (Der p 1 dermatophagoides pteronyssinus), cat, dog,
timothy, rye, birch, mugwort and cladosporium herbarum (all other time points in LINA and
LISA). Highest concentrations were observed in asthmatic children (mean concentration LINA
(age1-8)=19.4 kU/I; LISA (age2-15)=25.3 kU/I) compared to healthy controls (mean
concentration LINA (age1-8)=3.0 kU/I; LISA (age2-15)=5.3 kU/I).
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Figure 3.1.2: Longitudinal pattern of specific (slgE) against aeroallergens and total serum IgE (tIgE) concentrations
in the LINA (n=98) and LISA (n=453) cohorts. Given are mean +/- SEM. A repeated measurement one-way ANOVA
was applied to determine the difference between groups over time. p-value<0.05 *; p-value<0.01**; p-

value<0.001***; p-value<0.0001****

LINA children diagnosed with asthma later in life showed significantly higher sIgE levels

already starting at age four (p-value=0.028 from post hoc comparison by Dunnett’s test, Table

3.1.2). From age five onwards, the sIgE concentration significantly differed between persistent

wheeze and asthma. This difference lasted until the age of eight years. In line, in the validation

cohort LISA from age six onward — the earliest available time-point after the age of two —

asthmatic children showed significantly higher slgE concentrations compared to all wheezing

endotypes including persistent wheeze (Table 3.1.2; Table 3.1.3).
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Table 3.1.2: Comparison of specific IgE against aeroallergens (sx1/rx1) between asthmatic and non-asthmatic
children in the LINA cohort (n=98).

compared phenotypes ‘ age 1 ‘ age 2 ‘ age 3 ‘ age 4 ‘ age5 | age6 | age8

asthma vs controls 1.0 0.952 0.291 0.028 0.0001 | 0.0001 | 0.0001
persistent 1.0 0.978 0.525 0.095 0.0006 | 0.0001 | 0.0001
late 1.0 1.000 0.977 0.946 0.138 0.044 0.011
transient 1.0 0.958 0.460 0.040 0.0002 | 0.0001 | 0.0001

p-value < 0.05 are indicated in bold; Dunnett’s test

Table 3.1.3: Comparison of specific IgE against aeroallergens (sx1/rx1) between asthmatic and non-asthmatic
children in the LISA cohort (n=453).

compared phenotypes | age2 | age6 | age10 age 15
asthma vs controls 1.0 0.0001 0.0001 0.0001
persistent 1.0 0.0009 0.0001 0.0001

late 1.0 0.0019 0.0001 0.0001

transient 1.0 0.0001 0.0001 0.0001

p-value < 0.05 are indicated in bold; Dunnett’s test

Similarly, total IgE (tIgE) was significantly different between groups over time (Figure 3.1.2,
right panel). Again, highest concentrations were observed in asthmatic children (mean
concentration LINA (age1-8)=185.4 kU/I; LISA (age2-15)=355.5 kU/I) compared to healthy
controls (mean concentration LINA (age1-8)=69.6 kU/I; LISA (age2-15)=94.5 kU/I). However,
differences in tIgE between wheezing endotypes and asthmatic children were less consistent
compared to sIgE (Table 3.1.4; Table 3.1.5).

Table 3.1.4: Comparison of total IgE between asthmatic and non-asthmatic children in the LINA cohort (n=98).

compared phenotypes | age1 | age2 | age3 | age4 | age5 | age6 | ages8

asthma vs controls 0.969 0.204 0.062 0.005 0.041 0.001 0.017
persistent 0.983 0.253 0.150 0.017 0.123 0.058 0.074
late 0.936 0.292 0.196 0.090 0.182 0.026 0.218

transient 1.000 0.515 0.318 0.051 0.169 0.011 0.004

p-value < 0.05 are indicated in bold; Dunnett’s test
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Table 3.1.5: Comparison of total IgE between asthmatic and non-asthmatic children of controls, and wheezing
endotypes in the LISA cohort (n=453).

compared phenotypes ‘ age 2 age 6 age 10 age 15
asthma vs controls 0.917 0.0001 0.0001 0.0001
persistent 0.998 0.015 0.0001 0.0001

late 0.997 0.024 0.0001 0.0001

transient 0.993 0.015 0.0001 0.0001

p-value < 0.05 are indicated in bold; Dunnett’s test

In summary, total and specific IgE against aeroallergens concentrations showed a significant
difference in the five groups over time in the LINA and LISA cohorts. The highest sIgE and tigE
levels were observed in the asthmatics and differed significantly from the healthy controls and
the wheezing groups starting already at the age of four in the LINA cohort, respectively at the

age of six in the LISA cohort.

3.1.3 Frequency of enhanced total IgE and sensitization against aeroallergens

Higher sensitization (sIlgE>0.35 kU/l) frequencies against aeroallergens (sx1/rx1) and
enhanced total serum IgE concentrations (tigE>100 kU/I) were found in asthmatic children
compared to all other wheezing endotypes. Asthmatic children had enhanced total IgE level
twice as often compared to healthy controls or any of the wheezing endotypes (Figure 3.1.3
and for detailed percentage numbers of frequency see supplemental Table 8.1.2 and Table
8.1.3). Only in LINA, late-onset wheezers showed higher frequency of elevated sIgE (sx1)
compared to tIgE, which most likely was related to those children not yet diagnosed with
asthma during the observation period until the age of eight years. Noteworthy, the frequency
of enhanced specific and total IgE in the persistent wheezing group was more similar to the

healthy controls than to the asthma group in both cohorts.
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Figure 3.1.3: Percentages of children with a positive sensitization to aeroallergens (>0.35 kU/I) or elevated total
serum IgE (>100 kU/1). Fisher exact test was applied to determine differences between asthmatic children, controls
and wheezing endotypes (* p-value< 0.05).

In summary, asthmatic children were twice as likely to show elevated specific IgE against
aeroallergens and increased total IgE compared to healthy controls and all wheezing groups
in the LINA and in the LISA cohort. The sensitization pattern for persistent wheeze resembled

that of healthy controls rather than asthmatics.

3.1.4 Association between specific and total serum IgE, and IL5RA

Recently interleukin 5 receptor a (IL5RA), which is a crucial driver for the allergic inflammatory
response (96, 97), has been epigenetically (85) and transcriptionally (98) associated with total
serum IgE levels. To elucidate, whether transcriptional changes in IL5RA were linked to IgE
levels and asthma in the present study, the ILSRA mRNA expression was measured using a
96.96 Dynamic Array (Fluidigm, San Francisco, CA, USA).
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Similarly to IgE, ILSRA mRNA expression was significantly increased only in children with
asthma compared to controls and all wheezing endotypes starting at the age of four (Figure
3.1.4). In addition, a significant difference (p-value<0.01) in IL5RA mRNA expression was
found between asthma, controls and transient wheezing children at the age of 8 years for LINA
and at the age of 15 years for LISA. There was also a significant difference (p-value<0.01)
between asthma and persistent wheeze in 8 year old children in the LINA cohort (Figure 3.1.4).

LINA LISA
15+ 20 4 10 11.51
I ~ 1o

-
o
1

18 - T 9 - } . {
NI

relative IL5RA mRNA expression

10.04
5_{ : ) LINA  LISA
n=51 n=237
14 - } { { 74 ° Contr_ol i
9.5 Transient wheeze n=22 n=90
¢ Late wheeze n=7 n=46
A Persistent wheeze n=8 n=31
m Asthma n=10 n=49
0 12 6 9.0
age 1 age 4 age 8 age 15

Figure 3.1.4: Comparison of relative IL5RA mRNA expression in asthma, different wheezing endotypes, and
controls in the LINA (n=98) and the LISA cohort (n=453), respectively. One-way ANOVA followed by Dunnett’s post
hoc test was applied to determine the difference between asthma and the other groups. p-value< 0.05%; p-
value<0.01**; p-value<0.001***; p-value<0.0001****

To elucidate whether the increase of ILBRA mRNA expression in asthmatic children occurs
before the disease onset, four-year-old children of the LINA study who were subsequently
diagnosed with asthma were examined in comparison to all other wheezing groups and healthy
controls. Children who were diagnosed with asthma later in their life, had already at the age of
four a significantly increased IL5RA mRNA expression compared to all wheezing groups and

healthy controls (Figure 3.1.5).
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Figure 3.1.5: Differential expression of IL5RA in 4-year-old children considering in the asthma group only those
children who were first diagnosed for asthma later in life (n=7).: p-value< 0.05 *; p-value<0.01**; p-value<0.001***;
p-value<0.0001****

Taken together, a significantly increased ILSRA mRNA expression was observed in the
asthmatic children compared to healthy controls and all wheezing groups in the LINA cohort
from the age of four and in the LISA cohort at the age of 15. In addition, four-year-old children
of the LINA study who were subsequently (after age 4) diagnosed with asthma showed

increased IL5RA mRNA expression already before disease onset.

To determine the longitudinal association between specific and total IgE concentrations, IL5RA
MRNA expression and asthma development, general estimation equations (GEE) were applied
adjusted for mode of delivery, gender, maternal history of atopy, parental education, prenatal
tobacco smoke exposure and birth year. The advantage of this model is the assessment of the
correlation between variables over time in contrast to cross-sectional design models, which
have to consider every point in time individually. In this adjusted GEE model both total and
specific IgE against aeroallergens showed a significant longitudinal association with the

development of asthma (Table 3.1.6).

36



RESULTS

Table 3.1.6: Results of longitudinal association of specific IgE (aeroallergens Sx1/Rx1), total IgE, and IL5RA
expression of asthmatic children compared to healthy controls in the LINA and LISA cohort (wheezing children were
excluded from these analyses). Given are ORs with upper and lower 95% CI and p-values from adjusted* general

estimation equations.

LINA LISA
OR 95%CI p-value OR 95%CI p-value
slgE 1.13 1.03-1.22 0.006 1.46 1.33-1.59 <0.0001
tige 1.20 1.06-1.35 0.003 1.71 1.38-2.11 <0.0001
IL5RA 1.04 1.03-1.06 0.0001 -

*adjusted for: gender, maternal history of atopy, parental educational level, mode of delivery and prenatal tobacco

smoke exposure (cotinine level)

# RNA only available in the LISA cohort for age 15

In addition, IL5SRA mRNA expression was significantly longitudinally associated with the

development of asthma in LINA. In the LISA cohort, RNA was only available at age of 15 years.

Therefore, the longitudinal influence of ILSRA mRNA expression on asthma development could

not be investigated. Neither in LINA nor in LISA the IL5RA expression was associated with

persistent wheezing or any other of the wheezing endotypes (Figure 3.1.6 A and B, data for

IL5RA were not shown).

A
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L | NA late wheeze
transient wheeze
asthma ——
0.5 1.0 1.5 2.0
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transient wheeze —
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0.5 1.0 1.5 2.0
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Figure 3.1.6: Longitudinal association of specific serum IgE against aeroallergens (A) and total IgE (B) to
respiratory outcomes in the LINA and LISA cohorts. GEEs considered IgE concentrations determined at age of one
to six, and age of eight for LINA, for LISA IgE concentrations from age of two, six, ten and 15. Given are odds ratios
with upper and lower 95% Cls from GEEs adjusted for gender, maternal history of atopy, parental educational level,

mode of delivery, prenatal tobacco smoke exposure and birth year.
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Taken together, elevated serum concentrations of specific IgE against aeroallergens or of total
IgE and an increased IL5RA gene expression were longitudinally associated with an increased
risk of developing asthma. The wheezing outcomes, however, showed no significant

longitudinal correlation.

3.1.5 Association between total serum IgE, IL5RA and asthma

The results presented so far, considered total serum IgE levels and IL5RA mRNA expression
individually in their relationship to asthma development. Mediation models allow to assess the
relationship between several variables and separates their impact on an outcome variable as
direct or indirect. A macro for SPSS developed by Andrew F. Hayes (145) was used to test
whether elevated IgE levels had a direct influence on the development of asthma or whether
this effect was rather indirect and mediated by changes in IL5RA mRNA expression. For this
analysis, the eight-year-old children of the LINA and the fifteen-year-old children of the LISA
cohort were combined in a meta-analysis so that a higher number of cases could be
considered. The model was adjusted for gender, maternal history of atopy, mode of delivery
and prenatal tobacco smoke exposure. The mediation analyses revealed a direct effect of tigE
(unstandardized b=0.41, CI=0.19-0.64) as well as an indirect effect of tigE mediated by IL6RA
MRNA expression (unstandardized b=0.16, CI=0.06-0.30) on asthma (Figure 3.1.7).

Meta analysis

ILSRA

EEEE &
0.32 [0.24 - 0.39) 0.49 [0.18 — 0.81]
0.16 [0.06 — 0.30]
N

tigE ] ——

e

0.41 [0.19 - 0.64]

Figure 3.1.7: Mediation meta-analysis for the relationship of tIgE, IL5RA expression and asthma development for
eight-year-old children in LINA and 15-year-old children in LISA together. Models were adjusted for gender, maternal
history of atopy, mode of delivery and prenatal tobacco smoke exposure. Given are unstandardized b-values and
lower and upper CI. p-value< 0.05*; p-value<0.01**; p-value<0.001***; p-value<0.0001****
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In summary, the interaction of total serum IgE and IL5RA expression has a crucial influence

on the development of asthma.

The presented study showed a clear separation of asthma and wheezing endotypes using
longitudinal total serum IgE and specific IgE (against aeroallergens) concentrations together
with the mRNA expression of interleukin 5 receptor a (IL5RA) in two German birth cohorts,
LINA and LISA.
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3.2 The role of epigenetic modifications in childhood asthma

Note: The following results are currently in preparation for submission in Klos et al. (2021) “Role of
epigenetic mechanism in asthma development in early childhood” for the Journal of Allergy and Clinical
Immunology. Personal contributions include the preparation of the manuscript, DMR calling and all
subsequent downstream analyses and preparation of all figures and tables. Contribution of others
include initial data processing of WGBS data and relative gene expression analysis as indicated in the
corresponding method descriptions as well as work on the manuscript.

3.2.1 Study characteristics

For this study, whole genome bisulfite sequencing (WGBS) was used to measure the DNA
methylation pattern in whole blood samples of children with asthma and age-matched controls
(median age=6). Overall, 82 whole blood samples from three independent German birth
cohorts (LINA, age 5-8; LISA, age 15 and PASTURE/EFRAIM, age 6) were used for the
determination of differentially methylated regions (DMRs) in asthmatic children vs. healthy
controls. The 82 samples were composed of n=25 samples from LINA, n=29 from LISA and
n=28 from PASTURE/EFRAIM. There was no selection bias with regard to gender (Table
3.2.1). In total, 40 asthmatic children were compared to 42 healthy controls (= WGBS cohort).

Table 3.2.1: Characteristics of the samples used for whole genome bisulfite sequencing

LINA (N=25) LISA (N=29) PASTURE/EFRAIM (N=28) WGBS cohort (N=82)

n(%) n(%) n(%) n(%)
age
5-8 15 6 6
gender
female 13(48) 18(62.1) 5(17.9) 36 (43.9)°
male 12(52) 11(37.9) 23(82.1) 46 (56.1)P
lung
phenotype
healthy 13(48) 15(51.7) 14(50) 42 (51.2)
asthma 12(52) 14(48.3) 14(50) 40 (48.2)

aage matched between asthma and control group, median age; Px?-test p-value=0.26

3.2.2 Determination of DMRs and further workflow

By applying two independent algorithms, metilene and DSS, 824 and 1182 DMRs were
identified, respectively. In order to obtain statistically reliable results, the intersection between
the DMRs identified by the two independent DMR calling approaches was determined in the
total cohort. The resulting 423 DMRs were further evaluated by applying a one factorial ANOVA
including a multiple test correction by Bonferroni (p-value<0.00013) to test, whether these
regions were significantly differently methylated in each of the three separate cohorts. Out of
the 423 concordant DMRs, 341 DMRs in LINA, 311 DMRs in LISA and 267 DMRs in

PASTURE/EFRAIM remained statistically significant, the intersect of all three cohorts included
40



RESULTS

161 DMRs (Figure 3.2.1). All further down-stream analyses were conducted on this set of 161
DMRs (see supplemental Table 8.1.4 for DMR List). First, the distribution of the DMRs across
the genome was assessed and their association to the genotype was evaluated. Next, gene-
set enrichment and transcription factor binding motif analyses were conducted to obtain further

information on potentially affected biological processes.

For further validation, the DNA methylation changes observed in the WGBS samples, selected
regions associated with asthma-relevant genes, were validated in the entire LINA and LISA
cohort using a targeted DNA-methylation analysis approach based on mass spectrometry
(MassARRAY). Subsequently, it was investigated whether genes or proteins associated with

these DMRs showed altered expression.

To identify regulatory networks affected by DNA methylation changes a regulatory network
analysis was performed and natural language processing was applied to assess whether

genes in this network had been previously associated with an asthma-related phenotype.

To investigate whether the altered DNA methylation patterns observed in relation to the
established asthma phenotype were already present before the onset of the disease or even
at the time of birth, longitudinal WGBS data of the LINA and PASTURE/EFRAIM cohort were
analysed (Chapter 3.3). As single nucleotide polymorphisms (SNP) can persistently influence
DNA methylation, individuals were genotyped based on the WGBS data, providing the
opportunity to distinguish SNP-associated from prenatal exposure-related DNA methylation

changes (Figure 3.2.1).
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Figure 3.2.1: Overview of analysis workflow to determine DMRs in asthmatic children and subsequent functional
analyses.
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3.2.3 Characteristics and genomic distribution of 161 asthma-related DMRs

The 161 DMRs identified in the three cohorts showed an average sequencing depth of 32
reads, which aligned to known human reference DNA sequences. The length of the DMRs
varied between 15 bp and 1376 bp. Each DMR contained between three to 135 CpG sites.
Only DMRs allocated on autosomes (Figure 3.2.2) were considered, 58.4% of these DMRs
(n=94) were located in intragenic and 41.6% (n=67) in intergenic genomic regions. Overall,
160 DMRs were hypomethylated (99.4%) in asthmatics. Only one DMR located in first exon of
the TET3 gene was hypermethyated in asthmatic children compared to healthy controls. A
detailed list of all 161 DMRs is provided in the supplements (Table 8.1.4).

Figure 3.2.2: Genome-wide distribution of the 161 differentially methylated regions (DMRs) identified in asthmatic
children compared to healthy controls. The vast majority of these DMRs were hypomethylated in asthmatic children

The DMRs were especially enriched in enhancer regions (p-value<1.707'2). As such 62.7% of
the 161 DMRs (n=101) overlapped with either an enhancer region according to the ENCODE
database (119), or the ROADMAP database (120) for T- and B-cell- enhancers, or overlapped
with active enhancer marks determined in an earlier LINA study by Bauer et al. (106) based
on ChIP-Seq experiments (H3K27Ac and H3K4me1 marks). Only 1.2% of the DMRs were

located in promoter regions (Figure 3.2.3).
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Figure 3.2.3: Localization of 161 DMRs among the genome.

Taken together, the 161 almost exclusively hypomethylated DMRs present in all three cohorts
were distributed across all autosomes without any enrichment for particular chromosomes.

However, DNA methylation changes preferentially occurred in enhancer regions.

3.2.4 Impact of the genotype on DNA methylation differences

DNA methylation can be strongly influenced by the genotype. A genetic variation, i.e. a SNP,
which influences the methylation status of particular CpGs, is referred to as a methylation
qualitative trait loci (meQTL) (146, 147). Changes in the DNA methylation patterns can also be
shaped by genetic variants that either directly influence epigenetic enzymes or indirectly by
affecting the binding of transcription factors (147, 148). To identify genotype associated DMRs,
SNP calling was performed for each of the sequenced individuals using the bisulfite-
conversion-aware SNP caller Bis-SNPs (125). SNPs within a range of 5kb up- and
downstream of the DMR, which were significantly (FDR 10%) correlated with DNA-methylation,
were defined as meQTLs and corresponding DMRs defined accordingly as genotype-related
DMRs (gDMRs). All DMRs not significantly associated with a meQTL-SNP and likely not
influenced by the genotype were defined as non-genetically influenced DMRs (ngDMRs). For
24 out of the 161 DMRs a meQTL was found (QDMRs, 14.9%). The remaining 137 DMRs were
not related to the genotype (ngDMRs, 85.1%). All SNPs, which were associated with a DNA
44



RESULTS

methylation change in this study are listed in supplemental Table 8.1.5.

Taken together, the majority of identified asthma-related DMRs was independent of the
genotype (85.1% of the identified DMRs).

3.2.5 Pathway enrichment and transcription factor binding site motif analysis

The genomic sequences of the 161 DMRs were subjected to gene enrichment pathway
analysis using the online browser software GREAT (129) (Figure 3.2.4A). The top enriched
KEGG pathway was “Asthma” (p-value=8.34x10F), including the genes interleukin 4 (IL4),
eosinophil peroxidase (EPX) and interleukin 13 (IL13) related to four different DMRs, two of
which associated to EPX. Further enriched pathways were related to immune response or
inflammation such as adhesion, diapedesis of granulocytes, Wnt-signalling, interleukin 5-
signaling pathway and TNF receptor associated factor 3 (TRAF3)-dependent interferon
regulatory factor (IRF) activation pathway. For a detailed list of pathways and the related

genes, see Table 3.2.2.

Table 3.2.2: Top enriched pathways and corresponding observed genes

Observed genes

A Number
Pathway p -value (total genes) in Genes
pathway DMRs
Asthma 8.23E-06 3(28) 4 EPX,IL13,IL4
Bladder cancer 3.38E-04 4(42) 5 EGFR,RPS6KA5,THBS1,TYMP
Base excision repair 1.51E-03 3(33) 3 NTHL1,PARP4,POLE4
Wnt/Ca2+/cyclic GMP signaling. 2.65E-03 3(20) 3 ITPR1,NFAT5,PDEGA
Map Kinase Inactivation of SMRT 3.52E-03 2(11) 3 EGFR,NCOR2
Corepressor
Adhesion and Diapedesis of Granulocytes 3.92E-03 2(13) 2 C5,ITGAL
IL 5 Signaling Pathway 5.22E-03 2(10) 2 IL4,IL5RA
Lysosome 6.36E-03 4(121) 5 AP3B1,CTSD,DNASE2B,LGMN
Genes involved in TRAF3-dependent IRF 6.93E-03 2(14) 2 DDX58,TRAF3
activation pathway
Sonic Hedgehog (Shh) Pathway 6.99E-03 3(16) 3 DYRK1A,GLI2,PRKACB

To evaluate whether the 161 identified asthma-related DMRs may affect transcription factor
binding sites (TFBS), a de novo binding-motif analysis using the MEME Suite sequence
analysis tool (MEME-ChIP) was performed (127, 128). Within all DMRs, six transcription factor
(TF) binding motifs were enriched (p-value<0.05) (Figure 3.2.4B), including motifs for early
growth response 1 (EGR1), GATA binding protein 3 (GATA3), nuclear factor of activated T cells
1 (NFATC1), signal transducer and activator of transcription 2 (STAT2), interferon regulatory
factor 1 (IRF1) and thrombospondin 1 (THBS1). These TFs are known to regulate genes
associated with lung development, lung function or have previously been associated with
asthma (149-153) (Figure 3.2.4B). In this study, for example a putative binding site for GATA3
(motif 3) was hypomethylated in asthmatic children and associated with the known GATA3

target gene peroxisome proliferator-activated receptor gamma, coactivator 1 beta
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(PPARGC1B) (154). This gene has previously been related to a risk increase for asthma
development (155-157). Another DMR overlapping with the binding motif 3 was located in an
enhancer region of the suppressor of cytokine signalling 7 (SOCS7). SOCS?7 is a known target
gene of GATA3/GATAZ2 and is involved in the JAK-STAT-signalling pathway important for the
activation of inflammatory processes (158).

Furthermore, an enhancer DMR associated with tumour necrosis factor (ligand) superfamily,
member 10 (TNFSF10) intersected with the observed binding motif 5. Although TNFSF10 has
not yet been identified as a target gene of the motif 5 related transcription factors, TNFSF10
itself is a known regulator of acute allergic airways inflammation (159). For detailed information

of the identified motifs and overlapping DMRs see supplemental Table 8.1.6.
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Figure 3.2.4: (A) Genomic Regions Enrichment of Annotation Tool (GREAT, university of Stanford (129)) reveals
an enrichment of DMRs in the asthma pathway (KEGG Pathway database, -log10 transformed p-values are shown).
(B) Transcription factor binding sites motifs overlapping with the 161 DMRs as determined by MEME-Suite (127,
128) software. Transcription factors associated with lung development, function or asthma are bold and index
numbers referred to references in supplemental Table 8.1.7
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Taken together, enrichment analysis showed that genes related to the identified DMRs were
enriched in the KEGG “Asthma” pathway and further pathways related to immune response.
In addition, DMRs were enriched in transcription factor binding motifs known to regulate genes

previously associated with asthma and inflammation.

3.2.6 Validation of candidate DMRs in the entire LINA and LISA cohort

To validate the DMRs determined in the smaller WGBS cohort (n=82) in a larger sample set a
targeted DNA methylation analysis was performed based on the MassARRAY platform (124).
Candidate DMRs associated with genes, which were enriched in the asthma pathway and the
closely linked /L5 signalling pathway, were selected. The /L5 signalling is an important asthma
related pathway, as IL5 is a major regulator for eosinophil differentiation, growth and
immigration to the airways (160). Only samples from asthmatic children and healthy controls,
who never had asthma, wheezing symptoms or obstructive bronchitis were included in the
validation step. In total, n=127 samples of the LINA (age six and or eight) and n=142 of the
LISA (age 15) cohort were available for this analysis. Target specific methylation analysis was
performed for three DMRs associated to EPX (chr17: 56272299-56272501), IL5RA
(chr3:3150228-3150424) and IL4 (chr5:132002374-132002506).

The first validation analysis was conducted in the region associated to EPX. This particular
region (chr17: 56272299-56272501) was located in the sixth exon of the eosinophil peroxidase
gene (EPX) and consisted of 10 CpG sites. Overall, for nine of the ten CpGs covered by
MassARRAY amplicon sufficient data quality was achieved. These methylation values were
summarized as the mean methylation of the whole region. The DNA methylation difference of
the EPX-related DMR observed by WGBS between asthmatic children and healthy controls
was confirmed by the targeted MassARRAY analysis when comparing the same individuals
from the WGBS-cohort and also in the entire LINA and LISA cohort using a logistic regression

model adjusted for gender and family history of atopy (Table 3.2.3).
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Table 3.2.3: Validation of DMRs by MassARRAY in the LINA and LISA cohort.

LINA LISA PASTURE/EFRAIM
Gene method CpGs|A/C®N AM p-value | AICN AM p-value |A/ICN AM p-value
[R-value]® [R-value] [R-value]
EPX WGBS 10 | 12/13 0.04 <0.001 | 14/15 0.07 <0.001 | 14/14 0.04 <0.001
MassARRAY 9 [19/108 0.03 0.04¢ | 25/117 0.04 0.02°¢ -
IL5RA WGBS 9 12/13 0.06 <0.001 14/15 0.06 <0.001 | 14/14 0.04 <0.001
MassARRAY 8 |19/108 0.02 0.006° | 25/117 0.02 0.04¢ -
IL4 WGBS 5 12/13 0.05 <0.001 | 14/15 0.06 <0.001 | 14/14 0.05 <0.001
MassARRAY 7/3 |19/108 0.03 0.02¢ | 25/117 0.02 0.02°¢

@ A=asthma; C=control "AM= Amethylation °logistic regression model adjusted for gender, family history of atopy EPX (refers to DMR No.62 ) IL5RA (refers to
DMR No.115) IL4 (refers to DMR No.127 in supplemental Table 8.1.4)

Afurther validated region was located in the second exon of the interleukin 5 receptor a (IL6RA)
gene (chr3:3150228-3150424), 1731bp downstream to transcription start site (TSS). The DMR
identified in the WGBS samples spanned nine CpG sites and could be covered by MassARRAY
amplicon. For eight of nine CpGs sufficient data quality was achieved in the MassARRAY.
Again, the methylation change observed in the WGBS samples could be reproduced by this
independent method with a significant DNA methylation difference between asthmatic children
and controls in both LINA (p-value<0.001) and LISA (p-value<0.001). Logistic regression
models adjusted for gender and family history of atopy for the entire LINA and LISA cohort
confirmed a significant hypomethylation of the IL5RA region (Table 3.2.3).

The third DMR selected for validation was intergenically located on chromosome 5
(chr5:132002374-132002506), upstream of the interleukin 4 (IL4) promoter. The WGBS DMR
included five CpGs, while the MassARRAY amplicon included seven CpGs, three of which
overlapped with the WGBS region. ChiA-PET data depicted in the UCSC browser
(https://genome.ucsc.edu/) showed an interaction of this region with the /L4 promoter (Figure
3.2.6A), which makes this region appear as a probable enhancer for /IL4. Validation by
MassARRAY again confirmed the significant asthma-related hypomethylation of the /L4
enhancer region not only in the same individuals of the WGBS study but also in both entire
LINA and LISA sample sets. The adjusted logistic regression analyses showed a significant
relationship between the DNA methylation difference and the asthma phenotype in the entire
LINA (p-value=0.02) and LISA (p-value=0.02) cohort, respectively (Table 3.2.3).

In summary, the results obtained by methylation sequencing in 82 samples could be replicated
for selected regions in a larger sample set of the LINA (n=127) and the LISA cohort (n=142)

using a mass spectrometry based targeted approach.
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3.2.7 Functional validation of DMRs

To elucidate whether the differential DNA-methylation affects gene expression, the mRNA
expression of IL5RA, EPX and IL4 was analysed by qPCR.

A significant difference of ILSRA mRNA expression was identified in asthmatics compared to
healthy controls in LINA (p-value<0.05) and LISA (p-value<0.01) (Figure 3.2.5B). By combining
the available expression data of both cohorts a significant correlation between IL5RA
methylation and mRNA expression was observed (r=-0.35 and p-value=3x10"°) (Figure
3.2.5C). Applying a multiple regression model adjusted for gender, parental history of atopy
and study cohort demonstrated that both IL5RA DNA hypomethylation and asthma affect the
IL5RA mRNA expression. (Figure 3.2.5D).

Similarly expression of EPX showed a significant increase in asthmatics compared to the
healthy controls in the LISA cohort (p-value<0.05) but not in the LINA cohort (p-value>0.05)
(Figure 3.2.5F). However, when combining both datasets a decreased DNA methylation in the
EPX related DMR was significantly correlated with an increased EPX mRNA expression (r=-
0.41 and p-value=4.5x10"'%; Figure 3.2.5G). Also the adjusted multiple regression analysis
(adjusted for gender, family history of atopy and study cohort) revealed a significant association
of DNA methylation and asthma with EPX mRNA expression (Figure 3.2.5H).

Taken together, these data indicate a functional translation of the asthma-related methylation
change associated to ILSRA and EPX to the transcriptional level. Both genes showed a
significantly different mMRNA expression in asthmatic children compared to healthy controls
correlating with the DNA methylation status both in the LINA and the LISA cohort.
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Figure 3.2.5: Man-Whitney-U-Test showed a significant difference between asthmatic children and healthy controls
in LINA 6- to 8-year-old children (red) and LISA 15 year-old-children (blue) for ILSRA (A) EPX (E) methylation
(MassARRAY) and IL5RA (B) and EPX (F) transcription (p-value < 0.05*, p-value < 0.01**, p-value < 0.001***, p-
value < 0.0001****). (C) Spearman correlation of LINA and LISA children together determined association between
IL5RA and EPX (G) methylation and RNA expression. (D) Multiple regression models was applied to demonstrate
the effect of ILBRA methylation and asthma outcome on relative IL5RA and EPX (H) mRNA expression. Given are
log transformed effect sizes with upper and lower 95% Cls from multiple regression model adjusted for gender,

parental history of atopy and study cohort.
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The DMR associated with /L4 was located in a putative enhancer region as a ChiA-PET
interaction to the promoter was observed in the cancer blood cell line K-562 (Figure 3.2.6A).
Hypomethylation of this enhancer region was negatively correlated with the /L4 mRNA
expression (p<0.0001 R=-0.30) (Figure 3.2.6B). Available blood protein concentrations of IL4
from six-year-old children of the LINA cohort positively correlated with the /L4 gene expression
(Spearman: p-value<0.001 R=0.28) (Figure 3.2.5B). In addition, a mediation analysis was
applied to elucidate the relationship between DNA methylation, transcription, and IL4 protein
concentration in six-year-old children of the LINA cohort (n=220). The mediation model,
adjusted for gender and family history of atopy, showed no direct effect of DNA methylation on
the protein concentration, but rather an indirect effect of the /L4 enhancer methylation on IL4-
protein mediated by /L4 mRNA expression (Figure 3.2.6C).

In summary, these data show a functional translation of the perturbed /L4 enhancer methylation
in asthmatic children into an altered gene and protein expression. Hypomethylation of the /L4
enhancer region was significantly associated with an increased /L4 mRNA expression and
enhanced |L4 protein levels. A mediation analysis revealed an indirect effect of DNA

methylation on the protein concentration transmitted by /L4 mRNA expression.
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Figure 3.2.6: (A) Genomic location of the /L4 associated DMR (bold nucleotides) and the MassARRAY amplicon
used for targeted validation. (B) Spearman correlation of methylation, transcription and protein level of /L4 gene in
six year-old children of the LINA cohort (n=220) (C) Mediation analysis for the relationship between /L4 DNA-
methylation, transcription, and protein expression of six-year-old children of the LINA cohort (n=220). Models were
adjusted for gender and family history of atopy. The effect sizes for each path of the mediation analysis are given
as unstandardized B-values with lower and upper confidence intervals (P < 0.05%, P < 0.01**, P < 0.001***, P<
0.0001****)

3.2.8 Network analysis of DMR associated genes

As described above, an enrichment of enhancer regions was observed among the asthma
specific DMRs. More than half of the DMRs (63% n=101 DMRs) were intersecting with

enhancer elements. Based on the predicted target genes of these enhancer regions and the
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genes closest to the next TSS for all other DMRs (if not an enhancer region) a network analysis
was performed using Cytoscape version 3.6.1 (131, 132). Cytoscape, considers functional,
genetic, physical and regulatory interactions of defined gene sets based on different
databases. Such interactions are visualized in a network of modules represented by interacting
genes, which are involved in the same biological pathways. Based on the 311 genes, used as
input for this analysis 11 modules were identified. These modules included 47 genes connected
to at least two other genes (Figure 3.2.7). The eleven identified modules, were subjected to a
pathway enrichment analysis with a FDR <0.001. Module 1 was related to immune response
and inflammation including genes of the NF-kappa B pathway or tumour necrosis factor (TNF)
alpha signalling. Cellular stress response was reflected in module 4 containing genes among
others belonging to the mTOR-signalling pathway. Furthermore JAK-STAT signalling was
enriched in module 7 with /L4, IL5RA and interleukin 17 subunit D (IL17D). In addition, modules
related to epigenetic modifications (module 6, HDAC signalling) and genomic regulation
(module 8/9, DNA damage control and RNA degradation) were found. For detailed information

on the eleven modules, see supplemental Table 8.1.9.
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Figure 3.2.7: Network module analysis based on enhancer target genes (black font) and DMR host genes (red
font). Only modules with at least two connecting genes are shown with either experimental (solid line) or predicted
interaction (dashed line). Genes previously associated with asthma were determined by natural language
processing of abstracts and full texts available in PubMed or PMC (highlighted by blue outline circle).
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To assess whether the genes of the identified network (Figure 3.2.7) have indeed been
previously shown to be related to asthma, a comprehensive literature search of the Pubmed
and PMC database was performed based on natural language processing (140-143). This
analysis has been conducted by collaborators at University of Jena (see also Chapter 2 section
2.13). In the available literature all co-occurrences of either the genes included in the network
(n=47) with one of the following terms: asthma, asthmatic, asthmatics, wheeze, bronchial
hyperreactivity, airway hyperreactivity, bronchial hyperresponsiveness, and hyperreactive
airway disease were determined. In total, 44.7% (n=21) of the genes of the eleven modules
were associated with an asthma related disease term (Figure 3.2.7 labelled with blue circle,
and for according publication see supplemental Table 8.1.8). The vast majority of modules
included genes with a confirmed relationship to asthma based on natural language processing
(n=9 out of 11).

Taken together, DMRs identified in asthmatic children are related to a network of genes
involved in immune response and inflammation. A major part of these genes has already been
described in the literature in association with asthma. The strong overlap of current literature
knowledge with DMR-related genes might suggest that also other genes of the network like
SREBF1, NCOAG6 or KAT5 so far not described as associated with asthma, could play a role

in asthma aetiology.

The presented study showed clear differences in DNA methylation patterns of blood cells in
children with asthma compared to controls, particularly in enhancer regions. In addition to the
identification of DNA methylation changes of known genes related to asthma, including /L4,

EPX and IL5RA, previously unknown regions of DNA methylation have been identified.
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3.3 Longitudinal DNA methylation pattern in asthma

In the previous chapter, 161 differentially methylated regions (DMRs) between asthmatic
children and healthy controls were described. The following chapter explores, whether this
aberrant DNA methylation pattern observed in children with an established asthmatic

phenotype was already present at the time of birth.

To this end DNA methylation was assessed by WGBS in cord blood samples of children who
developed asthma later in their life compared to healthy controls. Only children with WGBS
DNA methylation data in the asthma phenotype (see chapter 3.2) were considered for this
longitudinal study. In total, 48 cord blood samples from the LINA (n=20) and the
PASTURE/EFRAIM (n=28) cohort were selected (Table 3.3.1).

Table 3.3.1: Study characteristics of available cord blood samples used for whole genome bisulfite sequencing.

LINA PASTURE/EFRAIM entire WGBS cohort birth
N =20 N =28 N =48
n(%) n(%) n(%)
Age
birth birth birth
Gender
Female 11(55) 5(17.9) 16(33.3)
Male 9(45) 23(82.1) 32(66.7)
Phenotype
Control 11(55) 14(50) 25(47.9)
Asthma 9(45) 14(50) 23(52.1)

To investigate the longitudinal stability of asthma-related methylation changes, two
independent approaches (top-down and bottom-up approach) were applied. The two
approaches and the corresponding results are explained in more detail in the following
sections.

Further, this chapter elucidates, whether the presumably stable asthma -related DMRs can be
related to genetic variation or can be linked to the environmental exposure such as prenatal
tobacco smoke exposure, maternal stress, maternal depression, air pollution, viral infections,

maternal asthma, and maternal vitamin D intake during pregnancy.

3.3.1 Top-down approach

For the top-down approach it was tested whether methylation changes observed in established
disease (161 DMRs) can already be found in cord blood. A factorial ANOVA, multiple-test
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corrected by Bonferroni (p<0.00031), was conducted separately for the LINA and
PASTURE/EFRAIM cohorts (Figure 3.3.1).

161 asthma-related DMRs identified in established phenotype

¥ $
Cord blood \)) EFRAIM
WGBS
n=28
Healthy Controls Later Asthma Healthy Controls Later Asthma

(n=11) VS. (n=9) (n=14) VS. (n=14)

¥ ¥
ANOVA analysis of the 161 asthma ANOVA analysis of the 161 asthma

related DMRs at time of birth related DMRs at time of birth
¥ ¥
n=51 significant DMRs in LINA n=45 significant DMRs in PASTURE/
identified at time of birth EFRAIM identified at time of birth
& | 4

n=27 intersecting significant DMRs
in both cohorts

Figure 3.3.1: Workflow of the top down approach for the identification of DMRs at the time of birth based on the
161 asthma-related DMRs identified in the established asthma phenotype.

Overall, out of the 161 asthma-related DMRs, 51 regions in LINA and 45 regions in PASTURE
were significantly different between asthmatic children compared to healthy controls at the time
of birth (Bonferroni multiple test corrected p-value<0.00031). Of these 27 DMRs were
independently identified in both cohorts indicating persistent DNA hypomethylation from birth
until asthma development (Table 3.3.2). The majority of these 27 intersecting DMRs were not
associated to the genotype (n=22 ngDMRs; 81.5%) and were located in enhancer regions
(n=19; 70.3%). Thus, only five (18.5%) DMRs were linked to the genotype (=gDMRs) (Table
3.3.2).

56



RESULTS

Table 3.3.2: Overlap of differentially methylated regions (DMRs) in cord blood and the asthma phenotype based
on the DMRs identified within the asthma phenotype and a subsequent ANOVA analysis of the methylation level
of these regions in the cord blood WGBS data.

AMeth AMeth.
Chr Start End Gene Predicted Target Gene birth :sthma Enhancer DII]V?R
[B-value] phenotype
[R-value]

10 1404992 1406101 ADARB2-AS1 LARP4B;GTPBP4;IDI1;WDR37;ADARB2 -0.023 -0.051 - YES
9 69500968 69501069 ANKRD20A4 ANKRD20A4 -0.058 -0.053 - YES
4 170695782 170696267  Céorf27 CLCN3;MFAP3L -0.006 -0.045 YES YES
2 31154684 31155156 CAPN13 CAPN13 -0.098 0127 YES YES
2 118617605 118618119  DDX18 DDX18 -0.058 -0.063 . YES
3 75445436 75445698 FAM86DP FAM86DP -0.051 -0.065 YES

9 38487906 38488164 FAM95C FAM95C -0.013 -0.057 - YES
7 90895326 90896701 FZD1 FZD1 -0.040 -0.042 YES YES
1 6341136 6341791 GPR153 ICMT;HES3;ACOT? -0.040 -0.056 YES YES

TYMP;SCO2;0DF38;CHKB-

22 50985261 50085924 KLHDC7B RO -0.037 -0.055 YES YES
13 24914323 24914904 LINC00566 MIPEP;SPATA13;PARP4 -0.059 -0.061 YES YES
8 58192499 58193337 LINC00588 LINC00588 -0.042 -0.067

20 29550781 29551738 LINCO1598 LINC01598 -0.037 -0.045 . YES
8 2585088 2586090 LOC101927815  LOC101927815 -0.035 -0.039 . YES
7 36007074 36007281 LOC101928618  HERPUD2;ANLN -0.068 -0.085 YES YES
5 77146478 77147360 LOC101929154  AP3BA -0.067 0.118 YES

5 77142381 77142898 LOC101929154  OTP;AP3B1 -0.030 -0.029 YES

UBXN2A;ATAD2B;FAM228B;SF3B14;FKB

2 24233608 24234116 MFSD2B 1o o TR a0a8 -0.063 -0.082 YES YES
13 20968573 20969084 MIR4499 GJA3;GJB6;CRYLT;IL17D -0.068 -0.074 YES YES
7 1914009 1914392 MIR4655 MADAL1 -0.049 -0.042 YES

16 88540019 88540525 MIR5189 PIEZO1 -0.064 -0.106 YES YES
16 88579452 88580071 MIR5189 ZFPM1 -0.029 -0.038 YES YES
11 68517647 68517834 MTL5 gﬁg&uggﬁ“"cm;cpﬂA?GAL?MRPL -0.096 -0.084 YES YES
9 135114516 135114648  NTNG2 C90rf171 -0.007 -0.078 YES YES
11 132951602 132952491  OPCML OPCML -0.114 -0.080 YES YES
17 19627951 19628165 SLC47A2 ALDH3A2;ALDH3A1;B9D1;SPECC1 -0.044 -0.069 YES YES
2 121816270 121816884  TFCP2L1 GLI2 -0.003 0.072 . YES

Notably, seven target genes of the stable 19 enhancer DMRs, such as Zinc Finger Protein,
FOG Family Member 1 (ZFPM1) (161), ACOT7 (76, 162), chloride voltage-gated channel 3
(CLCN3) (163), FKBP prolyl isomerase 1B (FKBP1B) (164), aldehyde dehydrogenase 3 family
member A1 (ALDH3A1) (165), interleukin 17D (IL17D) (166) and Mitotic Arrest Deficient 1 Like
1 (MAD1L1) (167) have previously been described in relation to asthma using natural language

processing as described in chapter 3.2.8 .

Taken together, the aberrant DNA-methylation pattern in children with an established asthma
phenotype can at least partially be seen already in cord blood. A subset of 27 out of the 161

asthma-related DMRs was observed already at the time of birth in two independent cohorts.
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3.3.2 Bottom-up approach

For a comprehensive detection of longitudinally stable asthma-related DMRs a second
approach (bottom-up) not restricted to the 161 DMRs identified in the disease phenotype, was
applied. Based on cord blood WGBS data of 48 children of the LINA and PASTURE/EFRAIM
cohort, DMRs were determined by comparing children known to develop asthma (n=23) to
healthy controls (n=25). The same settings as described in chapter 3.2 were used for DMR
calling (Figure 3.3.2).

Figure 3.3.2: Workflow of the bottom-up approach for the determination of asthma-related DMRs at the time of
birth based on cord blood WGBS data comparing 23 children who later develop asthma to 25 healthy controls.
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DSS and metilene identified 197 and 220 DMRs, respectively. In order to obtain statistically
reliable results, the intersection between DMRs found by the two DMR calling approaches
independently was determined and consisted of 57 concordant DMRs, including 16 hyper- and
41 hypomethylated regions in the asthmatic children (Figure 3.3.2 and in the supplements
Table 8.1.10). Nearly all chromosomes were affected by methylation changes except
chromosome 6, 14 and 15 (Figure 3.3.3A). Out of the 57 DMRs, 35 DMRs (61.4%) intersected
with enhancer regions (Figure 3.3.3B) and 35 (61.4%) DMRs were genotype associated.

A

) m Hypermethylated DMRs Eil H
« m ® Hypomethylated DMRs ]

enhancer
promoter
non-coding
intergenic
intron

exon
5'UTR
3'UTR

0 5 10 15 20 25 30 35 40
n DMR

Figure 3.3.3: (A) Genome-wide distribution of the 57 DMRs identified by DSS/metilene based on cord blood WGBS
data in asthmatic children compared to healthy controls. Most of the 57 DMRs were hypomethylated in asthmatic
children. (B) Localization of the 57 DMRs in the genome.
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Taken together, by the bottom-up approach 57 DMRs were identified at the time of birth. The
majority of the DMRs were located in enhancer regions and 22 (38.6%) DMRs were not

associated with the genotype.

3.3.3 Intersection of bottom-up and top-down approach

In order to determine reliable, longitudinally stable regions of aberrant DNA methylation pattern
that are related to asthma, the 27 DMRs identified using the top-down (one factorial ANOVA)
and the 57 DMRs of the bottom-up (DMR calling) approach were compared. In total, six DMRs

intersected with at least 1 bp between the two approaches (Table 3.3.3).

Table 3.3.3: Stable asthma-related DMRs (annotated by phenotype regions) determined by two independent
approaches.

Mean Mean AMethy-
Chr Start End Direction methylation methylation lation Gene Predicted Enhancer ngDMR
[B-value] [B-value] f-val Targetgene
Asthma Controls [B-value]
LARP4B;GTP
10 1404992 1406101 hypo 0.40 0.48 -0.08 ADARB2-AS1 BP4;IDI1;WD - YES
R37;ADARB2
11 132951692 132952491 hypo 0.48 0.59 -0.11 OPCML OPCML YES YES
TYMP;SCO2;
ODF3B;CHKB
22 50985261 50985924  hypo 0.57 0.67 -0.10 KLHDC7B - YES YES
AS1;CHKB;C
HKB-CPT1B
7 36007074 36007281 hypo 0.36 0.45 -0.09 LOC101928618 EERPUDZ;AN YES YES
8 2585088 2586090 hypo 0.14 0.20 -0.06 LOC101927815 2001 0192781 - YES
8 58192499 58193337  hypo 0.50 0.58 -0.08 LINC00588 LINC00588

All six DMRs showed a significant differentially methylation pattern between asthmatic children
and healthy controls at the time of birth and were stable until phenotype development. Five of
these six DMRs (83%) were not associated to the genotype and three DMRs (50%) were
located in enhancer regions. Since the majority of these DMRs were not associated with the
genotype, the next section (3.3.4) evaluates which other prenatal environmental factors - such

as prenatal tobacco smoke exposure - might contribute to the altered DNA-methylation pattern.
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3.3.4 Impact of environmental factors on longitudinal stable asthma-related
DMRs

To test, whether the longitudinally stable cord blood DMRs (five ngDMRs excluding the
gDMRs) were influenced by environmental factors a literature search for potential external
factors (e.g. stress, depression, air pollution viral infections or prenatal maternal smoke
exposure) associated with these regions was performed (for a detailed description of search

criteria please refer to section 2.2.14).

In total, 36 studies were found reporting DNA methylation changes in newborns (birth-one
month of age) or infants (birth-23 months of age) in relation to relevant prenatal factors and
were compared with the five longitudinally stable ngDMRs (Table 3.3.4). Among them, four
studies were conducted in the LINA cohort and evaluated the influence of a prenatal tobacco
smoke exposure (106), maternal vitamin D intake (168), prenatal-maternal stress exposure
(38) and bisphenol a (BPA) exposure (169) during pregnancy on cord blood’s DNA methylation
pattern. In addition, for a complete overview of the overlap results of DNA methylation studies
related to environmental exposures and the 27 and 57 DMRs identified with the top-down and

bottom up approach, respectively, see supplemental table (Table 8.1.11 and Table 8.1.12).

Table 3.3.4: Overview of DNA methylation studies related to environmental exposures and the five longitudinally
stable ngDMRs.

Environmental
factor
Prenatal maternal Bauer et al(106)*** WGBS chr11:132951692-132952491 (OPCML)
smoke exposure Joubert et al.(170)

Miyake et al.(171)

deVocht et al.(172)

Kupers et al.(173)

Lee et al.(174) 450K

Markunas et

al.(175)

Reese et al.(176)

Xu etal.(177)

Epigenetic studies Approach Intersected regions

Maternal stress Vangeel et al.(178) 450K
Trump et al.(38)*** WGBS -
Kertes et al.(179) 450K

Maternal Viuff et al.(180)

depression Non et al.(181) 450K
Cardenas et
al.(182)

Child’s ADHD Walton et al.(183) 450K

Air pollution Gruzieva et al.(184)

during pregnancy Peng et al.(185) 450K -

Ladd-Acosta et
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al.(186)
Maternal asthma deVries et al.(187) 450K
Prenatal maternal Bozack et al.(188)
arsenic exposure  Kaushal et al.(189) 450K
Rojas et al.(190)
Prenatal maternal Cardenas et
mercury and al.(191) 450K
arsenic exposure
Prenatal maternal Sen et al.(192) 450K
lead exposure Wu et al.(193)
Prenatal maternal
cadmium Kippler et al.(194) 450K
exposure
Maternal
gestational Howe et al.(195) 450K
diabetes mellitus
Preterm birth Goede et al.(196)
Wu et al.(197) 450K
Prenatal maternal
phthalate Solomon et al.(198) 450K
exposure
Prenatal maternal Junge et al.(169)*** 450K
BPA exposure '
Birthweight of — ipers et al.(199) 450K
neonates
Maternal B Sharp et al.(200) 450K
during pregnancy
Prenatal DHA o Dijk etal(201) 450K
supplementation
Vitamin Dintake |\ o ot 21 (168) WGBS

during pregnancy
***studies in the LINA cohort, WGBS= whole genome bisulfite sequencing BeadChip 450K= lllumina

HumanMethylation450 BeadChip; ADHD=attention deficit hyperactivity disorder; BPA= Bisphenol A;

DHA=docosahexaenoic acid

Among the environmental associated DMRs or DMPs identified by using array-based
approaches, no intersection to the five stable asthma-related ngDMRs was observed.
However, one of the stable asthma-related DMRs overlapped with prenatal tobacco smoke
related DNA methylation changes previously identified by WGBS (106). This regions within the
Opioid Binding Protein/Cell Adhesion Molecule Like (OPCML) gene is located in a regulatory
region. Figure 3.3.4 shows the stable DNA methylation profile of this particular region in asthma
children and healthy controls in the two cohorts at the time of birth and the phenotype time

point.
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Figure 3.3.4: Longitudinal comparison of the methylation pattern in the OPCML DMR between healthy and
asthmatic children at the time of birth and age 5-8 years in PASTURE and LINA cohorts (bottom panels). Adapted
from the UCSC browser (top panel). The enhancer definition based on the H1-HeSC Chromatin state Segmentation
by HMM track from ENCODE/Broad (202, 203). Shown are mean DNA methylation (B8-value) and +/- SEM for each
CpG in the DMR.

The presented study demonstrated that known DNA methylation pattern for asthma disease

were present long time before the disease onset in cord blood of children. One of these DMRs

located in the OPCML gene has previously been associated to prenatal tobacco smoke

exposure.
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4 DISCUSSION

4.1 Longitudinal trends of serum IgE and asthma

The relationship between early sensitization represented by total (tlgE) or specific IgE (sIgE)
and the risk for the development of wheeze or asthma in early childhood remains incompletely
understood. In particular, whether the tigE/sIgE-pattern could help to identify wheezing children
who are at risk for a subsequent asthma development has not been sufficiently studied. In
addition to IgE, IL5RA (interleukin 5 receptor subunit alpha) is an important mediator between
IgE and asthma and thus could potentially be used as an additional risk indicator for asthma
development.

Diagnosis of asthma in early childhood is difficult and often wheezing, in particular persistent
wheeze, is used as a surrogate for asthma in young children (204, 205). However, not all
children who show wheezing symptoms subsequently develop asthma (90). Efficient treatment
of childhood asthma would strongly benefit from early indicators helping to identify wheezing
children at risk for asthma manifestation. Therefore, one aim of this thesis was to address the
role of IgE and IL5RA as an early marker for asthma development by using longitudinal data

of tiIgE, sIgE and IL5RA expression of the prospective mother-child cohorts LINA and LISA.

In the current study longitudinal slgE/tIgE profiles were evaluated in children with different
wheezing endotypes (transient, late-onset and persistent), as previously defined by Martinez
et al. (95), and compared to those of children diagnosed with asthma or to healthy controls
respectively. This approach provided the opportunity to identify early indicators that might aid
differentiating childhood asthma from childhood wheezing.

The present study showed that the longitudinal patterns of total and specific IgE against
aeroallergens were able to discriminate children with a subsequent asthma diagnosis from
healthy controls, but more importantly also from the different wheezing endotypes, including
persistent wheeze. Differences in the longitudinal course of specific and total IgE between
persistently wheezing children and asthmatic children were observed in the LINA cohort for
children up to the age of eight years and could be independently confirmed in the LISA cohort
for children up to 15 years of age. This separation was more pronounced in the LISA cohort
than in the LINA cohort, which might have been related to the fact that some of the eight-year-
old children with wheezing symptoms of the LINA cohort had not been diagnosed with asthma
at the time of questionnaire evaluation. As such, these children have potentially masked the
difference between wheeze and asthma. With increasing age, differences in IgE

concentrations between asthmatic, wheezing and healthy children became more pronounced.
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Previous studies already aimed to differentiate children with transient wheezing episodes from
those with persistent wheeze based on early childhood total serum IgE levels (93, 95).

In a ten-year follow up study Peat et al. investigated the relationship of lung function and atopy.
School children aged eight-ten were recruited and their airway hyperresponsiveness and
sensitization determined over a ten-year period in two-year intervals. Skin-prick tests (SPT)
were performed every other year while blood samples were only taken at the ten-year follow-
up. Based on total IgE levels they found a dose-response relationship between allergic
sensitization and hyperresponsiveness of the airways in the young adults (93). This is in line
with the findings of this thesis that indeed elevated IgE levels might be an indication of asthma
development. However, whether children with wheezing symptoms who were not diagnosed
with asthma showed different patterns from children with a diagnosed asthma was not

assessed by Peat et al.

In a landmark study for the characterization of different wheezing endotypes Martinez and
colleagues investigated wheezing episodes in 826 young infants starting at birth until the age
of six years. From this longitudinal assessment the different wheezing endotypes, as
mentioned earlier, were derived. They found no increased risk for asthma for those children
with transient wheezing symptoms, while persistently wheezing children had an increased risk
for development of asthma (95), which might be one of the reasons why many studies use
persistent wheeze as a substitute for childhood asthma. However, the study by Martinez et al.
was one of the first that found an association with persistent wheezing episodes and elevated
total serum IgE levels at nine months after birth and at six years of age compared to other
wheezing endotypes and those children who never wheezed (95).

This is in contrast to the results presented in this thesis. While children who were diagnosed
with asthma indeed showed significantly increased IgE levels, persistent wheeze was not
associated with elevated IgE levels. As Martinez et al. did not separate children with an asthma
diagnosis from the different wheezing endotypes, high IgE levels might have been driven by
children with an existing asthma diagnosis. The results presented in this thesis support the
evidence that persistent wheezing cannot be considered as a substitute for childhood asthma.
Therefore, the major advantages of the here presented study were, that the children were not
only monitored until the age of six, but rather until the age of 15. Children with an asthma
diagnosis were considered as a separate group from the children with wheezing without an
asthma diagnosis. Due to the longer observation period it was possible to use a reliable asthma
diagnosis for retrospective data analysis. This made it possible to reduce the false-positive
rate in the wheezing groups, which led to an even clearer separation in the IgE concentration

of the asthma children from the wheezers.
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Interestingly, this difference between asthmatic children and healthy controls was more
prominent for sIgE than for tigE concentrations. This might be due to the fact that sensitization
to aeroallergens as evaluated in this study (e.g. pollens or dust mites) is indicative of the
bronchial mucosae mast cell response, leading to a directimmune reaction such as the release
of IL4 or IL5 cytokines for inflammatory processes (206). In contrast, total serum IgE
concentrations reflect the systemic concentration of IgEs against a variety of different allergens
and exposures (207, 208).

The increased sIgE levels in asthmatic children compared to healthy controls were further
supported by different studies, reporting that wheezing and asthma are associated with
impaired lung function and sensitization to IgE levels against aeroallergens (209-212). Thus,
Arroyave et al. studied 351 children (1-17 years) and 390 adults (18+ years) of the 2005-2006
National Health and Nutrition survey (NHANES) in the United States including sIgE (indoor
allergens e.g. house dust mites). They found sensitization to particular indoor environmental
allergens and conclude that to be a risk factor for wheeze and asthma visits in the clinic (211).
In the German Multicentre Allergy Study (MAS) 1,314 children (birth to seven years) with, e.g.
wheezing symptoms and sIgE values against food and inhalation allergens were longitudinally
examined including lung function measurement at the age of seven years. They found a link
between asthmatic children and impaired lung function (209). In a review of 17 examined
studies about risk factors on asthma by Boa et al, increased slgE was identified as an risk
factor among others for developing asthma in preschool children (212). However, these studies
do not distinguish between individual wheezing endotypes and asthma.

This thesis did not only identify differences in the longitudinal pattern of serum IgEs in children
with asthma compared to those with different wheezing endotypes or healthy controls, but also
found that the percentage of sensitized children (tigE>100kU/I or sIgE>0.35kU/l) was twice as
high in asthmatics than in the other groups. It should be particularly emphasised that the
percentage of sensitization in persistently wheezing children in the LINA study was similar to
healthy controls rather than to asthmatic children. This difference in percentage of sensitized
children could be confirmed in the LISA cohort with an even stronger separation between
asthmatics and all other groups, potentially driven by a higher sample size and a more

sophisticated age.

This is in line with a variety of previous studies reporting early sensitization in asthmatic
children (213-215). Thus, Boersma et al. investigated 116 children (age >6 years) and
suggested that sensitization to inhalant allergens is a strong predictor of school age asthma
(213). In the Copenhagen Prospective Studies on Asthma in Childhoodzg00 (COPSAC2000),
Schoos et al. longitudinally (6, 18 months, 4, 6 and 13 years) assessed sIgE against food- and

aeroallergens in 411 asthmatic children. They observed that children with high levels of sIgE
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or large SPT wheel sizes during childhood were associated with an increased risk of asthma
at the age of 13 years (214). In a meta-analysis including five population-based studies
including 14.849 adults with measurements of sIgE against inhalant allergens, Skaaby et al.
compared sIgE sensitized with non-sensitized adults. A significant increased risk for asthma
was observed in the group of sensitized adults (215). These studies mainly focussed on the
association of sensitization and the risk for asthma and did not further investigate wheezing
endotypes.

In contrast to the mentioned studies before there are others reporting early sensitization in
wheezing children (216, 217). In the Southampton Women'’s Survey Collins et al. investigated
the different wheezing endotypes according to Martinez et al. in 926 children from birth until
the age of 6 using longitudinal airway function and atopic sensitization (SPT). They could
differentiate persistent and late-onset wheezers compared to children never wheezed using
atopic sensitization (216). In a study on the relationship between tigE levels and the
development of wheezing and allergic sensitisation in 540 children (up to the age of 11 years)
from the Tucson Children's Respiratory Study, Sherrill et al. (217) reported that early
sensitization to aeroallergens and increased serum IgE levels are associated with wheezing
endotypes. They suggested that both early allergic sensitization and elevated serum IgE levels
as risk factors for asthma development but not differentiate separately the wheezing groups
and asthma (217). Thereby, the here presented results suggest that persistent wheeze and
asthma should be considered as independent groups.

In conclusion, specific IgE levels against aeroallergens and/or total IgE levels should be

considered in conjunction with clinical features to allow a more accurate diagnosis of asthma.

In addition to IgE, this thesis reports an increased expression of IL5RA in asthmatics compared
to healthy controls and to all wheezing endotypes in both investigated cohorts (LINA and LISA).
By binding to its receptor (encoded by IL5RA) Interleukin 5 mediates important pathways
closely linked to both IgE and asthma development (98) as it is involved in eosinophilic (96)
and regulatory T cell pathways (160), which play a crucial role in lung inflammation in asthma
(218). The result of increased IL5RA expression in asthmatic children in this thesis might
suggest, that IL5RA expression might be an early predictor for asthma development and
perturbed IL5 signalling might already be present before the clinical manifestation of asthma.
This close interaction between IgE and /IL5RA was mirrored by the result of the mediation
analysis suggesting that the development of asthma require both, high IgE levels as well as
high IL5RA transcriptional activities. In line differential gene expression analysis of 326
children’s blood samples (age six to 12 years) and 610 young adult’s blood samples (age 16
to 25 years) from two Costa Rican cohorts of Virkud et al. revealed an association between

IL5RA expression and total IgE levels in childhood asthma (98).
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ILGRA transcription is highly cell type specific and is mainly expressed by eosinophil
granulocytes (219). Thus a higher expression of IL5RA might be a result of increased
eosinophil counts commonly found in asthmatics. Interestingly, in the LINA study four-year-old
children already showed an increased IL5RA expression prior to their initial asthma diagnosis,
suggesting that IL5RA activation may occur already before the onset of asthma and could
constitute a potential cause of asthma development rather than a consequence. IL-5RA is
already therapeutically targeted to directly decrease the number of eosinophils as an adjunct
to a standard anti-IgE therapy in severe uncontrolled asthma (220). As such blood /L5RA
MRNA levels could aid stratification of children at risk for asthma development. Further studies
are required in order to confirm the usage of IL5RA expression levels for a precise early asthma

prediction.

It should be mentioned that the present study has some potential limitations. As the definition
of asthma was based on questionnaire information it might be less accurate than an asthma
diagnosis made in a clinical setting. As such the possibility that children were either wrongfully
classified as asthmatics or asthmatics were regarded as wheezing children cannot be fully
excluded. IL5RA expression is most likely strongly influenced by the number of eosinophil
granulocytes. Unfortunately, both cohorts lacked information on individual blood cell type
composition. Whether increased IL5RA expression only reflected increased eosinophil counts
is therefore unknown. It would have been interesting to see if the transcriptional changes also
translate to the protein level. Limitations in biomaterial availability rendered it impossible to
address this issue. Although this study was based on a rather small case number and therefore
has to be interpreted with caution, it shows a distinct discrimination between asthmatic children
and children with different wheezing endotypes or healthy controls. Further research will be
needed to elucidate the underlying mechanisms of IL5RA activation prior to asthma

development.

The strengths of this presented study consists of dense long term observation and assessment
of investigated parameters. Moreover, while the majority of birth cohorts dispose of only few
blood sampling time points, the LINA study with annual clinical visits and blood sampling until
the age of eight offered the opportunity to study the timing of sensitization, wheezing
symptoms, and asthma onset in a tightly time-resolved manner. The LISA study even allowed
verifying and validating these parameters up to the age of 15.

Taken together, this study provides interesting new data of potential clinical relevance for
asthma development. The study could show that the longitudinal pattern of serum tigE and
slgE are able to distinguish children with asthma from wheezing children and healthy controls.

In particular, also from children with persistent wheeze, which is often used as a surrogate for
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asthma in early childhood, underlining the necessity to consider both as different disease
entities. In addition, mediation analysis suggested that asthma development is not only driven
by high IgE levels but potentially also by elevated ILSRA mRNA expression. The presented
results give evidence that the activation of the IL5RA may occur already before the onset of
asthma. In early life, high IgE levels and the concomitant increase in ILBRA mRNA expression
might help to distinguish children developing asthma from those with wheezing symptoms, but

which will never suffer from asthma.

4.2 Aberrant DNA methylation pattern in childhood asthma

During the last decade epigenetic mechanisms moved into the focus of asthma research as a
modifiable layer mediating the influence of the environment and the genetic predisposition
thereby affecting transcription and translation processes (229). In particular, DNA methylation
as the best studied epigenetic modification so far (230) is receiving increasing attention in
asthma research. Most DNA methylation changes in asthma have been studied using array
based technologies with limited access to all CpGs in the genome. Therefore, the recent study
in this thesis was aimed to study asthma-related DNA methylation changes by a more
comprehensive approach. Genome-wide DNA-methylation sequencing (WGBS) was used, as
it is an unbiased approach assessing all CpG sites in the genome, to minimize limitations of
current array based approaches. In total 40 asthmatic children were compared to 42 age-
matched healthy controls from three German birth cohorts (LINA, LISA and PASTURE). Since
differentially methylated regions (DMRs) are believed to be more likely to impact transcription
than single loci, DMRs comprising of at least three consecutive CpG sites, were determined
(221, 222).

To the best of my knowledge, this is the first truly genome-wide study of DNA methylation on
a single CpG level for childhood asthma based on a next generation sequencing approach. In
total, 161 asthma-related DMRs were detected. Interestingly, nearly all identified DMRs were
hypomethylated and 63% of them are located in enhancer regions, potentially suggesting an
activation of the identified pathways in asthmatic children. This DNA hypomethylation observed
in asthmatic children is in line with a recent study by Xu and colleagues. In their epigenome-
wide meta-analysis, they assessed methylation changes between 392 children with asthma
and 1156 controls based on 450K methylation arrays (88). They identified 27 differentially
methylated CpGs (= differentially methylated position, DMP) in total, of which 14 were
successfully validated in six additional cohorts with 247 cases and 2949 controls. Similar to
the methylation pattern described in this thesis all of these 14 loci were hypomethylated in

asthmatic children (88). Xu et al. further assessed the genomic location of the methylation
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changes and found 13 out of the 14 DMPs were located in putative enhancer regions (88, 125).
Their results support the finding of this study that DNA methylation changes related to
childhood asthma preferentially affect enhancer regions. The targeted validation analyses that
was performed in much larger sample set, confirmed the hypomethylation of selected
candidate DMRs. This did not only support the genome-wide approach by WGBS applied in
this study but strengthened the validity of a discovered DMR as a previously unknown

enhancer region likely related to IL-4.

Further supporting results of this study is the overlap found with CpGs described in earlier
studies in relation to childhood asthma (75-77, 81). In the set of DMRs, 18 CpGs had previously
been discovered by 450K studies affecting genes functionally linked to pathophysiological
processes of asthma (75-77, 81, 162). In the Avon Longitudinal Study of Parents and Children
(ALSPAC) cohort Arathimos et al. assessed DNA methylation in peripheral blood of
approximately 1000 children (age: 7.5 - 16.5 years of age) in association with asthma and
wheeze outcomes (81). In addition to the findings of Arathimos and colleagues, Reese et al.
identified 179 CpGs and 36 differentially methylated regions in the blood of 631 asthmatic
children using lllumina 450K arrays (76). Among the genes affected by methylation changes
were eosinophil peroxidase (EPX), zinc finger protein, FOG family member 1 (ZFPM1), GATA
binding protein 2 (GATA2) and acyl-CoA thioesterase 7 (ACOT7). In this thesis, DMRs were
also identified in these asthma related genes. For instance, EPX is predominantly expressed
by eosinophils and therefore important for inflammation and asthma (223). The transcription
factor Zinc Finger Protein, FOG Family Member 1, is involved in the downregulation of Th2-
cytokines (e.g. IL4), and therefore might be an important regulator in allergic disease, which
usually leads to an increase in Th2 cytokines (224). Furthermore, another transcription factor
the GATA Binding Protein 2 is involved in allergic response via basophils and mast cells
regulation (225). The Acyl-CoA Thioesterase 7 is involved in inflammation through the
production of arachidonic acid (226) which is used to induce an inflammatory reaction by, e.g.
the formation of mediators. Two pathways are central for an inflammatory reaction, the
cyclooxygenase (COX)- and the 5-lipoxygnease-pathway (226). Arachidonic acid plays a
central role especially in the 5-lipoxygnease-pathway since its converted into prostaglandins,
thromboxanes and leukotrienes, which are causal mediators for lung inflammation and the
development of asthma (226). Furthermore, EWAS studies associated DNA methylation of
ACOT7 with serum IgE (161, 227), which have a crucial role in asthma as already described

in the previous chapter.

Of note, DNA methylation changes related to ZFPM1, EVL, ACOT7 and EPX and were not
only observed in the blood of asthma patients, but also were detected in nasal or bronchial

epithelial cells (81, 168). This overlap to asthma specific methylation pattern of nasal or
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bronchial epithelium indicates that even blood could potentially be used as surrogate to predict
methylation changes in target tissues of asthma disease and further might help to understand

disease development to improve risk stratification, asthma prevention and therapy.

The methylation changes of the current study did not only show an overlap with already
described differentially methylated CpGs but affected similar target genes, although related to
DNA methylation changes at different sites of the genome. Out of the genes associated with
the 161 DMRs 43 have already been described as being affected in asthmatic children in
previous 450k studies (187, 228-230). Among these were interleukin 4 (IL4), interleukin 5
receptor a (IL5RA), regulatory associated protein of MTOR complex 1 (RPTOR) and
Enah/Vasp-Like (EVL). IL4 and IL5RA are commonly known as drivers of allergic inflammatory
processes (231, 232). It has been suggested that activation of mTOR signalling is involved in
the onset of asthma, by RAPTOR. This gene is an important mediator in mTOR signalling and
pharmaceutical targeting of RPTOR by rapamycin has been shown in animal studies to
alleviate asthma symptoms (233). Remodelling of the airways is one pathological change of
asthma. Cytoskeleton remodelling including EVL is important for this airway alterations (234)
and was previously associated with asthma via epigenome-wide association studies (76, 81).
The observed DNA methylation changes might be involved in impaired functional translation
of the identified genes. Furthermore, the presented study identified genes which were found in
the NHGRI-EBI Catalog of human genome-wide association studies (235) with asthma traits
such as RAD50 Double Strand Break Repair Protein (RAD50) (236), TNF Receptor Associated
Factor 1 and 3 (TRAF1 (237) /TRAF3 (238)), and Kinesin Family Member 3A (KIF3A) (239).

The vast majority of epigenetic studies associated with childhood asthma did not assess
whether the observed methylation changes were associated with transcriptional changes.
However, it is an essential question whether the altered DNA methylation pattern contributes
to RNA expression changes observed in asthma. In one recent meta-analysis Reese et al.
showed a correlation between DNA methylation and RNA expression among others for IL5SRA
and EPX in asthmatic children (76). Indeed also in the current study the hypomethylation in
DMRs related to IL5RA and EPX correlated with an increase in transcription of IL5RA and
EPX, respectively. In addition, asthmatic children showed a higher expression of these genes
than the controls. For IL4, the decreased DNA methylation in the newly identified enhancer
region was not only related to a significant increase of /L4 mRNA expression but also to an
elevated IL4 blood protein concentration. As such, DNA methylation changes seem to play an

important role in the perturbed expression of asthma related mediators.

One of the drawbacks of 450k arrays is the poor coverage of intragenic regions as these arrays
mainly cover promoter areas or intergenic CpGs. However, intragenic regions have high

regulatory potential since enhancers are often located away from TSS or gene-rich regions.
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Sequencing approaches like WGBS in principle could cover all CpGs in the genome and
therefore also intragenic regions. By applying WGBS the current study could identify a strong
enrichment of DNA methylation changes in enhancer regions. Sixty three percent of the
identified DMRs intersected with known activated chromatin regions or enhancers. The
enhancer target genes affected by asthma related DNA methylation changes spanned a
network of genes involved in immune response and inflammation. In addition, for several of
these network genes a relationship with asthma has already been described in the literature
found by natural language processing analysis, including RELA Proto-Oncogene, NF-KB
Subunit (RELA) (240), YY1 Transcription Factor (YY1) (241) and Tyrosine 3-
Monooxygenase/Tryptophan 5-Monooxygenase Activation Protein Zeta (YWHAZ) (242). This
highlights the notion that not a single gene or loci affect asthma development, but rather the
interplay of several genes contributes to the disease aetiology most likely mediated by

epigenetic modifications of enhancers.

The majority of the identified DMRs was independent of the genotype. Only 24 of the 161
DMRs showed an association to a nearby SNP in a window of 5kb up or downstream of the
DMR. A comparison of the SNP associated DMRs with the NHGRI-EBI Catalog of human
genome-wide association studies (235) revealed that none of these SNPs had been described
in earlier genome-wide association studies (GWAS) in relation to asthma. Of note, as the
associations to the genotype were assessed up to a defined distance to the DMR, genetic
variants outside this investigated windows could have been missed. However, as for the
majority of DMRs no association with the genotype was observed this study further
emphasizes the importance of life style and environmental factors contributing to asthma
development (243, 244). These results are in line with Bauer et al. (106), who showed that
prenatal tobacco smoke exposure was associated with a change in DNA methylation, which
was partially independent of the genotype. In addition, a link between tobacco smoke-

associated DNA methylation changes and later wheezing could be shown.

DNA methylation changes can alter transcription by affecting the ability of the transcription
machinery to interact with the DNA. Transcription factors are important mediators of gene
regulation (245) and their binding preferentially occurs in regulatory regions like in enhancers
or silencers (246). Interestingly, asthma-related DMRs were enriched in binding sites for
transcription factors for which a role in asthma has already been suggested like GATA Binding
Protein 3 (GATA3) (247), Nuclear Factor Of Activated T Cells 1 (NFATC1) (248) or Interferon
Regulatory Factor 1 (IRF1) (249). Accordingly, the genes associated to these DMRs are
functionally involved in asthma and immune related pathways such as PPARG Coactivator 1
Beta (PPARGC1B) (155) or TNF Superfamily Member 10 (TNFSF10) (250). For instance,

TNFSF10 is known to induce apoptosis of transformed cells. This gene is involved in airway
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remodelling process and expressed in cells involved in asthma such as eosinophils, mast cells
or airway epithelial cells (250). The DNA methylation changes observed in this study therefore
seem to affect regulatory hubs namely enhancer regions preferentially bound by immune

modulating transcription factors.

Although this study had the particular advantage to assess DNA methylation at a truly genome-
wide level some limitations should also be noted. The higher costs of sequencing usually lead
to a small number of samples that can be assessed impeding the inclusion of potential
confounders including cell-type distribution. This is in contrast to most array-based analyses
in which case numbers are higher and such confounding factors can more easily be included
in regression analyses. To counteract this disadvantage samples were age-matched and
equally distributed for gender when comparing asthmatics and healthy controls. Two
independent algorithms for the identification of DMRs were applied and only the overlap was
further validated by targeted DNA methylation approach in a larger sample size. This approach
revealed perturbed DNA methylation in regulatory elements outside of regions commonly
covered by array-based studies not only at single CpGs positions but also in larger genomic

regions.

The results of this study suggest dysregulation of enhancer methylation as an important feature
of asthma that in the future may be exploited for therapeutic purposes. Further studies are
certainly necessary to assess the functional role of perturbations in the DNA methylation
pattern in enhancer regions as well as other regulatory elements. As such integrating
transcriptome and proteome data analysis in future methylome studies would help to achieve
a more comprehensive picture of the functional relevance of DNA methylation changes. In
addition, other more dynamic epigenetic mechanisms such as histone modifications that also

affect transcription and translation should also be considered.

Taken together, the results of the study in this thesis showed that the development of asthma
is associated with changes in the DNA methylation pattern of blood cells, particularly in
enhancer regions. In addition to the identification of DNA methylation changes of known genes
related to asthma, including /L4, EPX and IL5RA, DNA methylation changes have also been
identified in genes previously not linked to asthma development. The study expands the
knowledge of the perturbed DNA methylation pattern between asthmatic children and controls,

which might help to understand disease development.

4.3 Longitudinal DNA methylation pattern in asthma

Longitudinally stable DNA methylation pattern might serve as marker regions for stratification

of children at risk for of asthma development. Therefore, the analysis conducted in children
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with a developed asthma phenotype in comparison to controls was extended to the cord blood
methylome. A top-down and bottom-up approach were followed to determine stable asthma-
related DMRs. In the top-down approach it was assessed whether the differential methylation
of the 161 DMRs identified within the already established asthma phenotype was already
present at time of birth (Chapter 3.2). Indeed, 27 of these DMRs showed a significant DNA
methylation difference in children who later in life develop asthma compared to healthy controls
already in cord blood. Of note, the majority of these DMRs showed no association to the
genotype underlining the notion that the prenatal environment essentially contributes to the
asthma risk of a child (55).

In the bottom-up approach cord-blood WGBS data were compared between individuals who
were diagnosed with asthma later in their life and healthy controls. Almost 60 DMRs were
identified at the time of birth, the majority of them overlapping with enhancer regions,
suggesting a potential regulatory function in regard to the disease onset. The overlap of both
approaches was comprised of six regions of which five were not associated to the genotype.
Interestingly, one of these regions, a DMR located in an enhancer region of the opioid binding
protein/cell adhesion molecule like (OPCML) gene, have previously been linked to prenatal
tobacco smoke exposure (106). Bauer et al. studied epigenetic changes associated with
maternal smoking in 16 children at three different time points (birth, year one and four) in the
LINA cohort using WGBS (106). Remarkably, this particular DMR was identified in cord blood
and remained stable until the age of four. Another study by Joubert et al. showed aberrant DNA
methylation pattern in the OPCML gene in cord blood of children in association with maternal

folate intake during pregnancy (258).

These DNA methylation changes might be of value as potential early biomarker to stratify
children at risk for asthma development. Further studies are warranted to validate these

findings in other populations.

So far, only few studies have been published on longitudinal DNA methylation changes with
regards to childhood asthma (76, 87, 187). A 450K array based study by deVries and
colleagues (187) observed a methylation change in the promoter of the SMAD3 gene in cord
blood, which was associated with subsequent asthma development. SMADS3 is known to be
involved in regulation of T-cell differentiation (251) and thereby may indirectly affect
inflammation processes inherent to asthma (252). DeVries et al. hypothesised that maternal
asthma contributes to this epigenetic change in SMAD3 thereby mediating the risk increase
for childhood asthma (187). This is in line with the results of this thesis, showing that epigenetic
modifications are already present at time of birth distinguishing children developing asthma
later in life from healthy children. In a targeted study that investigated promoter methylation of
Th2 lineage genes at time of birth Barton et al. observed a negative relationship of GATA3
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methylation and development of asthma in later childhood (87). No DMR in the GATA3
promoter was observed in this study most likely related to the different approaches used as
targeted assessments of methylation changes do not require p-value adjustment like genome-
wide approaches do. Nevertheless, the enrichment of GATA3 binding motifs observed in the
set of almost exclusively hypomethylated DMRs suggests a critical involvement of GATA3
mediated signalling in asthma development that is affected by epigenetic modification. An
EWAS investigating cord blood DNA methylation of children with a later asthma onset by
Reese et al. (80) included a meta-analysis and successfully identified nine differentially
methylated CpGs and 35 regions at the time of birth between 668 cases and 2904 controls.
These CpGs and regions were not described with asthma before and they suggested these as
markers for disease development. However, these findings could not be confirmed in the
current study. Reasons for those lacks in confirming previous results might be driven by the
different approaches to detect DNA methylation. The here presented study used WGBS in
contrast to DNA methylation arrays and the applied DMR definition of three consecutive CpGs
instead of single CpG positions. However, in general the results from LINA and PASTURE at
birth confirm that DNA methylation changes between asthma and controls can be identified

already before disease onset.

A potential limitation of this study is the missing information on cell type compositions of the
blood samples. Therefore, it can be not ruled out, that differences in cell composition might
have contributed to the observed DNA methylation changes (16). Especially inflammation
processes activating specific cell types such as eosinophilic granulocytes potentially can
trigger differences in cell type composition (253). However, it was suggested that cell
composition of cord blood samples of children with developing asthma later in life and those
who would remained healthy are very similar so that cell composition differences are potentially
not such a strong confounder (168). As already discussed, WGBS studies are limited in the
number of sample that can be assessed due to comparatively higher costs. To overcome this
limitation, two different approaches (bottom up and top down) were used to determine
longitudinal stable asthma-related DNA methylation changes. Nevertheless, further research

is warranted to validate the identified longitudinally stable DMRs in larger cohorts.

The current study identified six previously unknown longitudinally stable DMRs. These DNA
methylation changes might be of value as potential early biomarkers to stratify children at risk
for asthma development. The findings of the current study might contribute to a better
understanding of mechanism and pathways potentially involved in driving the disease onset.
Further interesting research questions remain to be clarified e.g. which additional prenatal
influencing factors (e.g. prenatal smoking exposure) could drive DNA methylation pattern and

could help to improve asthma diagnosis and prediction.
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5 CONCLUSION AND PERSPECTIVE

The World Health Organization declares asthma as one of the most common inflammatory
diseases in children worldwide. Consequently, intense research is required to understand the
pathomechanism behind the disease development and manifestation in order to further
establish reliable tools for early diagnosis, prevention and therapy. This is especially important
in early childhood to counteract asthma development from very early on. However, diagnosing
asthma at this stage of life is highly challenging. So far, predicting markers for early risk
stratification of asthma are insufficient or missing. Thus, the major aim of this thesis was the
identification of reliable makers for the risk of asthma development in early childhood based

on clinical parameters and epigenetic regulating features.

Wheezing is a common symptom of asthma and is still used as a clinical surrogate for asthma
diagnosis, although not every child with wheezing symptoms is also developing asthma. This
work successfully demonstrated that wheezing children who later developed asthma can be
distinguished from children without asthma manifestation by using a longitudinal IgE course

and early mRNA expression profiles of IL5RA.

In addition to IgE and IL5RA expression levels, disease specific DNA methylation pattern
revealed to be another promising tool to identify children at high risk for later asthma
development. Differentially methylated regions were identified distinguishing between children
with and without asthma. Some of these phenotype specific methylation changes could already

be found in cord blood right after the children were born.

These newly identified longitudinal stable regions could potentially be used in the future as
early biomarkers to stratify children at high risk for asthma development. In summary, these
findings might contribute to a better understanding of mechanism and pathways potentially
driving the disease onset. However, some questions remain to be clarified for example which
early exposures such as prenatal tobacco smoke could drive such differences in DNA

methylation pattern.

Although a comprehensive assessment of transcriptome and proteome data could be
considered to further strengthen the validity of the here presented data, the investigation of
longitudinal epigenetic marks involved in early asthma development is a promising approach

to understand the disease onset and putative influencing factors.
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6 SUMMARY

Asthma is one of the most common chronic inflammatory diseases, affecting more than 339
million people worldwide including especially children with a prevalence of 6.3% in Germany.
Since an early diagnosis is crucial to inhibit disease progression, asthma is being intensively
researched during the last decades to understand disease driving mechanism in order to find
reliable tools for early diagnosis, therapy and prevention. So far, early asthma diagnosis in
children is still challenging thus the lung, as major target organ is still growing and similar
symptoms such as wheezing are therefore difficult to distinguish from asthma itself.
Nevertheless, wheezing episodes in general are common during childhood and usually caused
by viral infections. Whereas the asthma development and airway hyperresponsiveness seems
to be facilitated by immunoglobulin E (IgE)-mediated lung inflammation. Early childhood
asthma is mostly associated with allergic hypersensitivity (atopy), while non-allergic (intrinsic)
asthma is a rather rare condition. IgE is an important driver of impaired lung function in early
childhood, therefore several studies tried to differentiate children with transient wheezing
episodes from those with persistent wheezing based on early childhood serum IgE levels.
These studies provided evidence that persistently wheezing children may have increased IgE
levels from very early on. However, those studies disregard the fact that not every child with
persistent wheeze will develop asthma later on. Based on this, the first aim of this thesis was
to evaluate the longitudinal trends of serum IgE concentrations in wheeze and asthma
endotypes of two German birth cohorts: LINA (Lifestyle and Environmental Factors and their
Influence on Newborns Allergy risk) and LISA (Influences of Lifestyle- related factors on the

Immune System and the Development of Allergies in Childhood).

This thesis successfully showed that children with asthma could indeed be distinguished from
persistent wheezing children based on elevated longitudinal IgE data. This result underlines
the necessity to consider persistent wheeze and asthma as different disease entities.
Furthermore, since previous research also indicate a close relation between the /IL-5 receptor
alpha (IL5RA) and IgE mediated asthma development, ILBRA mRNA expression levels were
investigated, aiming to identify another stable marker for disease progression. The here
presented results could provide further evidence that IL5RA activation may occur already
before the onset of asthma as indicated by increased IL6RA mRNA expression in children with
later developing asthma compared to wheezing children and controls. In early life, high IgE
levels and the concomitant increase in ILSRA mRNA expression might help to distinguish
children developing asthma later in life from those with wheezing symptoms who will never

suffer from asthma.
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Besides the problem of an early asthma risk detection, the underlying mechanisms of asthma
development are still poorly understood. It is well known that environmental factors (e.g.
exposure to tobacco smoke or allergens) combined with a genetic predisposition strongly
influence the disease risk potentially mediated via epigenetic mechanisms such as DNA
methylation. Understanding these epigenetic mechanisms might contribute to a broader
knowledge of early asthma development. Therefore, the second major aim of this thesis was
to investigate whole blood DNA methylation pattern of asthmatic children and healthy controls
by performing whole genome bisulfite sequencing (WGBS) from 82 children of three German
birth cohorts, LINA, LISA and PASTURE (Protection against Allergy: Study in Rural

Environments).

This thesis was able to clearly demonstrate differences in DNA methylation pattern of blood
cells between asthmatic children and healthy controls, especially in regulatory hubs, such as
enhancer regions. In addition to the identification of epigenetic modifications in genes known
to be related to asthma, including IL4, EPX and IL5RA, DNA methylation changes have also
been identified in previously unknown genes. Thus, these newly identified genes may also
influence asthma development, the here presented study further contribute towards a better

understanding of asthma development in early life.

DNA methylation changes occurring before the development of the clinical phenotype might
serve as marker for the prediction of later disease development. Therefore, the third aim of this
dissertation focussed on cord blood DNA methylation pattern of children who developed
asthma later in life compared to healthy controls by performing WGBS from 48 samples of the
LINA and PASTURE cohort. By doing so this thesis successfully demonstrated that some of
the DNA methylation changes identified in asthmatic children were already present in cord
blood long time before the onset of the disease. These longitudinal stable differentially
methylated regions might be used in the future as potential predictive biomarkers to stratify the

risk for asthma development for children later in life.

Altogether, this dissertation could provide important contributions to the identification of
children at high risk for asthma development and could furthermore demonstrate the
involvement of DNA methylation changes within enhancer regions in this early progress. Finally
this study investigated genome-wide DNA methylation data from a whole genome sequencing
approach, which for the first time enabled the possibility to examine regulatory regions not

covered by array-based methods so far.
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Zusammenfassung

Asthma ist eine der haufigsten chronisch entziindlichen Erkrankungen, an der weltweit mehr
als 339 Millionen Menschen leiden, darunter vor allem auch Kinder mit einer Pravalenz von
6.3% in Deutschland. Da vor allem eine frihe Diagnose wichtig ist flr einen verbesserten
Krankheitsverlauf wird an der Entstehung von Asthma sowie zugrundeliegender Mechanismen
in den letzten Jahrzehnten intensiv geforscht, mit dem Ziel neue und zuverlassige Instrumente
fur die frihe Diagnostik, Therapie und Pravention zu finden oder stetig zu verbessern. Aktuell
ist jedoch die Asthma-Frihdiagnostik bei Kindern noch eine grofe Herausforderung, da die
hauptsachlich von der Erkrankung betroffene Lunge sich noch im Wachstum befindet. Daher
lassen sich Symptome wie z.B. das ,Wheezen“ (Keuchen oder Giemen) von Asthma direkt
schwierig unterscheiden. Solche Keuchanfélle treten bei jungen Kindern haufig auf und
werden meist durch virale Infektionen der unteren Atemwege ausgeldst. Wohingegen die
Entwicklung von Asthma sowie eine Uberempfindlichkeit der Atemwege eher durch
Immunglobulin E (IgE)-vermittelte Entziindungen in der Lunge vermittelt wird. Frihkindliches
Asthma ist meist mit einer allergischen Uberempfindlichkeit (Atopie) assoziiert, wahrend nicht
allergisches (intrinsisches) Asthma eher selten ist. Dem IgE kommt bei der Entwicklung einer
gestorten Lungenfunktion in der frihen Kindheit eine wichtige Rolle zu. Daher versuchten
mehrere Studien, Kinder mit voriibergehenden Keuchepisoden von Kindern mit anhaltendem
Keuchen anhand der frihkindlichen Serum-IgE-Spiegel zu unterscheiden. Diese lieferten
Hinweise darauf, dass bei Kindern mit anhaltendem Keuchen die IgE-Spiegel bereits sehr friih
im Leben erhdht sein konnen. Allerdings erkrankt nicht jedes Kind mit persistierendem oder
spat einsetzenden Keuchen an Asthma, was aber in den meisten Studien nicht weiter
unterschieden wurde. Daher war das erste Ziel dieser Dissertation die longitudinalen Verlaufe
der Serum IgE Konzentrationen bei Kindern mit Keuchen und Asthma zu untersuchen. Dabei
wurden Asthma und persistierendes Keuchen als unabhangige Entitdten in den zwei
deutschen Geburtskohorten LINA und LISA betrachtet.

Die hier dargelegte Dissertation konnte erfolgreich zeigen, dass Kinder mit Asthma von
Kindern mit persistierendem Keuchen durchaus anhand von longitudinalen IgE Daten weiter
unterschieden werden koénnen. Dies unterstreicht die Notwendigkeit, beide als
unterschiedliche Krankheitsentitaten zu betrachten. Neben den IgE Spiegeln wurde die mRNA
Expression des IL-5 Rezeptors untersucht, da dieser eng mit IgE und Asthma verbunden ist.
Es konnte gezeigt werden, dass die Entwicklung von Asthma nicht nur durch hohe IgE-Spiegel,
sondern maglicherweise auch durch eine erhdhte IL5RA-mRNA-Expression angetrieben wird.
Die hier vorgestellten Ergebnisse geben Hinweise darauf, dass die Aktivierung des IL-5
Rezeptors bereits vor Ausbruch der Erkrankung erfolgen kann, wie die erhohte IL5RA-mRNA-
Expression bei Kindern mit spater entwickelndem Asthma im Vergleich zu keuchenden Kindern
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und Kontrollen zeigt. Im frihen Kindesalter kénnten hohe IgE-Spiegel und die damit
einhergehende erhohte IL5RA-mRNA-Expression dazu beitragen, Kinder, die Asthma
entwickeln, von solchen mit Keuchsymptomen, die nie an Asthma leiden werden, zu

unterscheiden.

Neben dem Problem der friihen Erkennung von Kindern mit einem hohen Asthma Risiko sind
die zugrundeliegenden Mechanismen der Krankheitsentstehung bisher noch wenig bekannt.
Es ist jedoch klar, dass das Krankheitsrisiko vor allem durch das Zusammenspiel von
Umweltfaktoren (z.B. die Exposition gegenuber Tabakrauch oder Allergenen) mit genetischen
Pradispositionen beeinflusst wird. Des Weiteren werden epigenetische Mechanismen, wie die
DNA-Methylierung, als mogliche Mediatoren zwischen diesen Einflussfaktoren in Betracht
gezogen. Ein besseres Verstandnis dieser epigenetischen Mechanismen kann dazu beitragen,
die frihe Entstehung von Asthma besser zu verstehen. Daher war das zweite Ziel dieser Arbeit
die DNA-Methylierung im Blut von asthmatischen und gesunden Kindern vergleichend zu
untersuchen. Dafir wurden Blutproben von 82 Kindern aus drei deutschen Geburtskohorten
(LINA, LISA und PASTURE) genutzt und mittels genomweiter Bisulfit-Sequenzierung (WGBS)

analysiert.

Diese Dissertation konnte feststellen, dass Kinder mit Asthma deutliche Unterschiede in den
DNA-Methylierungsmustern der Blutzellen im Vergleich zu den gesunden Kontrollen
aufwiesen, insbesondere in regulatorischen Bereichen wie den Enhancer (Verstarker)-
Regionen. Neben der Identifizierung von epigenetischen Modifikationen in bereits mit Asthma
in Verbindung stehenden Genen, wie L4, EPX und IL5RA, wurden auch DNA-
Methylierungsanderungen in bisher unbekannten Regionen bzw. Genen identifiziert. Diese
Gene konnten ebenfalls an der Entstehung von Asthma beteiligt sein. Somit leistet die hier
dargestellte Studie einen wichtigen Beitrag um die Asthmaentwicklung im friihen Kindesalter
besser zu verstehen und erweitert das Wissen Uber die veranderten DNA-

Methylierungsmuster zwischen asthmatischen Kindern und gesunden Kontrollen.

DNA Methylierungsveranderungen koénnen bereits vor der Entstehung eines klinischen
Phanotyps auftreten und somit als ein wichtiger Marker fur die Krankheitsvorhersage genutzt
werden. Daher war das dritte Ziel dieser Dissertation die DNA-Methylierung aus dem
Nabelschnurblut von spater an Asthma erkrankten Kindern mit dem von gesunden Kontrollen
zu vergleichen und im Hinblick auf DNA-Methylierungsmuster zum Zeitpunkt des bereits
etablierten Asthmas zu untersuchen. Insgesamt wurde das Nabelschnurblut von 48 Kindern
der LINA und PASTURE Kohorte mit genomweiter Bisulfit-Sequenzierung (WGBS) untersucht.
Dabei konnte gezeigt werden, dass im etablierten Phanotypen identifizierte asthmaspezifische
DNA-Methylierungsmuster zum Teil bereits im Nabelschnurblut prasent sind, lange vor dem
Ausbruch der Krankheit. Diese longitudinal stabilen differentiell methylierten Regionen kdnnten
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in Zukunft moéglicherweise als friihe pradiktive Biomarker zur Stratifizierung des Risikos fur die

Entwicklung von Asthma im spateren Leben verwendet werden.

Zusammenfassend konnte diese Dissertation einen wichtigen Beitrag zur Friherkennung von
Kindern mit erhdhtem Asthma Risiko liefern und zeigen, dass DNA-
Methylierungsveranderungen insbesondere in Enhancer-Regionen an der frihkindlichen
Asthmaentwicklung beteiligt sind. Hervorzuheben ist, dass diese Studie zum ersten Mal
genomweite DNA-Methylierungsdaten mit Hilfe eines ganzheitlichen Sequenzierungsansatzes
untersuchte, welcher es ermoglichte neue regulatorische Regionen zu identifizieren, die von

den bisher verwendeten Array-basierten Methoden nicht abgedeckt wurden.
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8 SUPPLEMENTARY MATERIAL

8.1 Supplemental tables

Table 8.1.1: ENCODE and ROADMAP enhancer sets used for enhancer analyses

Enhancer Roadmap Blood and T-cell

E062 Primary mononuclear cells from peripheral blood

EQ034 Primary T cells from peripheral blood

E045 Primary T cells effector memory enriched from peripheral blood
EO033 Primary T cells from cord blood

EO044 Primary T regulatory cells from peripheral blood

E043 Primary T helper cells from peripheral blood

EO039 Primary T helper naive cells from peripheral blood
EO041 Primary T helper cells PMA-| stimulated

EO042 Primary T helper 17 cells PMA-I stimulated

E040 Primary T helper memory cells from peripheral blood 1
EQ037 Primary T helper memory cells from peripheral blood 2
E048 Primary T CD8+ memory cells from peripheral blood
EO038 Primary T helper naive cells from peripheral blood
E047 Primary T CD8+ naive cells from peripheral blood
Enhancer Roadmap HSC and B-cell

E029 Primary monocytes from peripheral blood

EO031 Primary B cells from cord blood

E035 Primary hematopoietic stem cells

EO051 Primary hematopoietic stem cells G-CSF-mobilized Male
EO050 Primary hematopoietic stem cells G-CSF-mobilized Female
E036 Primary hematopoietic stem cells short term culture

E032 Primary B cells from peripheral blood

E046 Primary Natural Killer cells from peripheral blood

EO030 Primary neutrophils from peripheral blood

Enhancer Encode
E114 A549 EtOH 0.02pct lung carcinoma

E115 Dnd41 T cell leukaemia

E116 GM12878 lymphoblastoid

E117 HelLa-S3 cervical carcinoma
E118 HepG2 hepatocellular carcinoma
E119 HMEC mammary epithelial

E120 HSMM skeletal muscle myoblasts
E121 HSMM-derived skeletal muscle myotubes
E122 HUVEC umbilical vein endothelial
E123 K562 leukaemia

E124 Monocytes-CD14+ RO01746
E125 NH-A astrocyte

E126 NHDF-ad adult dermal fibroblast
E127 NHEK-epidermal keratinocyte
E128 NHLF lung fibroblast

E129 Osteoblast
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Table 8.1.2: Percentages of children with a positive sensitization to aeroallergens (>0.35 kU/I)

Age Controls Transient wheeze Late wheeze Persistent wheeze Asthma
1 2.0 0.0 0.0 0.0 10.0
2 2.0 4.6 14.3 0.0 30.0
< 3 5.9 9.1 14.3 12.5 50.0
% 4 13.7 18.2 28.6 25.0 50.0
5 15.7 22.7 571 12.5 60.0
6 23.5 31.8 571 12.5 90.0
8 25.5 40.9 71.4 37.5 90.0
2 0.4 3.2 22 1.1 8.2
(<}§ 6 211 32.3 30.4 23.3 71.4
~ 10 33.8 452 435 36.7 81.6
15 39.2 58.1 54 .4 43.3 87.8
Table 8.1.3: Percentages of children with an elevated total serum IgE (>100 kU/I)
Age Controls Transient wheeze Late wheeze Persistent wheeze  Asthma
1 59 13.6 0.0 12.5 20.0
2 9.8 18.2 0.0 0.0 30.0
3 9.8 13.6 0.0 0.0 40.0
z 4 13.7 18.2 28.6 0.0 60.0
- 5 17.7 31.8 14.3 12,5 60.0
6 294 31.8 28.6 25.0 70.0
8 294 31.8 42.9 25.0 80.0
2 101 11.1 8.7 16.1 204
(<}:) 6 26.6 27.8 28.3 22.6 55.1
4 10 32.9 34.4 37.0 25.8 65.3
15 29.5 32.2 261 35.5 63.3
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Table 8.1.4: List of 161 concordant differentially methylated regions (DMRs) detected in the LINA, LISA, and PASTURE cohort by whole genome bisulfit sequencing (WGBS).

Mean Mean Mean
. methylation methylation Nearest .
No. Chr Start End Methylation b-val b-val G Predicted Target Gene Enhancer ngDMR
Difference (b-value) (b-value) ene
Asthma Controls
1 chr1 67600310 67600658 -0.04 0.06 0.10 C1orf141 C1orf141 YES -
2 chr1 46770750 46771041 -0.05 0.79 0.84 UQCRH NSUN4;LRRC41;UQCRH;MAST2;POMGNT1;RAD54 YES YES
L;FAAH;MKNK1
3 chr1 93970706 93970976 -0.06 0.83 0.89 FNBP1L CCDC18;TMED5 YES YES
4 chr1 6341136 6341791 -0.06 0.80 0.85 GPR153 ICMT;HES3;ACOT7 YES YES
5 chr1 84744687 84744807 -0.04 0.92 0.95 SAMD13 SAMD13 YES YES
6 chr1 202121664 202121814 -0.05 0.86 0.91 PTPN7 PTPN7 YES YES
7 chr1 22097059 22097226 -0.05 0.88 0.93 USP48 USP48 YES YES
8 chr1 149162004 149162462 -0.09 0.46 0.55 NBPF25P NBPF25P - YES
9 chr1 10436586 10436850 -0.05 0.86 0.91 PGD APITD1-CORT,APITD1;PGD - YES
10 chr10 1404992 1406101 -0.08 0.40 0.48 ADARB2- LARP4B;GTPBP4;IDI1;WDR37;ADARB2 - YES
AS1

11 chr10 3625837 3626735 -0.03 0.86 0.89 KLF6 KLF6 - YES
12 chr10 134139414 134139778 -0.07 0.87 0.94 LRRC27 STK32C;LRRC27 - YES
13 chr10 126593720 126593912 -0.04 0.87 0.91 ZRANB1 ZRANB1 - -

14 chr11 128694096 128694401 -0.05 0.19 0.24 KCNJ1 KCNJ5;ARHGAP32 YES -

15 chr11 65477123 65477451 -0.06 0.81 0.87 KAT5 KAT5;MUS81;CFL1;CCDCB85B;FIBP;RELA; YES YES
16 chr11 132951692 132952491 -0.11 0.48 0.59 OPCML OPCML YES YES
17 chr11 1828650 1828782 -0.06 0.79 0.86 SYT8 SYT8 YES YES
18 chr11 68517647 68517834 -0.05 0.15 0.20 MTL5 C110rf24; TPCN2;CPT1A;MRPL21;IGHMBP2;GAL; YES YES
19 chr11 59560470 59560548 -0.07 0.85 0.92 MRPL16 MRPL16 - YES
20 chr12 111137400 111137595 -0.06 0.87 0.93 HVCN1 TCTNA1 YES YES
21 chr12 16161553 16161814 -0.05 0.87 0.91 DERA DERA YES YES
22 chr12 119591663 119592118 -0.04 0.17 0.21 HSPB8 SRRM4 YES YES
23 chr12 125482583 125482828 -0.04 0.86 0.90 BRI3BP BRI3BP - -

24 chr12 124905467 124905758 -0.04 0.88 0.92 MIR6880 MIR6880 - YES
25 chr12 107273279 107273680 -0.04 0.90 0.94 TMEM263 TMEM263 - YES
26 chr13 20988857 20989414 -0.09 0.52 0.60 MIR4499 XPO4 YES YES
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Mean Mean Mean
. methylation methylation Nearest .
No. Chr Start End I\Il:l)tia:flglearll:lcc;n (b-value) (b-value) Gene Predicted Target Gene Enhancer ngDMR
Asthma Controls

27 chr13 20968573 20969084 -0.08 0.50 0.58 MIR4499 GJA3;GJB6;CRYL1;IL17D YES YES
28 chr13 24914323 24914904 -0.08 0.67 0.75 LINC00566 MIPEP;SPATA13;PARP4 YES YES
29 chr13 25670023 25670238 -0.04 0.11 0.15 PABPC3 PABPC3 YES YES
30 chr13 111948367 111948558 -0.04 0.86 0.90 TEX29 ARHGEF7 YES YES
31 chr14 75153156 75153307 -0.05 0.87 0.92 AREL1 FCF1;AREL1 YES YES
32 chr14 91272379 91272909 -0.04 0.87 0.91 TTC7B TTC7B YES YES
33 chr14 100610169 100610683 -0.05 0.85 0.90 DEGS2 SLC25A29;MIR345;DEGS2;YY1;EVL YES YES
34 chr14 93212312 93212486 -0.04 0.90 0.94 LGMN LGMN - YES
35 chr14 103200841 103201127 -0.05 0.88 0.93 TRAF3 TRAF3 - YES
36 chr15 57511786 57512215 -0.04 0.90 0.94 TCF12 TCF12 YES YES
37 chr15 52707259 52707362 -0.05 0.89 0.94 MYOS5A MYO5A YES YES
38 chr15 31134409 31134667 -0.05 0.87 0.92 HERC2P10  HERC2P10 YES YES
39 chr15 52872030 52872159 -0.04 0.91 0.95 ARPP19 ARPP19 - YES
40 chr15 40093789 40094022 -0.06 0.88 0.94 FSIP1 EIF2AK4;FSIP1 - YES
41 chr15 21359928 21360042 -0.10 0.67 0.77 LINC01193 LINC01193 - YES
42 chr15 22646998 22647395 -0.05 0.13 0.18 MIR4509-1 MIR4509-1 - YES
43 chr16 30464225 30464522 -0.08 0.59 0.66 SEPHS2 SEPHS2;ZNF785;ZNF688 YES -

44 chr16 57831974 57832179 -0.08 0.53 0.61 KIFC3 LOC388282 YES YES
45 chr16 2141333 2141613 -0.08 0.59 0.67 MIR1225 SNORDG60; TRAF7;MIR1225;IGFALS;FAHD1;HAGH;N  YES YES

THL1;TSC2;PKD1

46 chr16 88540019 88540525 -0.06 0.84 0.90 MIR5189 PIEZO1 YES YES
47 chr16 30552372 30552612 -0.05 0.88 0.93 ZNF747 ZNF688 YES YES
48 chr16 85654108 85654323 -0.07 0.83 0.90 GSE1 GSE1 YES YES
49 chr16 69489543 69489664 -0.06 0.88 0.94 CYB5B CYB5B YES YES
50 chr16 88579452 88580071 -0.04 0.84 0.88 MIR5189 ZFPM1 YES YES
51 chr16 75026217 75026456 -0.06 0.80 0.86 ZNRF1 WDR59;ZNRF1 YES YES
52 chr17 19627951 19628165 -0.05 0.10 0.15 SLC47A2 ALDH3A1;ALDH3A2;B9D1;ALDH3A2;SPECC1 YES YES
53 chr17 36572579 36572896 -0.05 0.85 0.90 ARHGAP23  SOCS7;HNF1B;MLLT6 YES YES
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M Mean Mean
ean methylation methylation Nearest .
No. Chr. Start End Mt_athylatlon (b-value) (b-value) Gene Predicted Target Gene Enhancer ngDMR
Difference
Asthma Controls
54 chr17 17946397 17946584 -0.06 0.87 0.93 GID4 SREBF1;GID4;ATPAF2;SMCR7;LGALS9C YES YES
55 chr17 28580392 28580613 -0.05 0.88 0.93 SLC6A4 GOSR1 YES YES
56 chr17 49057182 49057238 -0.05 0.88 0.94 SPAG9 SPAG9 YES YES
57 chr17 8769570 8769883 -0.03 0.90 0.93 PIK3R6 PIK3R6 YES YES
58 chr17 78569835 78569887 -0.06 0.85 0.91 RPTOR RPTOR YES YES
59 chr17 21119605 21119864 -0.05 0.85 0.90 TMEM11 USP22;C170rf103;USP22 YES YES
60 chr17 79466120 79466418 -0.08 0.60 0.68 ACTG1 SLC25A10;MRPL12 YES YES
61 chr17 8702637 8702755 -0.12 0.26 0.38 MFSD6L ODF4;NTN1 - -
62 chr17 56272299 56272501 -0.05 0.85 0.91 EPX EPX;MKS1 - YES
63 chr17 56274149 56274597 -0.04 0.87 0.91 EPX MKS1;BZRAP1;EPX - YES
64 chr17 81093746 81093809 -0.04 0.91 0.95 METRNL METRNL - YES
65 chr17 56283478 56283522 -0.08 0.87 0.95 MKS1 DYNLL2 - YES
66 chr18 12076364 12076621 -0.08 0.23 0.30 ANKRD62 CHMP1B;IMPA2 YES YES
67 chr18 14458381 14458936 -0.03 0.04 0.07 CXADRP3 POTEC YES -
68 chr18 71910027 71910088 -0.07 0.83 0.90 CYB5A CYB5A YES YES
69 chr18 8754970 8755342 -0.04 0.83 0.87 MTCL1 MTCL1 YES YES
70 chr18 77703283 77703531 -0.05 0.90 0.94 PQLC1 PQLC1 YES YES
71 chr18 22016574 22016799 -0.06 0.87 0.93 IMPACT IMPACT - YES
72 chr18 59588681 59588813 -0.04 0.90 0.94 RNF152 RNF152 - YES
73 chr19 3520495 3521153 -0.05 0.81 0.85 FZR1 CACTIN;C190rf71;FZR1;MFSD12 YES YES
74 chr19 1854531 1854765 -0.05 0.81 0.86 REXO1 NDUFS7;TCF3;ATP8B3;MIR1909;DOT1L;TCF3;MKN  YES YES
K2;CSNK1G2;1ZUM0O4
75 chr19 51373740 51373966 -0.07 0.55 0.62 KLK2 ACPT,;SNORD88A;SNORD88B;SNORD88C;C190rf48;  YES -
KLK2;SHANK1;KLK12
76 chr19 34859991 34860409 -0.05 0.81 0.86 GPI PDCD2L;UBA2 YES YES
77 chr19 4382715 4382767 -0.06 0.85 0.91 SH3GL1 CHAF1A;SH3GL1 YES YES
78 chr19 10404092 10405284 -0.04 0.19 0.22 ICAM5 ICAM3;MIR1181;CDC37;ZGLP1;FDX1L;CDC37;ICAM - YES
1;ICAM4;ICAM5;RAVER1;COL5A3;PPAN;ZGLP1;TYK
2
79 chr2 8676830 8676988 -0.07 0.83 0.90 LOC101929  ID2;HMGB1P25 YES YES
567
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SUPPLEMENTARY MATERIAL

Mean Mean
Mean_ methylation methylation Nearest .
No. Chr. Start End I\Il:l)t_athylatlon (b-value) (b-value) Gene Predicted Target Gene Enhancer ngDMR
ifference
Asthma Controls
80 chr2 24233608 24234116 -0.07 0.54 0.60 MFSD2B UBXN2A;ATAD2B;FAM228B;SF3B14;FKBP1B;C20rf4  YES YES
4;TP5313;MFSD2B
81 chr2 241459177 241460046 -0.05 0.32 0.37 ANKMY1 ANKMY1 YES -
82 chr2 31154684 31155156 -0.06 0.87 0.93 CAPN13 CAPN13 YES YES
83 chr2 113956545 113956672 -0.067031 0.22234 0.28937 PSD4 AHSA2;PSD4;LOC654433;NT5DC4;PSD4;CBWD2;R  YES YES
ABL2A;RPL23AP7
84 chr2 74213621 74213840 0.07 0.70 0.63 TET3 MTHFD2;BOLA3- YES YES
AS1;BOLA3;STAMBP;DGUOK;MTHFD2;
85 chr2 132404284 132404978 -0.06 0.26 0.31 LINCO1087 NF1P8;POTEE;RHOQP2;MZT2A;POTEKP;C20rf27B YES YES
86 chr2 75089515 75089818 -0.05 0.85 0.90 HK2 C20rf81;HMGA1P8 YES YES
87 chr2 26094522 26094609 -0.06 0.88 0.93 ASXL2 ASXL2; YES YES
88 chr2 106795368 106795456 -0.05 0.87 0.93 UXS1 UXS1 YES YES
89 chr2 118617605 118618119 -0.06 0.39 0.45 DDX18 DDX18 - YES
90 chr2 97401278 97401371 -0.05 0.88 0.93 LMAN2L CNNM4;LMAN2L - YES
91 chr2 113426404 113426418 -0.08 0.85 0.93 SLC20A1 SLC20A1 - YES
92 chr2 121816270 121816884 -0.05 0.81 0.85 TFCP2L1 GLI2 - YES
93 chr2 70734255 70734340 -0.04 0.91 0.95 TGFA-IT1 TGFA - YES
94 chr2 122984491 122984673 -0.05 0.88 0.93 TSN TSN - YES
95 chr2 130986715 130986827 -0.08 0.49 0.57 TUBA3E MZT2B;SMPD4;TUBA3E;IMP4;PTPN18 - YES
96 chr20 29525072 29525474 -0.09 0.19 0.28 LINC01598 LINC01598 YES YES
97 chr20 33416638 33416741 -0.08 0.84 0.92 NCOA6 NCOA6;MMP24-AS1;EDEM2 YES YES
98 chr20 61629182 61629312 -0.10 0.15 0.24 BHLHE23 BHLHE23;LOC63930;NTSR1;0GFR;COL9A3;SLC17  YES -
A9;BIRC7;COL20A1
99 chr20 32232295 32232457 -0.05 0.85 0.90 C20orf144 SOCS2P1;SNTA1;CBFA2T2;NECAB3;C200rf144;E2F  YES -
1;PXMP4;RPL31P2;CHMP4B; TPM3P2;RALY;EIF2S2
100 chr20 29515851 29515953 -0.14 0.48 0.62 LINC01598 LINC01598 - YES
101 chr20 29550781 29551738 -0.05 0.16 0.21 LINC01598 LINC01598 - YES
102 chr21 45705600 45705880 -0.09 0.33 0.42 AIRE PFKL YES YES
103 chr21 19184847 19184908 -0.07 0.82 0.89 C210rf91 BTG3 YES YES
104 chr21 38750599 38750876 -0.04 0.85 0.90 DYRK1A DSCR3 YES YES
105 chr21 30298129 30298293 -0.05 0.90 0.94 N6AMT1 N6AMT1 - YES
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SUPPLEMENTARY MATERIAL

Mean Mean_ Mean_
No. Chr. Start End I\III)t_athyIation m&::‘gﬁ::;n m&::‘gﬁ::;n Néi':jt Predicted Target Gene Enhancer ngDMR
liyEnEmED Asthma Controls
106 chr22 50985261 50985924 -0.10 0.57 0.67 KLHDC7B TYMP;ODF3B;SCO2;CHKB-AS 1;CHKB;CHKB- YES YES
107  chr22 46762433 46763143 -0.11 0.61 0.72 TRMU SE’X&L%;GTSH ;CELSR1;CERK YES -
108 chr3 4790490 4790704 -0.06 0.75 0.81 EGOT EGOT YES YES
109 chr3 184243755 184244148 -0.05 0.17 0.22 EIF2B5-AS1  CLCN2;POLR2H YES -
110 chr3 75445436 75445698 -0.11 0.36 0.47 FAM86DP FAM86DP YES -
111 chr3 172243109 172243330 -0.06 0.84 0.90 TNFSF10 TNFSF10 YES YES
112 chr3 128134844 128135028 -0.05 0.86 0.91 DNAJBS- GATA2 YES YES
113 chr3 128317561 128317754 -0.05 0.88 0.93 G?\:CM 565 GATA2 YES YES
114 chr3 39395430 39395804 -0.06 0.85 0.91 CCR8 TTC21A;CX3CR1;CCR8;EEF1A1P24;SLC25A38;MO - YES
115 chr3 3150228 3150424 -0.05 0.88 0.93 IL5RA ?IZ#I\{IF\:RIP - YES
116 chr3 70560282 70560338 -0.05 0.88 0.93 LINCO1212 LINC01212 - YES
117 chr3 195964960 195965369 -0.04 0.89 0.93 SLC51A RNF168;PCYT1A - YES
118 chr3 98476467 98476656 -0.05 0.89 0.93 ST3GAL6 ST3GAL6 - YES
119 chr4 170695782 170696267 -0.03 0.14 0.18 C4orf27 CLCN3;MFAP3L YES YES
120 chr4 148634323 148634373 -0.06 0.88 0.94 ARHGAP10  ARHGAP10 - YES
121 chr4 144833125 144833345 -0.06 0.14 0.19 LOC101927 LOC101927636 - YES
122 chr4 1908638 1908945 -0.06 0.86 0.92 \GI\:I)’EISC1 WHSC1 - YES
123 chr5 42943969 42944683 -0.08 0.33 0.41 FLJ32255 LOC153684;ANXA2R YES YES
124 chr5 8457869 8457979 -0.08 0.16 0.23 MIR4458HG  MIR4458 YES YES
125 chrs 157117442 157117958 -0.07 0.42 0.49 C50rf52 C5orf52 YES -
126 chrs 154224429 154224646 -0.05 0.88 0.93 FAXDC2 CNOTS;LARP1 YES YES
127 chr5 132002374 132002506 -0.05 0.86 0.91 IL4 IL4;GDF9;UQCRQ;SEPT8;SHROOM1;RAD50;KIF3A;  YES YES
LEAP2;HSPA4

128 chr5 77146478 77147360 -0.08 0.56 0.64 LOC101929 AP3B1 YES -
129 chrs 68700315 68700723 -0.04 0.92 0.95 l1\/I5A4RVELD2 MARVELD2 YES YES
130 chr5 77142381 77142898 -0.08 0.51 0.59 LOC101929 OTP;AP3B1 YES -
131 chr5 140961391 140961495 -0.05 0.85 0.90 ;;}1 00505 LOC100505658 - YES
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Mean Mean_ Mean_
No. Chr. Start End I\III)t_athyIation m&::‘gﬁ::;n m&::‘gﬁ::;n Néi':jt Predicted Target Gene Enhancer ngDMR
liyEnEmED Asthma Controls
132 chrs 149145166 149145196 -0.06 0.88 0.94 PPARGC1B  PPARGC1B - YES
133 chré 32063911 32064191 -0.05 0.21 0.26 TNXB GPSM3 YES -
134 chré 166674955 166675082 -0.05 0.88 0.93 LOC101929 LOC101929297 - YES
135 chré 52385312 52385483 -0.05 0.89 0.94 '2I'9RZ\M2 TRAM2 - YES
136 chr7 1914009 1914392 -0.04 0.87 0.91 MIR4655 MAD1L1 YES -
137 chr7 90895326 90896701 -0.06 0.67 0.73 FZD1 FzZD1 YES YES
138 chr7 102003600 102003766 -0.053187 0.82712 0.8803 LOC100289 SH2B2 YES YES
139 chr7 36007074 36007281 -0.09 0.36 0.45 ﬁg1c1 01928 HERPUD2;ANLN YES YES
140 chr7 150647915 150648062 -0.04 0.89 0.94 ?CBN H2 STRADBP1;TMEM176B;TMEM176A;KCNH2;NOS3;A  YES YES
BCB8;SLC4A2;CDK5;FASTK;AGAP3;ASB10;ABCF2;
SMARCD3;WDR86

141 chr7 48887537 48887890 -0.08 0.28 0.36 CDC14C CDC14C - YES
142 chr7 55412705 55412995 -0.09 0.37 0.46 LANCL2 LANCL2 - -
143 chr7 54900863 54901102 -0.04 0.84 0.89 LOC100996 LOC100996654 - YES
144 chr7 32357921 32358754 -0.07 0.21 0.28 IGDEI)34E1C PDE1C - YES
145 chr7 5382633 5382782 -0.05 0.90 0.95 SLC29A4 SLC29A4 - YES
146 chr8 102236403 102236617 -0.04 0.12 0.16 ZNF706 ZNF706;YWHAZ YES -
147 chr8 131047175 131047344 -0.05 0.90 0.95 FAM49B FAM49B;GSDMC YES YES
148 chr8 2585088 2586090 -0.06 0.14 0.20 LOC101927 LOC101927815 - YES
149 chr8 599524 600397 -0.09 0.83 0.91 ELSICH1 ZNF596;ERICH1 - -
150 chr8 58192499 58193337 -0.08 0.50 0.58 LINC00588 LINCO00588 - -
151 chr9 38687681 38687991 -0.07 0.36 0.43 FAM201A FAM201A YES YES
152 chr9 140113368 140113558 -0.07 0.80 0.87 RNF208 DPP7;MAN1B1-AS1;MAN1B1 YES YES
153 chr9 111605072 111605551 -0.05 0.10 0.15 ACTL7B ACTL7B YES -
154 chr9 32430999 32431302 -0.03 0.91 0.95 ACO1 ACO1 YES YES
155 chr9 5819260 5819333 -0.06 0.89 0.95 ERMP1 ERMP1 YES YES
156 chr9 135114516 135114648 -0.08 0.32 0.39 NTNG2 C9orf171 YES YES
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SUPPLEMENTARY MATERIAL

Mean Mean Mean
. methylation methylation Nearest .
No. Chr. Start End I\Il:l)tia:flglearll:lcc;n (b-value) (b-value) Gene Predicted Target Gene Enhancer ngDMR
Asthma Controls
157 chr9 69500968 69501069 -0.08 0.72 0.80 ANKRD20A  ANKRD20A4 - YES
4
158 chr9 72131654 72131850 -0.06 0.78 0.84 APBA1 APBA1 - YES
159 chr9 38487906 38488164 -0.08 0.48 0.56 FAM95C FAM95C - YES
160 chr9 125879001 125879079 -0.05 0.88 0.93 MIR600HG MIR600HG - YES
161 chr9 123744449 123744761 -0.06 0.83 0.89 TRAF1 PSMD5-AS1;PSMD5 - YES

No. = Number of DMRs; Chr: chromosome, ng: non genotype dependent differentially methylated region
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Table 8.1.5: SNP information for the 24 out of 161 DMRs, which were classified as genotype associated

Chr Start End Gene ngDMR SNPID

chr16 30464225 30464522 SEPHS2 - rs111186170;rs11646954;rs12443981;rs8044131;rs67575585

chr22 46762433 46763143 TRMU - rs35364389;rs12165943;rs75097576;rs9627428;rs9615965;rs12169526;rs73448958;rs11912939;rs96153
52;rs11703059;rs9615351;rs76955646;rs73889254;rs9627423;rs75999278;rs77823653;rs11913988;rs962
7426;rs9615966;rs9626857;rs111066975;rs9615964;rs12172608;rs79846114;rs7285194

chr8 102236403 102236617 ZNF706 - rs1431007;rs2163400;rs1447017;rs877051

chr7 1914009 1914392 MIR4655 - rs10950415;rs10269191;rs112425367;rs4719330;rs35349665;rs12699415;rs4721143;rs79610527;rs46394
00;rs10266703;rs4719336;rs117125814;rs10950413;rs12669758;rs148725722;rs4721135;rs13224015;rs1
0265944;rs111357851;rs71523270

chr1 67600310 67600658 C1lorf141 - rs12044149;rs4655679;rs12068633;rs11209003;rs12060309;rs12065558;rs10789224;rs658824 3;rs12569
203;rs6588242;rs10489631;rs7543257;rs12069782;rs2024825;rs12095536

chr11 128694096 128694401 KCNJ1 - rs2155549;rs636312;rs645601;rs571856;rs654 169

chr2 241459177 241460046 ANKMY1 - rs4676354;rs112154518;rs13394744;rs3821348;rs75898640

chr3 184243755 184244148 EIF2B5-AS1 - rs8180000;rs13080490;rs13081033;rs35131513;rs13096674;rs62287408;rs11707574;rs11707620;rs11715
352;rs62287379;rs148579807;rs28435810;rs12374080;rs62287380

chr9 111605072 111605551 ACTL7B - rs11789195;rs12552409;rs7034770;rs12552444;rs13296942;rs9299161;rs4978367;rs7039374;rs7024768;
rs13297186;rs9299162;rs4542002;rs1006375;rs13302048;rs4358865;rs11789215;rs11789217;rs2000129;r
$10979541;rs10979542;rs78878948;rs10979548;rs7857412;rs2000131;

chr18 14458381 14458936 CXADRP3 - rs12606292;rs6505905;rs12604275;rs11080761;rs77810523;rs145868807;rs6505906;rs62080636;rs 11080
760;rs11080763;rs80054821;rs62080629;rs11080762;rs59482664;rs111762042;rs62080637;rs62080630

chr19 51373740 51373966 KLK2 - rs2569741;rs3760728;rs3760730;rs11084039;rs2739470;rs2739464;rs2569742;rs2739477;,rs2569738;rs2
739476;rs11670728;rs2739473;rs12984666;rs12984214;rs62115062;rs2739459;rs2739466;rs1506684;rs1
997563;rs2739460;rs2569739;rs2739462;rs2739475;rs2739461;rs2664156;rs2739469;rs965537;rs110840
38;rs73592831

chr3 75445436 75445698 FAM86DP - rs7373315;rs12486482;rs13099914;rs35054081;rs7372634;rs7373724;rs11705831;

chr5 157117442 157117958 C5orf52 - rs11134902;rs11750200;rs11743418;rs1133684;rs10066203;rs10065255;rs6887040;rs11134900;rs213373
2;rs9313707;

chr5 77146478 77147360 LOC101929154 - rs4262083;rs10942834;rs12658675;rs6880703;rs6877994;rs13162500;rs13180688;rs12697875;rs131878
80;rs2361312;rs13159821;rs2361313;rs7700998;rs7717920;rs7708151;rs13165722;rs7732015;rs6881736
:rs10079675;rs6886200;rs13172056;rs6889917;rs7728693;rs386488634;rs7704525;rs13183228;rs131629
47;

chré 32063911 32064191 TNXB - rs204897;rs204896;rs17201602;rs41270461

chr20 61629182 61629312 BHLHE23 - rs76985826;rs113178859;rs75770746;rs6122341;rs12625084;rs113990986;rs62197287;rs4809447

chr20 32232295 32232457 C20o0rf144 - rs12625805;rs2075734
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Chr Start End Gene ngDMR SNPID

chr5 77142381 77142898 LOC101929154 - rs6877994;rs7700998;rs13180688;rs12697875;rs13159821;rs7717920;rs7708151;rs13165722;rs7732015;
rs6881736;rs6886200;rs10079675;rs6887636;rs17185061;rs7728693;rs386488634;rs13171927;rs770452
5:rs72633994;rs75420090;rs75762999;rs111778721;rs16874790

chr17 8702637 8702755 MFSD6L - rs904168;rs12950996;rs1826925;rs1826924;rs9915911;rs9916087;rs9916352;rs9894980;rs6503162;rs99
00380;rs9900202;rs9909368;rs9916348;rs34110722;rs9907726;rs9894755;rs9895434;rs34911988;rs9900
175;rs34856299;rs9899703;rs9916347;rs34184531;rs7209143;rs4791757;rs2242373

chr10 126593720 126593912 ZRANB1 - rs4478950;rs12569669;rs61873263;rs61873264;rs61873265;rs57130385;rs12359621;rs12359031;rs7089
014;rs7083298;rs7083336;rs7079199;rs55674450;rs61873268;rs7089131;rs12569940;rs17152377;rs1715
2381;rs7089281;rs7082846;rs7097282;rs7086447;rs1807099;rs2364522;rs733402;rs733401;rs733400;rs6
1873270;rs12571196;rs77088732;rs17152374;rs1863828;rs7093604;rs7081640;rs7078652

chr12 125482583 125482828 BRI3BP - rs4765198;rs7303487;rs4418906;rs4765014;rs10161214;rs10161415;rs7307530;rs6488973;

chr7 55412705 55412995 LANCL2 - rs6970274;rs2331066;rs4948014

chr8 599524 600397 ERICH1 - rs4735895;rs13277578;rs4593520;rs11991053;rs1669718;rs1703882;rs2335877;rs1703945;rs1703938;rs
17751994;rs67918799;rs4735894;rs58792201;rs10087796;rs2878547;rs6559040;rs113381654;rs1669720
:rs10107345;rs1669721;rs1669723;

chr8 58192499 58193337 LINC00588 - rs67344620;rs66731170;rs68112919;rs66479724;rs72652905;rs72652906;rs58947041;rs73609747;rs6078

6705;rs58720297;rs59383954;rs59265461;rs66840104;rs9650139;rs112793785;rs3814486;rs68076606;rs
113745779;rs72652908;rs111915672;rs67105789;rs73609760;rs75585481;rs73609764;rs76270388;rs679
66192;rs67042991;rs66477954;rs59341413;rs58982816;rs61998258;rs61998259;rs61638902;rs61733801
irs73591706;rs59843034;rs68114352;rs55912204;rs55977795;rs58371676;rs56130194;rs66886949;rs113
857287;rs73609762;rs78138632;rs112284078;rs76944716;rs76023408;rs59708460;rs2270610;rs2270609
;rs2270607;rs10504229;rs6999878;rs2270608;rs1390411;rs57314710;rs67389108;rs58608483;rs1050423
0;rs59275611;rs58957714;rs79311869;rs6981914;rs60646469;

Chr= Chromosome; ng= non genotype associated differentially methylated region
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Table 8.1.6: Results of the Motif analysis and the intersecting DMRs

Motif  Hits Chr Start End Sae;ee Predicted Target gene Enhancer ngDMR
1 1 chr17 36572579 36572896 ARHGAP23 SOCS7;SOCS7;HNF1B;MLLT6 YES YES
1 2 chr17 8769570 8769883 PIK3R6 PIK3R6 YES YES
1 3 chr17 21119605 21119864 TMEM11 USP22;C170rf103;USP22 YES YES
1 4 chr16 69489543 69489664 CYB5B CYB5B YES YES
1 5 chr19 34859991 34860409 GPI PDCD2L;UBA2;UBA2 YES YES
1 6 chr16 75026217 75026456 ZNRF1 WDR59;ZNRF1;WDR59;WDR59;ZNRF1 YES YES
1 7 chr1 22097059 22097226 USP48 USP48 YES YES
1 8 chr2 26094522 26094609 ASXL2 ASXL2;ASXL2 YES YES
1 9 chr21 19184847 19184908 C210rf91 BTG3 YES YES
1 10 chr21 38750599 38750876 DYRK1A DSCR3;DSCR3;DSCR3 YES YES
1 11 chri0 126593720 126593912 ZRANB1 ZRANB1 - -

1 12 chr12 125482583 125482828 BRI3BP BRI3BP;BRI3BP - -

1 13 chri4 93212312 93212486 LGMN LGMN - YES
1 14 chr18 22016574 22016799 IMPACT IMPACT;IMPACT - YES
1 15 chr2 97401278 97401371 LMAN2L CNNM4;LMAN2L - YES
1 16 chr3 39395430 39395804 CCRS8 SLC25A38;TTC21A;CX3CR1;CCR8;EEF1A1P24;SLC25A - YES

38;MOBP;MYRIP

1 17 chr4 148634323 148634373 ARHGAP10 ARHGAP10 - YES
1 18 chré 166674955 166675082 LOC101929297 LOC101929297 - YES
1 19 chr7 5382633 5382782 SLC29A4 SLC29A4 - YES
2 1 chr8 102236403 102236617 ZNF706 ZNF706;ZNF706;YWHAZ YES -

2 2 chr19 3520495 3521153 FZR1 CACTIN;C190rf71;FZR1;MFSD12;FZR1;MFSD12 YES YES
2 3 chri5 57511786 57512215 TCF12 TCF12 YES YES
2 4 chr2 113956545 113956672 PSD4 AHSA2;PSD4;L0OC654433;NT5DC4;PSD4;CBWD2;RABL YES YES

2A;RPL23AP7

2 5 chr11 132951692 132952491 OPCML OPCML YES YES
2 6 chr20 29525072 29525474 LINC01598 LINC01598 YES YES
2 7 chr20 33416638 33416741 NCOA6 NCOAB6;MMP24-AS1;EDEM2 YES YES
2 8 chrb 68700315 68700723 MARVELD2 MARVELD2 YES YES
2 9 chr17 8769570 8769883 PIK3R6 PIK3R6 YES YES
2 10 chr17 21119605 21119864 TMEM11 USP22;C170rf103;USP22 YES YES
2 11 chr7 102003600 102003766 LOC100289561 SH2B2 YES YES
2 12 chr16 75026217 75026456 ZNRF1 WDR59;ZNRF 1;WDR59;WDR59;ZNRF 1 YES YES
2 13 chr2 26094522 26094609 ASXL2 ASXL2;ASXL2 YES YES
2 14 chr21 19184847 19184908 C210rf91 BTG3 YES YES
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Motif  Hits Chr Start End 3:;2 Predicted Targetgene Enhancer ngDMR
2 15 chr21 38750599 38750876 DYRK1A DSCR3;DSCR3;DSCR3 YES YES
2 16 chr17 8702637 8702755 MFSD6L ODF4;NTN1 - -

2 17 chr10 126593720 126593912 ZRANB1 ZRANB1 - -
2 18 chr12 125482583 125482828 BRI3BP BRI3BP;BRI3BP - -
2 19 chr14 93212312 93212486 LGMN LGMN - YES
2 20 chr15 52872030 52872159 ARPP19 ARPP19;ARPP19 - YES
2 21 chr2 97401278 97401371 LMAN2L CNNM4;LMAN2L - YES
2 22 chr3 39395430 39395804 CCRS8 SLC25A38;TTC21A;CX3CR1;CCR8;EEF1A1P24;SLC25A - YES
38;MOBP;MYRIP
2 23 chr4 148634323 148634373 ARHGAP10 ARHGAP10 - YES
2 24 chr4 144833125 144833345 LOC101927636 LOC101927636 - YES
2 25 chr5 149145166 149145196 PPARGC1B PPARGC1B - YES
2 26 chr7 5382633 5382782 SLC29A4 SLC29A4 - YES
3 1 chr7 1914009 1914392 MIR4655 MAD1L1 YES -
3 2 chr17 36572579 36572896 ARHGAP23 SOCS7;SOCS7:HNF1B;MLLT6 YES YES
3 3 chr11 128694096 128694401 KCNJ1 KCNJ5;ARHGAP32 YES -
3 4 chr2 74213621 74213840 TET3 STAMBP;DGUOK;MTHFD2;BOLAS3- YES YES
AS1;BOLA3;STAMBP;DGUOK;MTHFD2;STAMBP;DGUO
K;MTHFD2;STAMBP;DGUOK;MTHFD2
3 5 chr1 93970706 93970976 FNBP1L CCDC18;TMED5 YES YES
3 6 chr17 28580392 28580613 SLC6A4 GOSR1 YES YES
3 7 chr9 32430999 32431302 ACO1 ACO1 YES YES
3 8 chr16 85654108 85654323 GSE1 GSE1 YES YES
3 9 chr17 8769570 8769883 PIK3R6 PIK3R6 YES YES
3 10 chr7 102003600 102003766 LOC100289561 SH2B2 YES YES
3 1 chr16 69489543 69489664 CYB5B CYB5B YES YES
3 12 chr16 75026217 75026456 ZNRF1 WDR59;ZNRF1;WDR59;WDR59;ZNRF1 YES YES
3 13 chr1 22097059 22097226 USP48 USP48 YES YES
3 14 chr1 149162004 149162462 NBPF25P NBPF25P - YES
3 15 chr1 10436586 10436850 PGD APITD1-CORT;APITD1;PGD;APITD1- - YES
CORT;APITD1;PGD
3 16 chr11 59560470 59560548 MRPL16 MRPL16 - YES
3 17 chr12 125482583 125482828 BRI3BP BRI3BP;BRI3BP - -
3 18 chr12 107273279 107273680 TMEM263 TMEM263 - YES
3 19 chr18 22016574 22016799 IMPACT IMPACT;IMPACT - YES
3 20 chr18 59588681 59588813 RNF152 RNF152 - YES
3 21 chr2 113426404 113426418 SLC20A1 SLC20A1 - YES
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Motif  Hits Chr Start End 3:;2 Predicted Targetgene Enhancer ngDMR
3 22 chr2 122984491 122984673 TSN TSN - YES
23 chr3 39395430 39395804 CCRS8 SLC25A38; TTC21A;CX3CR1;CCR8;EEF1A1P24;SLC25A - YES
38:MOBP;MYRIP
3 24 chr3 98476467 98476656 ST3GAL6 ST3GAL6 - YES
3 25 chr5 140961391 140961495 LOC100505658 LOC100505658 - YES
3 26 chr5 149145166 149145196 PPARGC1B PPARGC1B - YES
3 27 chré 52385312 52385483 TRAM2 TRAM2 - YES
3 28 chr8 58192499 58193337 LINC00588 LINC00588 - -
4 1 chr17 36572579 36572896 ARHGAP23 SOCS7;SOCS7;HNF1B;MLLT6 YES YES
4 2 chr11 128694096 128694401 KCNJ1 KCNJ5;ARHGAP32 YES -
4 3 chr15 57511786 57512215 TCF12 TCF12 YES YES
4 4 chr20 33416638 33416741 NCOAG6 NCOAG6;MMP24-AS1;EDEM2 YES YES
4 5 chr14 100610169 100610683 DEGS2 YY1:SLC25A29;:MIR345;:DEGS2;YY1;EVL YES YES
4 6 chr17 21119605 21119864 TMEM11 USP22;C170rf103;USP22 YES YES
4 7 chr16 69489543 69489664 CYB5B CYB5B YES YES
4 8 chr19 34859991 34860409 GPI PDCD2L;UBA2;UBA2 YES YES
4 9 chr21 19184847 19184908 C210rf91 BTG3 YES YES
4 10 chr21 38750599 38750876 DYRK1A DSCR3;DSCR3;DSCR3 YES YES
4 11 chr10 126593720 126593912 ZRANB1 ZRANB1 - -
4 12 chr12 125482583 125482828 BRI3BP BRI3BP;BRI3BP - -
4 13 chr18 22016574 22016799 IMPACT IMPACT;IMPACT - YES
4 14 chr2 97401278 97401371 LMAN2L CNNM4;LMAN2L - YES
4 15 chr4 148634323 148634373 ARHGAP10 ARHGAP10 - YES
4 16 chré 166674955 166675082 LOC101929297 LOC101929297 - YES
4 17 chr7 5382633 5382782 SLC29A4 SLC29A4 - YES
4 18 chr9 69500968 69501069 ANKRD20A4 ANKRD20A4 - YES
4 19 chr9 123744449 123744761 TRAF1 PSMD5-AS1;PSMD5 - YES
5 1 chr1 67600310 67600658 C1orf141 C1orf141 YES -
5 2 chr15 57511786 57512215 TCF12 TCF12 YES YES
5 3 chrb 68700315 68700723 MARVELD2 MARVELD2 YES YES
5 4 chr3 172243109 172243330 TNFSF10 TNFSF10 YES YES
5 5 chr17 21119605 21119864 TMEM11 USP22;C170rf103;USP22 YES YES
5 6 chr7 102003600 102003766 LOC100289561 SH2B2 YES YES
5 7 chr19 34859991 34860409 GPI PDCD2L;UBA2;UBA2 YES YES
5 8 chr19 4382715 4382767 SH3GL1 CHAF1A;SH3GL1 YES YES
5 9 chr11 68517647 68517834 MTL5 GAL;C110rf24;GAL; TPCN2;GAL;CPT1A;MRPL21;IGHMB YES YES

P2;GAL;CPT1A;MRPL21;IGHMBP2
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Motif  Hits Chr Start End rfl;aer:ee Predicted Targetgene Enhancer ngDMR
5 10 chr2 26094522 26094609 ASXL2 ASXL2;ASXL2 YES YES
5 1 chr21 19184847 19184908 C210rf91 BTG3 YES YES
5 12 chr21 38750599 38750876 DYRK1A DSCR3;DSCR3;DSCR3 YES YES
5 13 chr10 126593720 126593912 ZRANB1 ZRANB1 - -

5 14 chr14 93212312 93212486 LGMN LGMN - YES
5 15 chr2 97401278 97401371 LMAN2L CNNM4;LMAN2L - YES
5 16 chr4 148634323 148634373 ARHGAP10 ARHGAP10 - YES
5 17 chr5 140961391 140961495 LOC100505658 LOC100505658 - YES
5 18 chr5 149145166 149145196 PPARGC1B PPARGC1B - YES
6 1 chr4 170695782 170696267 Cdorf27 CLCN3;MFAP3L YES YES
6 2 chr5 42943969 42944683 FLJ32255 LOC153684;ANXA2R YES YES
6 3 chr17 49057182 49057238 SPAG9 SPAGY9 YES YES
6 4 chr7 102003600 102003766 LOC100289561 SH2B2 YES YES
6 5 chr16 75026217 75026456 ZNRF1 WDR59;ZNRF1;WDR59;WDR59;ZNRF1 YES YES
6 6 chr1 22097059 22097226 USP48 USP48 YES YES
6 7 chr3 128317561 128317754 LINC01565 GATA2 YES YES
6 8 chr10 3625837 3626735 KLF6 KLF6;KLF6 - YES
6 9 chr11 59560470 59560548 MRPL16 MRPL16 - YES
6 10 chr12 125482583 125482828 BRI3BP BRI3BP;BRI3BP - -

6 11 chr14 93212312 93212486 LGMN LGMN - YES
6 12 chr17 81093746 81093809 METRNL METRNL - YES
6 13 chr18 22016574 22016799 IMPACT IMPACT;IMPACT - YES
6 14 chr5 140961391 140961495 LOC100505658 LOC100505658 - YES

Chr= chromosome; ngDMR= non genotype associated differentially methylated region
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Table 8.1.7: Transcription factors related to asthma according to Figure 3.2.4

Transcription factor Related reference
EGR Chan et al. (254)
GABPA Xue et al.(255)
PATZ1 Kichaev et al.(256)
GATA3 Shrine et al.(247)
GATA6 Zhang et al.(257)
NFAC1 Koch et al.(248)
IRF Landgraf-Rauf et al.(249)
STAT2 Hsieh et al.(258)
SRBP1 Smet et al.(259)
THB Duan et al.(260)
ATF3 Roussel et al.(261)

Table 8.1.8: Genes related to asthma determined by natural language processing tool highlighted in Figure 3.2.7
by blue outline circle

Asthma-Gene Related reference
IL4 Cui et al. (262)
PPARA Trifilieff et al.(263)
RELA Gagliardo et al. (240)
NOS3 Dahgam et al.(264)
KIF3A Johansson et al.(265)

RAD50 Li et al. (266)
ZFPM1 Jahreis et al.(267)
E2F1 Xu et al. (268)
IL17D Quan-San et al.(166)
GATA2 Yang et al.(269)
TSC2 Landgraf-Rauf et al. (249)
YY1 Guo et al. (241)
CPT1A Byersdorfer et al. (270)
RPTOR Yick et al. (271)
MAD1L1 McErlean et al. (167)
YWHAZ Garbacki et al.(242)
CHMP4B Kogan et al. (230)
KLF6 Duan et al.(272)
PPARGC1B Temesi et al. (155)
TRAF1 Pedros et al. (273)
ILSRA Liang et al. (85)
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Table 8.1.9: Module analysis and gene enrichment for all enhancer target genes and DMR associated genes
(FDR <0.001). Colour indicated corresponding module shown in Figure 3.2.7.

genes
observed/
in
pathwa

Module pathways p-value

signaling
6 by HDAC
class |

Signaling events mediated by HDAC
Class I(N)

GATA2,ZFPM

(56/2) 7.94E-05  8.73E-04 1
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Nonhomologous End-Joining (NHEJ)(R) (36/3) 3.64E-08

DNA Double Strand Break Response(R) (45/3) 7.10E-08
HDR through Homologous

DNA Recombination (HR) or Single Strand (85/3) 4.79E-07
8  damage Annealing (SSA)(R)
control
Cell Cycle Checkpoints(R) (164/3) 3.44E-06
DNA Damage/Telomere Stress Induced
Senescence(R) (2712) 1.85E-05

ATM pathway(N) (34/2) 2.93E-05
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Databases: (B) Biocarta; (R) Reactome, (N) Pathway Interaction Database, (K) KEGG

9.94E-07

9.94E-07

4.31E-06

2.41E-05

9.24E-05
1.17E-04

RAD50,KATS,
WHSC1
RADS0,KATS5,
WHSCA1

RADS0,KATS5,
WHSC1
RAD50,KATS,
WHSCA1

RADS0,KATS
RADS0,KATS
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Table 8.1.10: Differentially methylated regions (DMRs) between asthmatic children (n=23) and healthy controls
(n=25) based on whole genome bisulfite sequencing of cord blood DNA samples

Chr Start End Gene Predicted target gene Enhancer ngDMR
1 157248949 157249331 ETV3 ARHGEF11 YES -
1 17198854 17199360 LOC11226 CROCCP3;CROCC YES -
7871
2 95537378 95537563 TEKT4 TEKT4 - YES
2 88125240 88125526 RGPD2 RGPD2 - YES
2 27038161 27038368 CENPA GPR113 YES -
2 23851888 23852088 KLHL29 KLHL29;ATAD2B;UBXN2A;MFS YES YES
D2B;C2o0rf44;FKBP1B; TP53I3;PF
N4
3 195576617 195576929 LINC01983 PPP1R2;ACAP2;TFRC;TCTEX1 - -
D2
4 191014262 191014425 DBET DBET - YES
4 124092 124382 ZNF718 ZNF595;ZNF718;ZNF595 YES -
4 124988 125374 ZNF718 ZNF595;ZNF718; YES -
4 125411 125759 ZNF718 ZNF595;ZNF718 YES -
5 131607157 131607757 PDLIM4 RADS50;PDLIM4;SLC22A4;LOC55 YES YES
3103;SLC22A5;FNIP1;SLC22A4;]
RF1
7 127911773 127911846 LEP LEP YES -
7 36007150 36007678 LOC10192 HERPUD2;ANLN YES YES
8618
7 137831625 137832414 MIR4468 SVOPL YES -
8 58055837 58056142 LINC01606 LINC01606 - -
8 58192325 58193091 LINC00588 LINC00588 - -
8 145240404 145240582 MROH1 PUF60;PLEC;PARP10;0PLAH;S YES YES
HARPIN;KIAA1875;SCRT1;VPS2
8
8 145755797 145756044 C8orf82 OPLAH;SCRT1;TMEM249;ZNF5 YES YES
17;RPL8;ZNF34;ZNF16;VPS28;A
RHGAP39;ZNF251;BOP1;HSF1;
DGAT1;ADCK5;CPSF1;CYHR1;K
IFC2;PPP1R16A;GPT;MFSD3;R
ECQL4;LRRC14;C80rf82;ZNF250
8 2591089 2591237 LOC10192 LOC101927815 YES -
7815
8 145164208 145164352 WDR97 GRINA;SPATC1;PARP10;FBXL6; YES -
SLC52A2; TONSL;MIR937;SCRIB
;PUF60;PLEC;BOP1;HSF1;EEF1
D;TIGD5;TSTA3;ZNF707;MAPK1
5;FAM83H;NRBP2;EPPK1;0PLA
H;GPAA1;SHARPIN;KIAA1875;S
CXA;DGAT1;SCRT1;ADCK5;CP
SF1;VPS28;
8 10583876 10584071 LOC10272 C8orf74;SOX7 YES YES
3313
8 145164383 145164473 WDR97 GRINA;SPATC1;PARP10;FBXL6; YES -

SLC52A2; TONSL;MIR937;SCRIB
;PUF60;PLEC;BOP1;HSF1;TSTA
3;ZNF707;MAPK15;NRBP2;SHA

RPIN;KIAA1875;SCXA;DGAT1;C
PSF1
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Chr Start End Gene Predicted target gene Enhancer ngDMR
8 145164483 145165157 WDR97 GRINA;SPATC1;DGAT1;GRINA;  YES -
PARP10;FBXL6;SLC52A2;TONS
L;MIR937;SCRIB;PUF60;GRINA,;
PLEC;PARP10;BOP1;HSF1
58054992 58055599 LINC01606 LINC01606 YES -
2585296 2586090 LOC10192 LOC101927815 - -
7815
8 145163229 145163397 WDR97 FBXL6;SLC52A2;MIR937;SCRIB; YES -
PUF60;GRINA;PLEC;PARP10;T
ONSL;BOP1;HSF1
27690402 27691023  C9orf72 C9orf72 - -
38526666 38526756 FAM95C FAM95C - -
99999691 100000160 SUGT1P4- SUGT1P4-STRA6LP-CCDC180 YES -
STRAGLP-
CCDC180
10 1405996 1406154  ADARB2- LARP4B;GTPBP4;IDI1;WDR37;A - YES
AS1 DARB2
10 50244174 50244378 MIR4294 WDFY4 - -
10 1404927 1405391 ADARB2- LARP4B;GTPBP4;IDI1;WDR37;:A - YES
AS1 DARB2
10 134778338 134779072 LINCO1166 INPP5A;CALY YES YES
10 45694300 45694677 MIR3156-1 RASSF4;ANKRD54P1;ALOX5M  YES -
ARCHS
11 7110247 7110453  RBMXL2 RBMXL2 - -
11 134393902 134394000 LOC28317 LOC283177 - -
7
11 132951860 132952259 OPCML OPCML YES YES
12 64936842 64936990 RASSF3 RASSF3 - YES
12 64936996 64937193 RASSF3 RASSF3 - -
12 104697654 104697775 EID3 EID3 - YES
12 96709740 96710084 ELK3 CDK17 YES YES
12 123010390 123010570 RSRC2 LOC100507066;ARL6IP4;DIABL  YES YES
O;CLIP1;ZCCHC8;DENR
12 9217441 9217685  LINC00612 TRAFD1;PHC1;M6PR - -
13 50700925 50701002 DLEU2 MIR3613;TRIM13;DLEU1;RNASE  YES -
H2B-
AS1;RNASEH2B;EBPL;CTAGE1
oP
13 50701146 50701365 DLEU2 MIR3613;TRIM13;DLEU1;RNASE  YES -
H2B-AS1;RNASEH2B;
16 89258991 89259585 SLC22A31 CDH15;ZNF778;SLC22A31;ACS  YES -
F3;LOC400558;SPATA2L;APRT,;
SPG7;GALNS;TRAPPC2L;RPL13
17 3807783 3808443  P2RX1 ORB3A3 YES -
18 48255938 48256056 MRO MRO - YES
18 37379452 37379720 LINC01902 LINC01902 - -
18 37379842 37379925  LINCO01902 LINC01902 - YES
19 37266756 37267020 LOC72848 ZNF567 - -
5
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Chr Start End Gene Predicted target gene Enhancer ngDMR
20 259654 260174 C200rf96 C200rf96;ZCCHC3 YES YES
21 43243499 43244020 PRDM15 C2CD2;UMODL1;C210rf128 YES -
22 50985318 50985541 KLHDC7B  TYMP;ODF3B;SCO2;CHKB- YES YES

AS1;CHKB;CHKB-CPT1B
22 45832576 45833136 RIBC2 KIAA0930 YES -
22 39884874 39884999 MGAT3 SMCR7L;S- YES YES

RD43;RPL3;ATF4;RPS19BP1;AP
OBEC3G;MGAT3;GRAP2

Chr= chromosome; ngDMR= non genotype associated differentially methylated region

Table 8.1.11: Overview of included DNA methylation studies related to environmental exposures and the 27
identified DMRs by the top down approach (factorial ANOVA)

Environmental Epigenetic Approach Intersected regions
factor studies
Prenatal Bauer et al(106)*** WGBS Chr3:75445436-75445698 (FAMS6DP)
maternal smoke Chr13:20968573-209690084 (MIR4499)
exposure Chr8:2585088-2586090 (LOC101927815)
Chr8:58192499-58193337 (LINC00588)
Chr11:132951692-132952491 (OPCML)
Joubert et al.(170) 450K
Miyake et al.(171)
deVocht et al.(172)
Kupers et al.(173)
Lee et al.(174)
Markunas et
al.(175)
Reese et al.(176)
Xu etal.(177) 450K Chr5:77142381-77142898(LOC101929154)
Chr7:90895326-90896701 (FZD1)
Maternal stress Vangeel et al.(178) 450K
Trump et al.(38)*** WGBS
Kertes et al.(179) 450K
Maternal Viuff et al.(180) 450K
depression Non et al.(181)
Cardenas et
al.(182)
Child’s ADHD Walton et al.(183) 450K
Air pollution Gruzieva et al.(184) 450K
during Peng et al.(185)
pregnancy Ladd-Acosta et
al.(186)
Maternal asthma deVries et al.(187) 450K
Prenatal Bozack et al.(188) 450K
maternal arsenic Kaushal et al.(189)
exposure Rojas et al.(190)
Prenatal Cardenas et 450K
maternal al.(191)
mercury and
arsenic
exposure
Prenatal Sen et al.(192) 450K
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maternal lead
exposure

Prenatal
maternal
cadmium
exposure

Maternal
gestational
diabetes
mellitus
Preterm birth

Prenatal
maternal
phthalate
exposure
Prenatal
maternal BPA
exposure
Birthweight of
neonates

Maternal BMI
during
pregnancy
Prenatal DHA
supplementation

Vitamin D intake
during
pregnancy

Wu et al.(193)

Kippler et al.(194)

Howe et al.(195)

Goede et al.(196)

Wu et al.(197)

Solomon et al.(198)

Junge et al.(169)***

Kipers et al.(199)

Sharp et al.(200)

van Dijk et al.(201)

Junge et al.(274)

450K

450K

450K

450K

450K

450K

450K

450K

WGBS

Chr13:24914323-24914904 (LINC00566)
Chr13:20968573-20969084 (MIR4499)
Chr13:24914323-24914904 (LINC00566)

Chr11:68517647-68517834 (MTL5) CT1
Chr2:24233608-24234116 (MFSD2B) CT4
Chr16:88540019-88540525 (MIR5189) CT4
Chr2:24233608-24234116 (MFSD2B) CT8
Chr7:1914009-1914392 (MIR4655) CT8
Chr16:88540019-88540525 (MIR5189) CT8

Chr2:24233608-24234116 (MFSD2B) pt2
Chr2:24233608-24234116 (MFSD2B) pt4

chr1:6341136-6341791 (GPR153)
chr16:88540019-88540525 (MIR5189)
chr7:90895326-90896701 (FZD1)
chr16:88540019-88540525 (MIR5189)
chr7:90895326-90896701 (FZD1)
chr1:6341136-6341791 (GPR153)
chr16:88540019-88540525(MIR5189)
chr16:88540019-88540525 (MIR5189)

chr2:118617605-118618119 DDX18
chr9:38487906-38488164 FAM95C

chr13:20968573-20969084 (MIR4499)
chr17:19627951-19628165 (SLC47A2)
chr5:77146478-77147360
(LOC101929154)

***studies in the LINA cohort, WGBS= whole genome bisulfite sequencing BeadChip 450K= lllumina

HumanMethylation450 BeadChip; ADHD=attention deficit

DHA=docosahexaenoic acid

129

hyperactivity disorder; BPA= Bisphenol A;



SUPPLEMENTARY MATERIAL

Table 8.1.12: Overview of included DNA methylation studies related to environmental exposures and the 57
identified DMRs by the bottom up approach (DMR calling)

Environmental Epigenetic Approach Intersected regions
factor studies
Prenatal Bauer et al(106)*** WGBS Chr19:37266756-37267020 (LOC728485)
maternal smoke Chr8:58054992-58055599 (L/NC01606)
exposure Chr8:58055837-58056142 (LINCO1606)
Chr18:37379452-37379720 (LINC01902)
Chr8:2585088-2586090 (LOC101927815);
Chr8:58192499-58193337 (LINC00588);
Chr11:132951692-132952491 (OPCML
Joubert et al.(170) 450K
Miyake et al.(171)
deVocht et al.(172)
Kupers et al.(173)
Lee et al.(174)
Markunas et
al.(175)
Reese et al.(176)
Xu et al.(177) 450K Chr12:9217441-9217685 (LINC00612)
Chr13:50701146-50701365 (DLEUZ2)
Maternal stress  Vangeel et al.(178) 450K
Trump et al.(38)*** WGBS Chr7:137831625-137832414 (MIR4468)
Chr8:145164208-145164352 (WDR97)
Chr8:145164383-145164473 (WDR97)
Chr8:145164483-145165157 (WDR97)
Chr12:64936996-64937193 (RASSF3)
Chr9:27690402-27691023 (C9orf72)
Kertes et al.(179) 450K
Maternal Viuff et al.(180) 450K
depression Non et al.(181)
Cardenas et
al.(182)
Child’s ADHD Walton et al.(183) 450K
Air pollution Gruzieva et 450K
during al.(184)
pregnancy Peng et al.(185) Chr18:48255938-48256056 (MRO)
Ladd-Acosta et
al.(186)
Maternal asthma deVries et al.(187) 450K Chr4:124988-125374 (ZNF718)
Prenatal Bozack et al.(188) 450K
maternal arsenic Kaushal et al.(189)
exposure Rojas et al.(190)
Prenatal Cardenas et 450K
maternal al.(191)
mercury and
arsenic
exposure
Prenatal Sen et al.(192) 450K
maternal lead Wu et al.(193) Chr12:9217441-9217685 (LINC00612)
exposure Chr8:2591089-2591237 (LOC101927815)
Chr10:134778338-134779072 (LINC0O1166)
Prenatal Kippler et al.(194) 450K
maternal
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cadmium
exposure

Maternal
gestational
diabetes
mellitus
Preterm birth

Prenatal
maternal
phthalate
exposure
Prenatal
maternal BPA
exposure
Birthweight of
neonates
Maternal BMI
during
pregnancy
Prenatal DHA
supplementation

Howe et al.(195)

Goede et al.(196)

Wu et al.(197)
Solomon et al.(198)

Junge et al.(169)***

Kupers et al.(199)

Sharp et al.(200)

van Dijk et al.(201)

450K

450K

450K

450K

450K

450K

450K
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Chr18:48255938-48256056 (MRO)

Chr16:88540019-88540525(MIR5189) S3
Chr16:88540019-88540525 (MIR5189) S5

Chr19:37266756-37267020 (LOC728485)
Chr11:7110247-7110453 (RBMXL2)
Chr18:48255938-48256056 (MRO)
Chr10:1405996-1406154 (ADARB2-AS1)
Chr2:95537378-95537563 (TEKT4)
Chr8:58055837-58056142 (LINC01606)
Chr10:1404927-1405391 (ADARB2-AS1)
Chr3:195576617-195576929 (LINC01983)
Chr8:58192325-58193091 (LINC00588)
Chr12:104697654-104697775 (EID3)
Chr8:2585296-2586090 (LOC101927815)
Chr12:9217441-9217685 (LINC00612)
Chr8:145755797-145756044 (C80orf82)
Chr20:259654-260174 (C200rf96)
Chr7:127911773-127911846 (LEP)
Chr8:2591089-2591237 (LOC101927815)
Chr16:89258991-89259585 (SLC22A31)
Chr13:50700925-50701002 (DLEU2)
Chr13:50701146-50701365 (DLEU2)
Chr4:124092-124382 (ZNF718)
Chr10:134778338-134779072 (LINC01166)
Chr8:145164208-145164352 (WDR97)
Chr5:131607157-131607757 (PDLIM4)
Chr22:50985318-50985541 (KLHDC7B)
Chr11:132951860-132952259 (OPCML)
Chr8:145164383-145164473 (WDR97)
Chr8:145164483-145165157 (WDR97)
Chr8:58054992-58055599 (LINC01606)
Chr4:124988-125374 (ZNF718)
Chr4:125411-125759 (ZNF718)

Chr9:99999691-100000160 (SUGT1P4-



SUPPLEMENTARY MATERIAL

STRA6LP-CCDC180)
Chr8:145163229-145163397 (WDR97)
Chr2:118617605-118618119 (DDX18)
Chr9:38487906-38488164 (FAM95C)

Chr13:20968573-20969084 (MIR4499)

Chr17:19627951-19628165 (SLC47A2)
Vitamin D intake Junge et al.(274) WGBS Chr20:259654-260174 (C200rf96)
during

pregnancy
***studies in the LINA cohort, WGBS= whole genome bisulfite sequencing BeadChip 450K= lllumina

HumanMethylation450 BeadChip; ADHD=attention deficit hyperactivity disorder; BPA= Bisphenol A;

DHA=docosahexaenoic acid
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