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Heredity deals the cards; environment plays the hand
      CL Brewer 

För att nå kärnan måste man knäcka skalet 
                    Gammalt ordspråk



ABSTRACT
The occurrence of asthma and allergic diseases is influenced by inherited and environmental factors, and 
symptoms of asthma and allergy usually begin in early childhood. The overall aim with this thesis was to 
study the role of genetic factors for the development of childhood asthma and allergy, and to evaluate 
potential interaction between genetic and environmental factors.  

Using the BAMSE birth cohort study, children with wheezing episodes up to the age of 
four were classified into the following groups: transient wheezing (n=266, 8%), persistent wheezing 
(n=319, 9%) and late-onset wheezing (n=195, 6%). Children with persistent and late onset wheezing had 
the highest occurrence of sensitisation to inhalant allergens (23% and 30%, respectively), whereas lower 
mean peak expiratory flow values were seen in children with transient and persistent wheezing (mean 
difference –8.9 and –8.5 l/min, respectively). Both maternal and paternal allergic disease were of 
importance for all wheezing outcomes in the children, but the influence of parental allergic disease on the 
risk of persistent wheezing seemed to be more pronounced in boys than in girls. 
 For the genetic analyses, around 500 children with asthma symptoms up to four years 
and 500 controls were selected from the BAMSE study. Single nucleotide polymorphisms (SNP) and 
their corresponding haplotypes in six candidate genes for asthma and allergy were analysed and their 
associations with various phenotypes were evaluated. Variations in the IL9R gene seemed to influence the 
susceptibility to both wheezing and sensitisation, predominantly in boys. No overall effect of the IL4RA
SNPs was observed and only weak associations to wheezing and sensitisation were indicated when 
haplotypes were considered. Variants in the ADRB2 gene showed no overall association to any of the 
outcomes, whereas the TNF-α -308 SNP seemed to affect the risk of sensitisation at the age of four. 
Ala114Val was the only SNP in the GSTP1 gene that showed any association (particularly to asthma). 
For the GPRA association analyses, asthma and allergic sensitisation were used as major outcomes and 
the study was designed to evaluate the role of certain haplotypes on these study subjects both from 
BAMSE and a multinational European project (PARSIFAL). Both risk haplotypes (H5/H6) and non-risk 
haplotypes (H1/H3) could be identified, and these haplotypes seemed to predominantly influence the risk 
of sensitisation, but also asthma and allergic rhinoconjunctivitis.  

Interaction analyses between the IL9R and IL4RA genes showed that the effect of IL4RA
SNPs on wheezing up to the age of four was modified by SNPs in the IL9R gene. Combinations of the 
IL4RA Gln576Arg variant and an intron IL9R variant seemed to influence the risk of wheezing 
particularly, and both risk and non-risk combinations were observed.  

Air pollution from road traffic in the study area was evaluated as nitrogen oxides (traffic-
NOx) and inhalable particulate matter (traffic- PM10) using emission databases and dispersion modelling. 
Individual exposure levels during the first year of life were estimated through geocoding of the children’s 
home addresses. Significant gene-environment interaction effects were suggested between SNPs in the 
GSTP1 gene and exposure to traffic-NOx during the first year of life with regard to allergic sensitisation 
at 4 years. Heterozygous GSTP1 carriers seemed to have the most pronounced risk of disease and this 
pattern was seen for all GSTP1 SNPs tested. Similar interaction was seen for exposure to traffic- PM10.
 In summary, we have shown that parental allergic disease is important for development 
of wheezing up to the age of four, but the hereditary influence seemed to be more pronounced in boys 
than in girls. Variants in several of the analyzed genes were associated with symptoms of asthma and 
allergic sensitisation. The association between these genetic variants and allergic diseases are likely to be 
influenced by other genetic variants, here exemplified by gene-gene interaction between IL4RA and IL9R
variants, and environmental factors, here exemplified by gene-environment interaction between GSTP1
variants and exposure to traffic-NOx.   
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BACKGROUND  

CHILDHOOD WHEEZING, ASTHMA AND ATOPY 

Definition of asthma  

Asthmatic disease is associated with a number of intermediate phenotypes, such as 
early childhood wheezing induced by viral infections, asthmatic symptoms induced by 
exercise or inhalation of cold air, and allergic asthma. The common feature is a chronic 
inflammation of the airways that involves a number of inflammatory cells and cellular 
mechanisms. This inflammation is usually accompanied by airflow limitation as a 
result of mucus hypersecretion and bronchoconstriction, which may cause symptoms 
like wheeze, breathlessness, chest tightness or cough.1 Asthma is diagnosed clinically 
on the basis of these symptoms and there is no gold standard definition, although many 
attempts have been made to define asthma in terms of its impact on lung function 
(e.g., airflow limitation, its reversibility and airway hyperresponsiveness). In children, 
recurrent wheezing is considered to be the major criterion for asthma and a certain 
number of episodes within the last 12 months do usually cover the asthma diagnosis 
according to definitions.2, 3 In young children, the asthma definition has been proposed 
to be replaced by wheezing, which also may include symptoms over time; transient, 
late onset and persistent wheezing4, or the association with allergic sensitisation; non-
atopic and atopic wheezing.5

Allergic disease is considered to be a major public health issue. The prevalence of 
asthma symptoms in children (aged 13-14 years) shows large world-wide variations, 
with the highest 12-month prevalences reported from the UK, Australia and New 
Zealand (about 25-30%), and the lowest prevalences from Eastern European countries, 
India, and Ethiopia (about 2-10%).6 The prevalence of childhood asthma using 
doctor’s diagnosis or more stringent definitions than wheezing only is however 
around 6-8% in Europe with an estimated incidence rate of 0.9/100/year.7-10 The 
increased prevalence of asthma symptoms during the past decades may have reached its 
peak according to recent studies in several European countries,11-13 although there is 
evidence that the rise in prevalence actually has continued after 1988.14

Risk factors for early respiratory symptoms 

The variations in prevalence of asthma symptoms and other allergic manifestations 
suggest that different risk factors may have an impact on susceptible individuals in 
different parts of the world. Well known factors that influence the risk for asthma in the 
westernized world include family history and family size, infant feeding, sex, atopy, 
environmental tobacco smoke and other pollutants, but also lower respiratory tract 
infections (Figure 1).15 Almost 20 years ago, the so called “hygiene hypothesis” was 
introduced suggesting that the decrease in infectious burden during early life and 
changes in gut flora may have led to increased predisposition to allergy and asthma 
during childhood.16, 17 Accordingly, presence of older siblings in the home and day 
care attendance during the first 6 months of life have been found to protect against the 
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development of asthma between 6-13 years of age.18 Certain infections may account 
for this protection, especially viral infections other than lower respiratory tract 
infections (e.g., herpes virus).19 Studies on the effects of specific environment with 
other exposure patterns than commonly seen today (e.g., farming lifestyle) have given 
support to the hygiene hypothesis with respect to the development of allergic 
diseases.20, 21 From an immunologic point of view, reduced activity of T-regulatory 
cells, which may lead to reduced immune suppression, has been emphasized lately as a 
basis for the mechanisms behind the hypothesis, rather than lack of shifting of 
allergen-specific responses from the Th2 to the Th1 phenotype originally suggested.22

Figure 1. Genetic and environmental factors that may influence the risk of childhood allergy and asthma. 

Effects of exposure to air pollutants 

Traffic-related air pollutants are well known triggers for asthma exacerbations, but the 
results are not consistent regarding the role of air pollutants as causative agents in the 
initial disease development.23, 24  Some epidemiological studies have also shown 
positive associations between air pollution and sensitisation to allergens in both adults 
and school children.25-28 We have recently reported effects of exposure to air pollutants 
from the local traffic early in life and asthma-related outcomes up to the age of four in 
the BAMSE cohort (Nordling et al in manuscript). The results show that exposure to 
traffic-related air pollution during the first year of life (using NOx and PM10 as 
indicators) was associated with an increased risk of persistent wheezing and 
sensitisation to inhalant allergens.  

High risk

Air pollution

Allergens (?)Respiratory infections

Male sex Heredity + Heredity -

Micro-biological exposure

Certain gut flora Diet / breastfeeding

Certain viruses

Low risk

Determinants of childhood allergy / asthma
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From childhood to adolescence 

Considerable efforts have been made to identify childhood factors that predict asthma 
and atopy later in life and the cohort studies conducted over the world have contributed 
to a great extent in our understanding of the natural history of these conditions. One 
key finding from the Tucson Children’s Respiratory Study is that events occurring 
already during the first year of life affects the total IgE levels, which in turn is a 
prognostic marker for later development of asthma.4 The critical role of early life 
events is further underlined in that the majority of all cases with persistent asthma 
experience their first symptoms already in childhood.29 Other theories suggest that 
important effects may start already in utero.30, 31

Factors that affect lung function in early infancy are of particular interest, as 
increased airway responsiveness already at 1 month of age has been shown to be 
associated with abnormal airway function and physician diagnosed asthma by 6 years 
of age.32 Exposure to tobacco smoke is one such well known factor, and there are 
several studies that show negative effects of exposure already in utero on lung 
function later in life.33-36 Wheeze in the early years is very common and may affect up 
to 30-40% of all children.4 Up to 73% of the Dunedin cohort members in New 
Zealand reported any wheezing episode up to the age of 26 years.37 More than 80% of 
children who wheeze during the first year of life and 60% of those who wheeze 
during the first two years of life do not wheeze after the age of 3 years.4 However, 
these children have been shown to have lower levels of lung function already at birth, 
and also at the age of 5-7 years and even by 16 years of age.4, 38, 39 Further, the earlier 
the age at onset of wheeze, the greater the risk of relapse later in life.37 Although 
asthma severity seems to improve from childhood to adulthood, the majority of 
preteenage children with established asthma will also experience asthma symptoms 
around the age of 25-30.40, 41 Complete remission of childhood asthma, usually defined 
as no symptoms, no medication and normal lung function, is estimated to around 10-
20% after 25-30 years.42, 43 Thus, early determinants for both wheezing susceptibility 
and lung function capacity seem to be of importance for the respiratory status later in 
life. 

Atopy  

Atopy can be defined as a personal and/or familial tendency to become sensitised and 
produce IgE antibodies in response to ordinary exposures to allergens, usually 
proteins.44 Using this definition, atopy is referred to as an immunological event that 
leads to the production of IgE antibodies, which may (or may not) cause typical 
symptoms of asthma, rhinoconjunctivitis, or eczema in relation to exposure to the 
allergen in point. In pre-school children, up to 25% are sensitised (regardless of any 
symptoms) and the IgE antibody synthesis is typically directed towards food allergens 
in infancy followed by IgE antibody production against inhalant allergens later in 
childhood.45, 46 The prevalence of sensitisation seems to peak in 20-30 year old 
individuals (around 35% prevalence) and declines at higher ages.47 Atopy remains one 
of the strongest risk factors for the development of asthma, and may also have negative 
effects on lung function, independent of asthma, already at the age of 3 years.37, 46, 48
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HUMAN GENETICS 

The human genome 

In 2001, the first analyses of the working draft human genome sequence were 
published as a joint effort by the publicly sponsored Human Genome Project and a 
private company, Celera Genomics.49, 50 This happened almost 150 years after Gregor 
Mendel's discovery of the laws of heredity (1866) and almost 50 years since the 
determination of the DNA structure (1953).51 The human genome contains 
approximately 30,000 protein-coding genes, and several other functional elements, 
such as non-protein-coding genes and DNA sequences related to chromosome 
dynamics.49 In humans, the DNA is organized in 23 pairs of chromosomes (22 
autosomes and one pair of sex chromosomes, XX or XY) found in the nucleus of the 
cell and is formed by large polymers with a linear backbone of sugar (deoxyribose) 
and nitrogen bases (adenine, A, cytosine, C, guanine, G, and thymine, T) attached to 
each sugar residue.52 A nucleoside is a sugar with an attached base, and a nucleoside 
with a phosphate group attached is called a nucleotide, which is the basic repeat unit 
of the DNA strand and one important source of variation in the genome. The structure 
of the DNA strands is a double helix with two DNA strands bound together in an 
antiparallel way (see Figure 2).  

Figure 2. A schematic figure of the antiparallel DNA strands, a single nucleotide polymorphism (SNP) 
and the DNA double helix.

A gene is an ordered sequence of nucleotides located in a particular position (locus) on 
a particular chromosome that encodes a specific functional product (e.g., a protein or a 
RNA molecule). As we have two copies of each gene on the autosomal chromosomes 
deriving from the mother and father respectively, a gene may exist in two alternative 
forms, or alleles. An individual having two identical alleles at a particular locus is said 
to be homozygous, whereas an individual with two different alleles is said to be 
heterozygous. Polymorphism refers to the existence of two or more genetic variants at a 
population frequency of > 1% (< 1% are usually considered mutations), and single 

5…A T T A G A C T A…3
3…T A A T C T G A T…5 “Allele 1”

A pair of two 
chromosomes

5…A T T A A A C T A…3
3…T A A T T T G A T…5 “Allele 2”

”SNP”
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nucleotide polymorphism to any variation at a single nucleotide (usually only two 
variants, e.g., presence of adenine, A or cytosine, C as the nitrogen base in the 
nucleotide). More than 9 million SNPs have been identified in the human genome and 
the average density is one SNP every 1,250 nucleotides, although large variations exist 
between genomic regions.53, 54 Deletions of one or several nucleotides (or even the 
whole gene, e.g., GSTM1 deletion) is also a form of polymorphisms and their relevance 
for medical genetic studies have gained attention lately.55 According to the central 
dogma in genetics, messenger RNA (mRNA) is transcribed from the DNA in the nuclei 
of the cells, and further translated into proteins in the cytoplasmic ribosomes (Figure 
3).52 Three nucleotides in the mRNA molecule (called codons) encode each amino acid 
in the protein. Thus, a polymorphism in the DNA strand may lead to a different mRNA 
codon, which in turn could change the amino acid in point and thereby alter function of 
the protein (e.g., an enzyme or a receptor) that may be involved in the disease 
pathophysiology. 

Figure 3. A 
schematic picture 
of DNA 
transcription and 
translation of 
mRNA into protein. 
Note that adenine 
(A) in the DNA 
strand is transcribed 
into uracile (U) in 
the mRNA strand.  

Mode of inheritance 

According to Mendel’s laws of inheritance, a 
phenotype (e.g., disease or any other character) 
shows a dominant pattern of inheritance if it is 
manifest in the heterozygote (one copy of the 
disease related gene is enough) and recessive if 
manifest only in the homozygous carriers (two 
copies of the disease related gene are required).52

Other types of genetic mechanisms include 
additive genetic effects: a mechanism of 
quantitative inheritance such that the combined 
effects of genetic alleles at two or more gene loci 
are equal to the sum of their individual effects. A 
multiplicative model assumes that the combined 
effect of two or more gene loci is equal to the 
product of their individual effects. Co-dominance 
refers to the situation in which two different 

Figure 4. A small pedigree (only 
one family) with affected mother 
and son.

Codon

Translation

Amino acid Protein

Transcription

DNA (antisense) 3’…T  A  A  T  T  T  G  A  T…5’
mRNA (sense)     5’…A  U U A  A A  
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alleles for a trait are expressed unblended in the phenotype of heterozygous individuals. 
Thus, both alleles influence the phenotype, and neither dominant nor recessive 
inheritance pattern is seen. Type AB blood is an example of a co-dominant phenotype.  

While most monogenic diseases follow Mendel’s laws of inheritance (hence called 
Mendelian diseases), multifactorial or complex diseases do not (hence called non-
Mendelian diseases). These diseases may still have a clear heritable component, but the 
occurrence depends on many genes on several chromosomes as well as environmental 
components. By studying human mutation rates, population genetics and the allelic 
spectra of some well-characterised monogenic disorders, it has been proposed that if 
the overall frequency of disease alleles is high, the frequency of some of the individual 
disease alleles will also be high, and vice versa.56 This model has proven to accurately 
predict the allele diversity for monogenic disorders and lends support to the common 
disease / common variant hypothesis (CD/CV) for complex diseases. This hypothesis 
states that rather few alleles with relatively high frequencies are most likely to 
contribute to the genetic risk for common diseases, which is a fundamental assumption 
for the design of most association and linkage studies. This hypothesis could for 
instance be exemplified by the effect of the PPAR  variant Pro12Ala on diabetes type II 
(allele frequency of ~85%) and the ApoE4 allele on Alzheimer’s disease (allele 
frequency of ~15%) and fits well with the observed pattern of relative risks in extended 
families.56-58 However, the hypothesis does not necessarily hold for all genes involved 
in complex diseases.59

The genes associated with complex diseases are usually referred to as susceptibility 
genes to distinguish them from causative genes. Asthma and allergic diseases belong to 
these complex diseases and no simple mode of inheritance that accounts for most 
asthma susceptible genes has been concluded despite considerable efforts.60

Linkage disequilibrium  

Linkage disequilibrium (LD) can be described as non-independence of alleles, or 
association between alleles at different (but nearby) sites, and refers to the number of 
historical recombinations between the two sites (see review61). It is usually measured as 
r2 or D’ and both measures range from 0 (complete equilibrium) to 1 (complete 
disequilibrium). The correlation coefficient, r2, is a direct statistical measure of the 
correlation between the sites, whereas D’ is a pure indicator of historical recombination 
(values <1 indicates that recombination has occurred) and may be less intuitive to 
interpret, especially intermediate values. LD is a function of the recombination rate 
between the loci, population size and unexpected events such as mutations or selection 
mechanisms. As expected, LD is inversely related to the distance between the markers, 
but show also considerably variation in different genomic regions and in different 
populations.62 Knowledge about historical recombination and consequent LD structure 
in the genome is vital for the design of genome wide linkage studies and indirect 
association studies in the search for new disease related genes. 
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Haplotype block structure 

Several variations in a gene may cause amino acid changes in the ultimate protein 
product, and the joint effect of these amino acid changes can have a much larger 
influence on the function of the protein than any single amino acid change. Studying 
the effect of haplotypes rather than single SNPs is therefore an attractive approach in 
the search for disease related genes. Ideally, haplotype construction should be based on 
family data where you can identify alleles by descent and thereby construct the correct 
haplotypes. However, parental genotype information is usually lacking in case control 
studies, and the haplotypes have to be inferred by other methods. The key issue is to get 
a correct estimate of the haplotypes, that is, the combination of alleles at different 
markers along the same chromosome. There has been much attention in developing 
these inference methods in the past years.63 Examples of different statistical approaches 
in different programs include Bayesian models (e.g., PHASE or Haplotyper), 
parsimonious models (e.g., the Clark algorithm), maximum likelihood models (e.g., 
HAPLO or SNPHAP), or maximum likelihood models combined with regression based 
approaches.63-66 The expectation-maximization (EM) algorithm67 is widely used and is 
for instance implemented in SNPHAP and several other programs. The algorithm relies 
on LD, HWE, relatively few missing data, normal homozygosity levels and sufficient 
sample size. However, even under very poor working conditions the expected error in 
haplotype frequency is about 5% for samples of size 100 and haplotypes of few SNPs 
length.68

The observed LD pattern across large genomic regions is the basis for the hypothesis of 
haplotype block structures in the human genome.69, 70 In 2005, The International 
HapMap Consortium presented a haplotype map of the human genome containing more 
than 1 million SNPs genotyped in four populations, which will hopefully be of great 
help for the design and analyses of forthcoming genetic studies.71 However, the use of 
these haplotype blocks in genetic studies on complex diseases has been questioned.61

The major issues have been the large variation in block structure between genomic 
regions and populations, haplotype block breakdown when new SNPs are added to the 
analyses and the lack of data on the functional effects of the observed blocks. 
Moreover, there is no widely accepted definition of a haplotype block, although the 
definition by Gabriel et al using confidence bounds (95%) on D’ is one of the most 
widely used.70 Other definitions are based on frequency cut off levels of the observed  

Figure 5. The 70-kb haplotype 
block comprised in the GPRA
gene, as defined by Gabriel et al., 
using the BAMSE and 
PARSIFAL samples. The 
numbers in each box correspond 
to the pair-wise linkage 
disequilibrium coefficient, D’ 
between respective SNPs  
(paper III). 



8

haplotypes (e.g., frequency <0.01, “Four gamete rule”) or search for a "spine" of strong 
LD running from one marker to another (“Solid spine of LD”).72, 73 The choice of 
method will consequently affect the pictured block structure, as well as the set of 
chosen SNPs within the region of interest.74

Indirect and direct genetic analyses 

Depending on study design and prior knowledge in the area, genetic association 
analyses can either be direct or indirect. Direct analyses usually focus on variants that 
lead to amino acid changes in the protein, or affect RNA transcription or protein 
translation. One example is the IL4RA Q576R variant (Gln576Arg) which is associated 
with asthma and allergy and also show altered receptor activity dependent on the Q or 
R allele being present.75 Indirect analyses rely on linkage disequilibrium between the 
tested variants and the causal variants, and constitute the basis of linkage studies with 
microsatellite markers and association studies based on haplotype tagging SNPs.76

Genome-wide linkage studies using microsatellite markers have been the basis for the 
successful positional cloning of new susceptibility genes, but SNP-based linkage 
studies are now beginning to be reported, as the human genome sequence has been 
deciphered and most SNPs have been mapped.77

Association analyses at a single locus (e.g., a SNP) in a case control data set can be 
based either on the genotype frequencies or the allele frequencies. Usually, the aim is to 
estimate the genotype relative risk, that is, the relative risk of disease given a particular 
genotype compared to a reference genotype. For the genotype analyses in complex 
diseases, different modes of inheritance are usually tested (e.g., recessive, dominant, 
additive or multiplicative) if there is no á priori knowledge about inheritance mode for 
the specific gene or variant. Different genotype trend tests based on these inheritance 
modes have also been proposed in order to increase power and robustness.78, 79 For 
variants with low population frequencies, too few rare homozygotes may be a problem 
in genotype analyses. On the other hand, information about the mode of inheritance for 
a specific gene may be of particular interest, and possible gene dosage effects may also 
give valuable information. Allele based association analysis is a commonly used 
alternative to genotype associations, whereby the frequency of the disease related allele 
is compared in cases and controls (usually by the chi2-test).  When the Hardy Weinberg 
equilibrium holds (see “Success rates and Hardy Weinberg equilibrium” in the 
METHODS section) and a multiplicative mode of inheritance can be assumed, the 
allele based test statistic has shown to be a good approximation of the genotype relative 
risk.80    
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GENETICS OF ASTHMA AND ALLERGY 

There is good evidence that both inherited and environmental factors influence the risk 
of developing allergic disease in childhood and these conditions belong to the group of 
complex diseases as discussed above. Studies on twins support the genetic impact of 
asthma in that the concordance rate of asthma is higher in monozygotic twins compared 
with dizygotic twins. The heritability of asthma has been suggested to be as high as 60-
70%, even for asthma in pre-school children.81, 82 The first linkage analyses for asthma 
susceptibility and IgE regulation genes were initiated in the early 90’s and were initially 
promising in the search for a major gene.83 However, the first candidate gene (ADAM 
33) was not identified not until 2002.84 Additional five genes (DPP10; chromosome 
2q14, PHF11; chromosome 13q14, GPRA; chromosome 7p, HLA-G; chromosome 
6p21 and CYFIP2; chromosome 5q33) have been identified by positional cloning to 
date, which has led to exciting new knowledge about the pathophysiology of asthma 
and allergy.85-89 A recent review on asthma genetics identified 25 genes that have been 
associated with asthma or atopy in six or more populations and 54 genes in 2-5 
populations.90 The authors conclude that total number of genes that contribute to 
susceptibility to asthma or atopy may exceed 100. Segregation analyses have 
suggested that airway responsiveness, a typical feature of asthma, is genetically 
distinct from atopy.91 Asthma and atopy are, however, clinically correlated to a high 
degree, and most candidate genes for asthma are also candidate genes for atopy. 
Whether this is simply due to the co-occurrence of these conditions or due to a 
common genetic pathophysiology of these traits is not fully investigated.  

A short background is given below for each of the genes analysed within this thesis. 

Interleukin-9 receptor (IL9R) 

The IL9R gene is located on the pseudoautosomal region of X and Y chromosomes 
(Xq28 and Yq1292, 93) and had prior to our study been associated with asthma in two 
separate family-based data sets.94, 95 One of the studies suggested a sex-specific genetic 
effect based on haplotype analyses of microsatellite markers, but associations between 
SNPs and asthma/allergy had not been reported.95 The IL9 receptor belongs to the 
haematopoietin receptor superfamily96 and is expressed on T cells, mast cells, 
macrophages, eosinophils and neutrophils.97, 98 Signals from the IL9 receptor have been 
shown to be crucial for immunologic processes such as T cell development99 and 
prevention of apoptosis.100, 101 IL9 may also have a key role in the development of 
allergy, as IL9 can act directly on B lymphocytes (through IL9R) and regulate IgE 
synthesis.102, 103

Interleukin-4 receptor alpha (IL4RA) 

A number of polymorphisms have been identified in the IL4RA gene (chromosome 
16p12), several of which have been investigated in relation to asthma and atopy.90

Although conflicting results exist regarding the effect of a particular IL4RA variant on 
asthma or allergy, IL4RA is considered to be an important gene for asthma 
susceptibility based on a number of positive findings across studies and populations. 
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IL4 is also one of the key cytokines in the Th2-type inflammatory response that is 
considered to be of particular importance for asthma and allergy.104 Recently, both 
immunologic and genetic studies suggest that IL4RA may interact with other cytokines 
and receptors. Gene-gene interactions, the effect of one locus being altered by effects at 
another locus, have for instance been observed between IL4RA and IL4, as well as 
IL4RA and IL13, with respect to asthma (and to food allergy to some extent) 105-108, and 
between IL4RA and IL10 with respect to RSV bronchiolitis.109 Also, studies on gene-
environment effects in the first year of life have also highlighted the IL4RA gene as a 
potential effect modifier of environmental stimuli.110

G-Protein coupled receptor for asthma (GPRA/GPR154) 

GPR154 (alias GPRA) on chromosome 7p, was the fourth candidate gene for asthma-
related traits identified through positional cloning.88 The genetic evidence was 
supported by single nucleotide polymorphism (SNP) and haplotype associations to 
asthma and total IgE in three separate populations, a distinct distribution of protein 
isoforms between bronchial biopsies from healthy and asthmatic adults and increased 
expression of the GPR154 gene in experimentally induced lung inflammation in mice. 
The natural GPRA agonist has recently been identified as NpS, Neuro Peptide S, 
through studies on murine brain tissues, and GPRA is therefore also known as NpS 
receptor (or PGR14, VRR1).111, 112 GPRA and NpS are co-expressed in tissues relevant 
for asthma and allergy, e.g., the bronchial epithelium, and activation of GPRA with 
NpS results in inhibition of cell growth.113 A specific polymorphism in the GPRA gene, 
Asn107Ile, has been associated with enhanced NpS-signalling effects.112 These studies 
support the functional role GPRA might have in relation to asthma-related diseases. 
The association between GPRA variants and asthma / atopy has to date been replicated 
in two separate studies, including our study (paper III).114 The Asn107Ile was not 
directly analyses in these studies, but from Laitinen et al, it can be concluded that it 
separates the observed non-risk haplotypes (H1, H3) from the others.88 Variants in the 
GPRA gene seem, however, not to influence the risk of atopic dermatitis / eczema.115, 

116

Figure 6. A schematic 
figure of the seven 
transmembrane 
receptor GPRA and 
its ligand NpS. The 
exact mechanism by 
which GPRA operate 
is still unknown.Nucleus
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ß2-adrenergic receptor (ADRB2) 

The pathophysiology of asthma is partly due to a reduced function of the ß-adrenergic 
system, and ß-adrenergic receptor agonists (short acting or long acting) are one of the 
cornerstones in asthma treatment, both for children and adults. The ADRB2 gene is 
located on human chromosome 5q31, where several studies have detected linkage with 
asthma or asthma-associated traits.117 A number of coding SNPs in the ADRB2 gene 
that may affect the receptor activity have also been identified. In a recent meta-analysis 
on the association between ADRB2 polymnorphisms and asthma-related phenotypes, it 
was concluded that neither the Arg16Gly nor Gln27Glu polymorphisms were 
associated with mild asthma or bronchial hyperresponsiveness, but the Arg16Gly was 
rather strongly associated with nocturnal asthma and asthma severity.118 The Arg16Gly 
polymorphism has also been shown to affect the long-term response to ADRB2 agonist 
use,119, 120 but also the risk of having asthma in relation to smoking.121

Tumor necrosis factor alpha (TNF-α)

TNF-α is a well known cytokine with a wide range of pro-inflammatory effects and has 
been suggested to have an important role in the pathophysiology of several diseases 
including asthma. Although variants in the TNF-α gene (chromosome 6p21) have been 
associated with asthma and allergy in a number of studies, is still unclear to what extent 
these variants actually influence disease susceptibility, and the effects of TNF-α
polymorphisms have been suggested to be dependent on polymorphisms in the LTA-
gene.90, 122, 123 The -308A variant in the TNF-α promoter region has been in particular 
focus because enhanced in vitro transcription and increased TNF levels in human white 
blood cells have been observed.124, 125 Special attention has also been given to possible 
gene-environment effects between TNF-α variants and exposure to airway irritants, 
such as ozone and environmental tobacco smoke with respect to respiratory illness.126

127

Glutathione S-transferase P1 (GSTP1) 

Members of the glutathione S-transferase (GST) supergene family constitute an 
important intracellular protective system against electrophiles, oxidative stress and the 
formation of hazardous reactive oxygen species.128, 129 Formation of these reactive 
oxygen species is a key component of airway inflammation and can be triggered by 
environmental stimuli such as air pollutants or viral infections. The GSTP1 enzyme is 
of particular interest in relation to the respiratory system, as it might provide more 
than 90% of the glutathione-S-transferase activity in the lung.130 Variants in the 
GSTP1 gene (chromosome 11q13) have been associated with asthma and allergy in 
several studies, regardless of any environmental exposure.90 Recent studies support  the 
presence of gene-environment interaction, or effect modification, between exposure to 
air pollutants and variants in the GSTP1 gene (Ile105Val) with respect to childhood 
asthma and also to the variability of nasal allergic responses after challenge to diesel 
particles.131, 132 Deficiency of two other GST genes, GSTM1 and GSTT1 has also been 
shown to influence the effect of passive smoking on the risk of childhood asthma and 
wheezing.133, 134
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AIMS 

The overall aim of this thesis was to study the role of hereditary and genetic factors in 
the development of childhood asthma and allergy, and to evaluate potential interaction 
effects between genetic and environmental factors.     

The specific aims were: 

I. To evaluate the influence of parental allergic disease on the development of 
wheezing and allergy  

II. To investigate the influence of IL9R gene variants on childhood wheezing and 
allergy 

III. To assess the impact of GPRA variants on childhood allergic disease, including 
allergic sensitisation, asthma and rhinoconjunctivitis in two different study 
populations 

IV. To investigate the influence of IL4RA gene variants on childhood wheezing and 
allergy and to evaluate potential interaction effects between the IL4RA and IL9R
variants 

V. To assess interactions between exposure to ambient air pollution and variants in 
genes controlling the inflammatory response and antioxidative system that may 
affect the development of asthma and allergy in childhood 
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METHODS

STUDY POPULATIONS AND QUESTIONNAIRES 

All papers (I-V) in the thesis are based on the BAMSE study. Besides, paper III also 
includes children from the European cross-sectional PARSIFAL study (see below).  

BAMSE 

The main purpose of the study has been to identify 
early risk factors for development of allergic 
disease in children, such as indoor climate, infant 
feeding and exposure to pets and tobacco smoke. 
Although studies on genetic factors and gene 
environment interaction effects were not covered 
in the very beginning of the BAMSE project, these 
issues have been addressed as the project has 
proceeded.  

The BAMSE study is a prospective birth cohort study, conducted at the Department of 
Environmental and Occupational Health, Stockholm County Council and the Institute 
of Environmental Medicine, Karolinska Institutet. In the study area of four districts in 
Stockholm county (Stockholm city, Sundbyberg, Solna and Järfälla), 7,221 infants 
were born during the recruitment period, 1994-96.  At the first visit to the Child Health 
Centres the families received information about the study from the attending nurse 
when the infant was approximately three weeks of age. However, 477 families could 
never be reached because the correct address was not registered. The actively excluded 
group included 699 families who planned to move within one year, 57 families with a 
seriously ill child and 331 with insufficient knowledge in the Swedish language. At the 
latter part of the enrolment period, another 169 children who had an older sibling 
already enrolled in the study were also excluded. Thirteen hundred and ninety-nine 
(1,399) families never answered the questionnaire or declined participation. 
Consequently, the final study cohort was made up of the 4,089 children (2,065 boys 
and 2,024 girls), which constitutes 75% of the 5,488 eligible children born during the 
recruitment period in the study area. Sixteen per cent of the children included have one 
or two parents born outside Scandinavia. 

At the children’s age of 2 months the parents answered a detailed questionnaire dealing 
with living conditions, socio-economic status and heredity for allergic diseases and 
environmental exposures at home. The questionnaire design and procedure have been 
described in detail elsewhere.135, 136 New questionnaires were distributed to the parents 
when the children were 1, 2 and 4 years of age, now focusing on the child’s health, 
especially symptoms of allergic diseases, and key environmental exposure factors, such 
as environmental tobacco smoke and pet contact. The response rate for the 
questionnaires was 96%, 92% and 91% respectively.  
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PARSIFAL 

The cross-sectional PARSIFAL study (Prevention of Allergy – Risk factors for 
Sensitisation In children related to Farming and Anthroposophic Lifestyle) on the 
association between environmental and lifestyle factors and allergies and asthma was 
initiated in 2000.21 A total of 14,893 children aged 5–13 years from five Western 
European countries were included. It was designed to investigate the role of different 
lifestyles and environmental exposures in farm children, Steiner school children 
(mainly from anthroposophic families) and two corresponding reference groups to 
identify protective factors for development of asthma and allergic disorders. In Austria, 
Germany, the Netherlands and Switzerland farm children were recruited from schools 
in rural areas known to have a high percentage of farmers; in Sweden through the 
Farming Registry at the National Bureau of Statistics. Children with anthroposophic 
lifestyle were recruited from classes in Steiner schools. The respective reference groups 
were recruited with similar methods from the same geographical areas. Parents 
completed a detailed questionnaire on allergic diseases, infectious history and 
environmental exposures, largely based on questions from ISAAC phase II137,
BAMSE, the ALEX study138 and an earlier Swedish study focused on the 
anthroposophic lifestyle.139

AIR POLLUTION ASSESSMENT 

A detailed description of the methods for assessing exposure to various air pollutants 
has been described elsewhere (Nordling et al in manuscript). Spatial distribution of air 
pollution from traffic in the study area was evaluated as source-specific nitrogen oxides 
(traffic-NOx) and inhalable particulate matter (traffic-PM10) using emission databases 
and dispersion modelling. Air pollution from residential heating was evaluated as 
sulphur dioxide (house heating- SO2). For traffic-NOx and heating-SO2, emission 
databases were available for 1990 and 2000, whereas data bases on traffic-PM10 only 
were available for the year 2000. Monthly levels of traffic-NOx and heating-SO2 were 
calculated by interpolation between 1990 and 2000 assuming a linear change in air 
pollution levels between these years. For traffic-generated PM10, the levels from the 
year 2000 were used for the whole study period. Estimated individual levels for the first 
12 months of life for each child were then calculated through geocoding of the 
children’s home addresses (standard GIS computer software in combination with a 
regional geographical address database). The geographical distribution of air pollution 
was assessed in three layers of different resolution, applied to regional/countryside area 
(500× 500 m), urban area (100× 100 m), and inner-city area (25× 25 m). Calibrations of 
the models were performed to minimize deviation when compared to available 
measured levels of total concentrations for the corresponding period.140

BLOOD SAMPLES 

In the BAMSE study, 2,965 children attended a clinical investigation (73%) at the 
mean age of 4 years and venous blood samples were obtained from 2,614 children 
(64%). Serum IgE antibodies to inhalant and food allergens were analyzed with 
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Phadiatop® (a mixture of cat, dog, horse, birch, timothy, mugwort, Dermatophagoides 
pteronyssinus and Cladosporium herbarum allergens), and fx5® (a mixture of milk, 
egg white, soy bean, peanut, fish and wheat allergens, Phadia AB, Uppsala, Sweden). A 
positive result was defined as a concentration >0.35 kUA/L. Additional analysis of 
specific IgE antibodies was made if the screening was positive. Children with history of 
wheezing were somewhat more likely to have a blood sample drawn compared with 
non-wheezing children, 74% vs 69% (p<0.05), whereas no difference was seen with 
regard to a number of basic characteristics (e.g., age, sex, parental allergic disease, 
maternal smoking, socio-economics and presence of furred pets at home). 

In the PARSIFAL study, parental consent for blood sampling was obtained for 8,788 
children, of these 4,854 were finally invited for blood sampling and 4,049 were able 
to give a blood sample. Serum IgE antibodies to inhalant and food allergens were 
analyzed with Phadiatop® and fx5® as described above.  

LUNG FUNCTION TESTS 

At the four year clinical investigation in BAMSE, lung function tests (peak expiratory 
flow, PEF, using the normal range Ferraris Peak Flow Meter®, Ferraris Medical 
Limited, UK) were performed on 2,926 (72%) children.141 The best of the three PEF 
recordings were used for analysis and acceptable tests were obtained from 2,828 
children. All tests were supervised by an experienced nurse. 

OUTCOME DEFINITIONS 

Wheezing 

Since the BAMSE study is a prospective study with follow up on several occasions, our 
main outcomes have taken age of onset and duration of symptoms into account. 
Transient wheezing was defined as ≥ 3 episodes of wheezing between three months and 
two years of age, but no episode in the last 12 months at 4 years. Persistent wheezing 
was defined as ≥ 1 episode of wheezing between three months and two years of age and 
≥ 1 episode in the last 12 months at 4 years, and late onset wheezing as no episode of 
wheezing between three months and two years of age, but ≥ 1 episode in the last 12 
months at 4 years. Steroid treated wheezing at 4 years was defined as at least one 
episode of wheezing in the last 12 months and prescription of inhaled steroids.  

Asthma 

Asthma at the age of four was defined as a physician’s diagnosis of asthma according 
to the question “Has your child ever been diagnosed with asthma by a physician?”  
“Current asthma” at 4 years was defined as physician-diagnosed asthma and one or 
more episodes of wheezing in the last 12 months at 4 years. Allergic asthma (or atopic 
asthma) was derived from the combination a physician’s diagnosis of asthma and 
sensitisation (see below). 



16

In the PARSIFAL study, asthma was defined as a physician’s diagnosis of asthma 
according to the question “Has your child ever been diagnosed with any of the 
following diseases by a physician?“, which required any of the answers “Once, or 
several times, for asthma AND/OR several times for spastic, obstructive or asthmatic 
bronchitis“. 

Allergic sensitisation 

In both BAMSE and PARSIFAL, allergic sensitisation was defined as an IgE level 
≥0.35 kU/L by either Phadiatop® or fx5®.

Allergic rhinoconjunctivitis 

In PARSIFAL, allergic rhinoconjunctivitis was defined as a questionnaire response of 
having had rhinitis and conjunctivitis symptoms without concurrent cold within the last 
12 months, in combination with sensitisation to inhalant allergens (Phadiatop®). The 
young age of the participants and the questionnaire data available in BAMSE did not 
allow for a comparable diagnosis. 

SAMPLE SELECTION AND DNA EXTRACTION  

In the BAMSE study, approximately 5 millilitres (ml) blood was drawn in an EDTA 
tube from most children who consent to give blood at the clinical investigation, but in 
some cases less than 5 ml was obtained. For the genetic analyses, 2,298 of these blood 
samples were available after exclusion of 69 samples because of too little blood, 81 
samples due to lack of questionnaire data and 166 samples because parental consent to 
genetic analyses was not obtained. In a case-cohort sampling design, a sequential 
random sample of 709 children (357 girls, 352 boys) from the “genetics cohort” 
(n=2,298) was selected as a subcohort (Figure 7) until 542 children with no defined 
wheezing were included. These were used as random controls (282 girls, 260 boys), 
whereas children who fulfilled any wheezing criterion up to the age of four were 
identified as wheezing cases (n=167). In addition, all the other 375 children in the 
“genetics cohort” fulfilling the wheezing criteria were included, resulting in a total of 
542 wheezing cases (214 girls, 328 boys). However, due to occasional failure in DNA 
extraction (n=29), the total number of DNA samples were reduced to 1,055 (530 
wheezing cases and 525 controls). The randomly sampled subcohort of 709 children 
made it possible also to analyse different outcomes, such as sensitisation using non-
sensitised children as comparison group. One hundred and ninety-five children (27.5%) 
in the subcohort were sensitised to either inhalant or food allergens. 

The randomly selected subcohort appeared representative of the original cohort in that 
no significant differences were seen concerning a number of basic characteristics (e.g., 
ethnic background, sex, parental allergic diseases, smoking mothers and wheezing 
prevalence.) Children in the subcohort were however somewhat more often sensitised 
compared to the full cohort (27.5% vs. 24.0%, p=0.06) and a minimal difference was 
seen regarding age at investigation (4.31 vs. 4.29 years, p=0.01). 
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Figure 7. Selection of cases and controls using a case-cohort sampling design. A sequential random 
sample of 709 children from the “genetics cohort” (n=2,298) was selected as a subcohort. From this 
random subcohort, children with no defined wheezing were used as controls (n=542), whereas children 
who fulfilled any wheezing criterion up to the age of four were identified as wheezing cases (n=167). An 
additional 375 children were identified as wheezing cases from the overall “genetics cohort”, resulting in 
542 wheezing cases and 542 controls. 

The blood was centrifuged whereby the blood cells were separated from the plasma. 
Both tubes were then frozen until later use. DNA was extracted from peripheral blood 
leukocytes using a standard non-enzymatic method or the PUREGENE KIT (Gentra 
Systems). The average DNA stock concentration in the samples was 237 ng/µl and the 
average total DNA yield 56.0 µg.  

The PARSIFAL blood samples were collected in EDTA tubes and 3,113 children 
(1,579 boys, 1,534 girls) had complete questionnaire data, adequate DNA material and 
consent to genetic analyses. DNA was extracted from 1-5 ml whole blood (Sweden, 
Switzerland and the Netherlands) using the QIAGEN KIT or from buffered white blood 
cells (Germany and Austria) using a standard non-enzymatic method and the QIAGEN 
KIT. The average DNA stock concentration ranged from 62.5 ng/µl (Austria) to 386 
ng/µl (Germany) and the average total DNA yield from 7.2 µg (Austria) to 33.2 µg (the 
Netherlands). 
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GENOTYPING PROCEDURE  

The DNA samples were genotyped using matrix-assisted laser desorption/ionization 
time-of-flight (MALDI-TOF) mass spectrometry (SEQUENOM Inc., San Diego, 
California). PCR assays and associated extension reactions for each SNP were designed 
using the SpectroDESIGNER software (Sequenom Inc., San Diego, California) and 
primers were obtained from Metabion GmbH (Planegg-Martinsried, Germany). All 
amplification reactions were run in the same conditions in a total volume of 5 µl with 
2.5 ng of genomic DNA, 1 pmol of each amplification primer, 0.2 mM of each dNTP, 
2.5 mM MgCl2 and 0.2U of HotStarTaq DNA Polymerase (Qiagen). Reactions were 
heated at 95°C for 15 min, subjected to 45 cycles of amplification (20 s at 94°C, 30 s at 
60°C, 30 s at 72°C) before a final extension of 7 min at 72°C. Extension reactions were 
conducted in a total volume of 9 µl using 5 pmol of allele-specific extension primer and 
the Mass EXTEND Reagents Kit before being cleaned using SpectroCLEANER 
(Sequenom Inc., San Diego, California) on a MULTIMEK 96 automated 96-channels 
robot (Beckman Coulter, Fullerton, California). Clean primer extension products were 
loaded onto a 384-elements chip with a nanoliter pipetting system (SpectroCHIP, 
SpectroJet, Sequenom) and analyzed by a MassARRAY mass spectrometer (Bruker 
Daltonik GmbH, Bremen, Germany). The resulting mass spectra were analyzed for 
peak identification using the SpectroTYPER RT 2.0 software (Sequenom). For each 
SNP, two independent scorers confirmed all genotypes.  

LABORATORY QUALITY ASSESSMENTS  

Positive and negative controls 

The DNA samples were arranged on a 96-well plate with two negative (H20) and two 
positive controls (CEPH.1331-1) positioned uniquely on each sample plate. The 
controls were used to assess both genotyping quality (consistency of calls) and sample 
management (e.g., controls at the correct position). 

Success rates and Hardy Weinberg equilibrium (HWE) 

Each assay was controlled with regard to success rate, both in the optimizing step (35 
unrelated individuals including three CEPH samples) and in the actual project. Assays 
with success rates < 85% were discarded or redesigned and then again optimized and 
evaluated.  

The relationship between allele frequencies (exemplified by p as the frequency of the 
dominant allele and q as the frequency of the recessive allele for a trait controlled by a 
pair of alleles A and a in a given population) and the predicted genotype frequencies in 
a random sample was originally described by Hardy and Weinberg in 1908.52 The 
equation reads p² + 2pq + q² = 1, where, p² is the predicted frequency of homozygous 
(AA) people in a population, 2pq is the predicted frequency of heterozygous (Aa)
people, and q² is the predicted frequency of homozygous (aa) people.  
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If the observed genotypes in a given population differ from the predicted genotypes 
according to the equation above, deviation from the HWE is said to exist. Estimation of 
the HWE in each assay is a standard tool for genotyping control, as deviations from 
HWE may indicate genotyping errors or non-specific assay primers if the studied 
population meets basic criteria such as random mating and no inbreeding. Evolutionary 
selection, genetic drift, chance alone or genotype association with the disease of interest 
(if cases and controls are analysed together) may also lead to deviations from the 
HWE.142 In our data, a cut off level of 0.01 (using an ordinary chi2-test) was used to 
indicate deviation from the HWE.  

Amelogenin test 

This is a sex-specific assay that can be used to evaluate concordance between reported 
sex and genetically determined sex, in order to find errors in blood sampling, 
transportation and/or data handling. The human amelogenin gene is located on both the 
X- and Y-chromosomes as single copies in X and Y homologous regions.143 Several 
PCR primer sets have been developed and the most commonly used PCR-based sex test 
is the one described by Sullivan et al.144 The test has been shown to be very reliable in 
terms of accuracy and reproducibility.145 However, there are reports of erroneous 
gender identification using the amelogenin test.146 The assay was run in all BAMSE 
and PARSIFAL samples in the beginning of each project. 

STATISTICS 

Logistic regression and confounding control 

In paper I, a multinomial logistic regression model was used to analyze associations 
between hereditary factors and wheezing phenotypes. The results were presented as 
Odds Ratios (OR) with 95% confidence intervals (CI) adjusted for potential 
confounders; sex, parental allergic disease (defined as doctor-diagnosed asthma and/or 
allergy (hay fever or allergy to pollen/pets) in mother, father or both), socio-economic 
status (based on the parents’ profession), mother’s age at enrolment, maternal smoking 
during pregnancy or at enrolment, and pet ownership (cat, dog or rodents in the home 
or at relatives at enrolment), which were identified by running several models with a 
number of covariates. Logistic regression models were also used in paper II, IV and V 
to test the effect of a particular haplotype (paper II), gene-gene interaction (paper IV) 
and gene-environment interaction (paper V). These models were also adjusted for a 
number of potential confounding factors (paper II and IV as listed above plus ethnicity) 
although no confounding effect was present in paper II and IV. In paper V, adjustments 
were made for municipality, socioeconomic status, heredity, maternal smoking during 
pregnancy and/or at enrolment, construction year of the residence, damp or mould in 
the home at birth and sex of the child. Additional factors were also evaluated in paper 
V (ethnicity, mother’s age at enrolment, pet ownership, breastfeeding, number of 
siblings), but these variables had no confounding effect and were therefore left out of 
the model. For the continuous outcome variable PEF (peak expiratory flow), a linear 
regression was used to test differences in PEF-values between wheezing outcomes 
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(paper I; adjustment was made for sex, height, age and body weight). All regression 
analyses were performed with Stata, Statistical Software: releases 7.0 and 8.0 (College 
Station, Texas, USA). 

Genetic association analyses 

In paper II-V, allelic association analyses between the SNPs in each gene and the 
outcomes of interest were performed to get an estimate of the single locus associations. 
Block-wise inheritance of the SNPs in each gene was checked by estimating the 
relative linkage disequilibrium by the measure D’ or r2 using the Haploview program 
(based on the EM algorithm; paper III-V), which was also used to estimate the 
haplotype frequencies in cases and controls, respectively.73 The Haploblocks program 
developed by M. Zucchelli and J. Kere (also based on the EM algorithm; unpublished 
data) was used in paper II for estimation of the relative LD between the SNPs and for 
estimation of the individual haplotypes in each gene in paper II-IV (the haplotypes 
were inferred for cases and controls together). For the haplotype association analyses, 
each individual contributed two haplotypes (one from each chromosome) to the 
analyses and the frequency and estimated counts of each haplotype were then assessed 
against all others using standard procedures for OR calculation. In paper III, haplotype 
association was also tested in the statistical software R147, using the haplo.score 
algorithm, which generates both a global and haplotype-specific score statistics by 
comparing estimated haplotype frequencies in cases and controls.65 Adjustment was 
made for a variable with one category for each combination of country-of-origin and 
sampling group, since both BAMSE and PARSIFAL individuals were included. 

Gene-gene and gene-environment interactions 

Interaction effects between different factors can be assessed by several methods and 
under different assumptions (e.g., on additive  or multiplicative scales, and considering 
various effect measures) depending on study design and underlying hypothesis.148, 149

The terms biological and statistical interaction are also used sometimes.149 Biological 
interaction can be defined as participation of two (or more) risk factors in the same 
causal mechanism of disease (both factors are thus part of the same sufficient cause for 
the disease).150 Statistical interaction is usually referred to as effect modification, or 
heterogeneity of effects, assessed through a statistical model with a defined scale for 
the outcome (e.g., risk or log-risk scale). In this thesis, it has been the intention to 
estimate biologically relevant interaction effects and for that purpose, both the additive 
and multiplicative models have been used. 

In paper I, the interaction analyses were based on an additive scale as described by 
Rothman and Greenland.150 Under this model, the expected OR for individuals jointly 
exposed to two factors A and B is the sum of the individual effects of A and B 
separately. The interaction effect (or the relative excess risk due to interaction) with CI 
95% between parental allergic disease and male sex were estimated using the following 
categories: a) female sex and no parental disease (reference group); b) male sex and no 
parental disease; c) female sex and parental disease and d) male sex and parental 
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disease. The interaction effect was calculated as follows: (ORd – ORa) – (ORc – ORa) – 
(ORb – ORa) and takes the value of zero if the joint effect of the two factors is only 
additive.  

Estimation of gene-gene interaction, or epistasis, (paper IV) in the search of multiple 
genes affecting complex disorders is usually addressed by assessing departure from 
multiplicative effects on the OR scale using logistic regression (logit (Disease) = β0 +  
β1A + β2B + β3AB), followed by LRTs (likelihood-ratio test) or Wald tests .107, 148, 151-

153 Under this model, the expected OR for individuals jointly exposed to two risk 
factors A and B is the product of the individual effects of A and B separately. A LRT 
between the models with and without interaction terms is performed to test the null 
hypothesis of no genotype-genotype interaction and the obtained p-value estimates a 
departure from a multiplicative interaction model on the OR scale and indicates 
whether the effect (OR) of one genotype is altered by effects of another genotype.  
When the mode of inheritance is unknown, which is the case for asthma and allergy,60 a 
log-additive coding of the genotypes has been suggested (each SNP coded 0 (wild type 
homozygous), 1 (heterozygous) and 2 (rare homozygous) if possible).154

Estimation of gene-environment interactions are also usually performed on a 
multiplicative interaction scale using a logistic regression framework.110, 155, 156 Using 
this approach, both categorical and continuous variables can be included in the 
interaction analyses. In paper V, such tests for gene-environment interactions between 
genotypes of interest and exposure to NOx, PM10 and SO2 with respect to asthma and 
allergy related outcomes were performed. The obtained p-value indicates in this case 
whether the effect (on the OR scale) of a certain exposure is altered by presence of a 
specific genotype. 

Correction for multiple testing 

In most research fields, a number of hypotheses are usually tested in a study rather than 
a single hypothesis. These tests may involve several phenotypes, multiple genetic or 
environmental factors or multiple test statistics. The more hypotheses being tested, the 
higher probability of obtaining false positive results by chance, given that the 
significance level is fixed (e.g., at 0.05). In genetic association studies, correction for 
multiple testing has been an issue for some time, as the number of markers tested is 
usually quite large, nowadays even up to 500,000 or more (e.g., by the recently 
developed 500 K SNP chips). Nevertheless, too many reports of genetic associations 
have been proven false positive and this issue has now become a major concern. The 
factors that particularly determine the magnitude of false positive findings are the prior 
probability of a true association (thus the biological plausibility), significance level and 
statistical power in the study.157    

The traditional Bonferroni correction for multiple testing (to obtain a corrected p-value, 
the nominal (unadjusted) p-value for association is simply divided with the number of 
tests performed) has been shown to be too conservative, partly because markers are 
usually not independent of each other (see “Linkage disequilibrium” in METHODS) 
and phenotypes are not independent of each other (e.g., asthma and allergy). A less 
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conservative framework has been developed to control for the false discovery rate 
(FDR), which may be used for both correction of multiple tests of main effects as well 
as interactions.110, 158, 159 The FDR is defined as the ratio of expected false positive 
associations to the total number of significant associations, and can be expressed either 
as the FDR itself or as a new corrected p-value for significance (paper V). 

A permutation test is another way to test whether the association observed in the data is 
likely to occur by chance or not.  The variables of interest (in our case the genotypes or 
haplotypes) are treated as fixed, while the phenotypes (case or control) are randomized, 
thus giving each individual a new affection status. The association tests are then 
preformed again (e.g., χ2-tests). The proportion of 10-50,000 such iterations 
(randomised χ2-tests), where a stronger association is found than in the actual data, 
provides the so called empirical p-value for association after correction for multiple 
tests (paper II-V). Similar approach can also be used for estimation of an overall 
interaction between for example markers in two genes (paper IV) or between several 
markers and an environmental exposure.       

An alternative approach is to reduce the number of tests that are actually performed. 
This reduction can be achieved by looking at the haplotype level, thus combining the 
different alleles into haplotypes (preferably using a haplotype tagging strategy), and 
analyze the overall distribution of haplotypes in cases versus controls by for example 
the χ2-test. Thereby, the association between several haplotypes (both risk and non-risk) 
and the outcome is tested simultaneously (paper II-IV). Other reduction techniques 
have been developed for screening purposes in family based studies, but these methods 
will not be further discussed here as they are not applicable to our case-control data.160, 

161
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RESULTS

CHARACTERIZATION OF WHEEZING PHENOTYPES AND INFLUENCE OF 
PARENTAL ALLERGIC DISEASE 

Using the full BAMSE cohort, children with wheezing episodes up to the age of four 
were classified into the following groups: transient, persistent and late-onset wheezing 
(Figure 8). Children with persistent and late onset wheezing had the highest occurrence 
of sensitisation to inhalant allergens (23% and 30%, respectively). Significantly lower 
mean PEF-values were seen in children with transient and persistent wheezing (mean 
difference –8.9 and –8.5 l/min, respectively), whereas the PEF values in children with 
late onset wheezing did not significantly differ from those with no defined wheezing.  

Figure 8. Prevalence of wheezing phenotypes up to the age of 4 years in the BAMSE cohort. 

Both maternal and paternal allergic disease was of importance for all wheezing 
outcomes in the children, although less effect was seen on transient wheezing. Maternal 
allergic disease appeared slightly more associated with persistent wheezing than 
paternal disease (p=0.03), whereas no significant difference was seen in children with 
transient or late onset wheezing (p>0.05). The influence of parental allergic disease on 
the risk of persistent wheezing seemed to be more pronounced in boys than in girls; 
parental allergic disease (particularly maternal allergic disease) was only a minor risk 
factor among girls, but constituted a 3-fold risk increase among boys (Table 1). 
Significant interaction effects were also obtained using other outcomes, such as any 
wheezing at 4 years (persistent and late onset wheezing combined), steroid treated 
wheezing at 4 years or wheezing and concomitant sensitisation.  

No defined wheeze, n=2751 (78%)
Transient wheeze, n=266 (8%)

Late onset wheeze, n=195 (6%)
Persistent wheeze, n=319 (9%)
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Table 1: Interaction 
analysis of sex and 
parental allergic disease 
in children with 
persistent wheezing. The 
“Interaction effect” was 
calculated from an 
additive model, whereas 
the p-value* for 
interaction was 
calculated using a 
multiplicative interaction 
model.  

OVERALL GENOTYPING RESULTS; QUALITY ASPECTS 

In each of the selected candidate genes (except for GPRA), a varying number of SNPs 
were excluded already in the optimizing step based on monomorphic status, assay 
success rate or deviation from HWE. For example, out of 29 potential SNPs in the 
IL4RA gene, 10 markers were found monomorphic, two had a success rate below 85% 
and one were out of HWE (p<0.01), whereas only one GSTP1 marker out of seven was 
excluded due to a success rate below 85%. Overall, the success rate for each SNP was 
>90% in each project and the amelogenin assay indicated than sampling and 
genotyping errors were below 5% in the BAMSE samples and below 3% in the 
PARSIFAL samples. An internal control using an IL9R SNP (rs731477) genotyped 
repeatedly 3 times, gave however an estimated genotyping error of 1.2% (BAMSE 
only). As the projects proceeded, it became evident that some DNA samples failed 
repeatedly for several assays, and these samples were therefore excluded (e.g., 25 
samples with complete genotyping failure in the IL4RA project (paper IV), 66 samples 
and 73 samples with >50% genotyping failure in the GPRA and air pollution study, 
respectively (paper III and V)). Allele and haplotype frequencies in all projects showed 
overall good agreement with previously published frequencies or data from NCBI or 
the HapMap project.71 For the GPRA project, the frequencies could directly be 
compared between the BAMSE and PARSIFAL samples, which showed that both the 
allelic and haplotype frequencies were very concordant.     

ASSOCIATION BETWEEN CANDIDATE GENES AND RESPIRATORY 
SYMPTOMS / ALLERGIC SENSITISATION 

Table 2 summarizes the associations between SNPs / haplotypes in the selected 
candidate genes and various outcomes of interest in the BAMSE (and PARSIFAL) 
study (paper II-V). Only nominal p-values are presented in the table, and the issue of 
correction for multiple testing has been addressed somewhat differently in respective 
study (see the Statistics section in METHODS). Variations in the IL9R gene seemed to  
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Table 2. Significant associations between SNPs / haplotypes and various outcomes 

       
Gene and SNP / haplotype Nominal     

Location  p-values Outcome   
        
IL9R       
rs731476 [A/G] Intron 1  0.003 Any wheeze  
rs731478 [C/G] Intron 1  0.004 Any wheeze  
rs731478 [C/G] Intron 1  0.043 Sensitisation  
GAGC haplotype Intron 1  0.0007 Any wheeze (boys)  
GAGC haplotype Intron 1  0.049 Sensitisation  
        
IL4RA       
rs1805011 [A/C] Exon 9 (E375A) 0.047 Transient wheeze  
CGAA haplotype  5' UTR - Intron 3 0.028 Any wheeze  
TAGG haplotype  5' UTR - Intron 3 0.037 Sensitisation  
CGGGATA haplotype 5' UTR - Exon 9 0.007 Sensitisation  
        
GPRA*    
rs324384 [T/C] Intron 2 0.019 Sensitisation  
rs324384 [T/C] Intron 2 0.044 Allergic asthma  
rs324396 [C/T] Intron 2 0.029 Sensitisation   
rs324396 [C/T] Intron 2 0.020 Asthma (+ allergic asthma) 
H1 haplotype Intron 2 0.038 Sensitisation  
H3 haplotype Intron 2 0.046 Allergic rhinoconjunctivitis† 
H5 haplotype Intron 2 0.019 Sensitisation  
H5 haplotype Intron 2 0.026 Asthma‡ (+ allergic asthma) 
H6 haplotype Intron 2 0.015 Sensitisation  
      
ADRB2      
No associations      
      
TNFa      
rs1799724 [C/T] -857 (promoter) 0.009 Transient wheeze  
rs1800629 [G/A] -308 0.031 Asthma   
rs1800629 [G/A] -308 0.033 Persistent wheeze  
rs1800629 [G/A] -308 0.0005 Sensitisation  
rs1800610 [C/T]  Intron 1 0.029 Transient wheeze  
TCGC haplotype  -1031 - intron 1 0.002 Sensitisation  
TCAC haplotype  -1031 - intron 1 0.0008 Sensitisation  
TCAC haplotype  -1031 - intron 1 0.036 Asthma   
TCAC haplotype  -1031 - intron 1 0.038    Persistent wheeze  
TTGT haplotype  -1031 - intron 1 0.017 Transient wheeze  
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Table 2, continuation.      
      
GSTP1      
rs1799811 [C/T] A114V  0.0004 Asthma  
rs1799811 [C/T] A114V  0.034 Persistent wheeze  
AGTTTC Intron 4 - exon 6 0.008 Asthma  
      
* PARSIFAL and BAMSE analysed together      
† PARSIFAL only       
‡ Current asthma was used as the outcome in BAMSE   

influence the susceptibility to both wheezing and sensitisation. When the analyses 
between IL9R SNPs and wheezing were run separately in boys and girls, both allelic 
and haplotype associations (GAGC haplotype) indicated an effect predominantly in 
boys. However, the interaction between sex and the GAGC haplotype was not 
statistically significant (p=0.10). No overall effect of the IL4RA SNPs was observed 
and only weak associations to wheezing and sensitisation could be proved when 
haplotypes were considered. Variants in the ADRB2 gene showed no overall 
association to any of the outcomes, whereas the TNF-α -308 SNP seemed to affect the 
risk of sensitisation at the age of four. For some TNF-α variants, associations were also 
seen to wheezing and asthma, but none of these associations was significant after 
correction for multiple tests (10,000 permutations). Ala114Val was the only SNP in the 
GSTP1 gene that showed any association (particularly to asthma).  

For the GPRA association analyses, asthma and allergic sensitisation were used as 
major outcomes and the study was designed to evaluate the role of certain haplotypes 
on these outcomes using both BAMSE and PARSIFAL study subjects. Supported by 
phylogenetic analyses, both risk haplotypes (H5/H6) and non-risk haplotypes (H1/H3) 
could be identified, and these haplotypes seemed to predominantly influence the risk of 
sensitisation, but also asthma, allergic asthma and allergic rhinoconjunctivitis.   
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GENE-GENE INTERACTIONS 

Interaction (or epistasis) analyses between variants in the IL9R and IL4RA genes 
showed that the effect of IL4RA SNPs on wheezing up to the age of four was modified 
by SNPs in the IL9R gene (global test for interaction p=0.009). Figure 9 shows how the 
effect of IL4RA Q576R genotypes (coded as RR/QR vs QQ, Q=Gln, R=Arg) on 
wheezing is dependent on the IL9R rs731476 genotype (p-value for interaction 0.005), 
and both increased risk (if rs731476 = GG) and decreased risk (if rs731476 = AA) 
could be observed. Interaction effects between the IL4RA and IL9R genes were also 
suggested on the haplotype level, more specifically IL4RA P503-R576 haplotype and 
IL9R GAGC haplotype. In the presence of the IL9R GAGC haplotype, IL4RA P503-
R576 showed a protective effect on wheezing (OR= 0.58, 95% CI 0.35-0.96), whereas 
no effect was seen in the absence of IL9R GAGC (p-value for interaction= 0.013). No 
gene-gene interaction was observed with regard to sensitisation. 

Figure 9. The effect of IL4RA Q576R genotypes (QR/RR versus QQ) on wheezing, in relation to IL9R
SNP rs731476 genotypes. 
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GENE-ENVIRONMENT INTERACTIONS 

The major finding in the study on interactions between air pollution and asthma-
susceptibility genes, was that the risk of allergic sensitisation related to exposure to 
traffic-NOx (an indicator of pollutants generated by motor vehicles) was increased in 
individuals heterozygous for the GSTP1 SNPs tested, including the Ile105Val 
polymorphism (nominal p-values for interaction 0.0005-0.0085). The p-value cut off 
that corresponds to a nominal value of <0.05 after correction for multiple tests was 
estimated to 0.0085. An example is given in Figure 10, which shows the OR for 
sensitisation associated with exposure to traffic-NOx (5-95 percentile) for different 
GSTP1 genotypes (Ile105Val and Ala114Val exemplified). As expected, interaction 
effects were also seen for exposure to traffic-PM10 on sensitisation since these exposure 
variables were highly correlated in this data set (r=0.94).  Weak evidence of interaction 
between SNPs in the ADRB2 gene and exposure to house heating-SO2 was observed 
using asthma and persistent wheezing as outcomes, although these interactions were 
not significant after corrections for multiple tests. No interaction was seen between 
exposure to air pollutants and TNF-α variants. 

Figure 10. OR for sensitisation associated with exposure to NOx for different GSTP1 genotypes 
(Ile105Val and Ala114Val). The OR is expressed as a 90 percentile increase in NOx levels (5-95 
percentile) during the first year of life. 
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DISCUSSION

INFLUENCE OF PARENTAL ALLERGIC DISEASE 

In paper I, we found that both maternal and paternal allergic disease (asthma and/or 
allergy) seemed to increase the risk of transient, persistent and late onset wheezing, and 
a dominating influence from maternal allergic disease was only seen in children with 
persistent wheezing. Several studies support the importance of maternal asthma for 
childhood asthma, especially in children < 5 years of age162, 163, whereas other show 
that maternal and paternal asthma confer similar risk.164 For children older than 5 years, 
there is accumulating evidence that paternal history of asthma has an equal or even 
stronger effect on asthma and airway hyper-responsiveness compared to maternal 
history.163, 165 The maternal effects have been suggested to be partly regulated by the 
interaction between mother and foetus in utero30, 31, which is further supported by 
associations between maternal allergic disease and risk of high total IgE at birth.166

Linkage studies have attempted to genetically disentangle effects from the mother and 
father, and both maternal and paternal imprinting has been suggested for allergic 
sensitisation and asthma-related outcomes.167-169 Genomic imprinting refers to the 
differential expression of genes depending on whether they come from the mother or 
father, and has also been reported to play a role in other complex diseases, such as 
diabetes.170

WHY ARE BOYS MORE SUSCEPTIBLE TO ALLERGIC DISEASES IN 
CHILDHOOD? 

It is well known that boys are more susceptible to childhood asthma and allergy, 
whereas girls are more susceptible later in life.171-175 Environmental factors have a 
major impact on the likelihood of developing asthma and allergy, and boys and girls are 
probably exposed differently in the environment in which they grow up. However, 
already at birth, twice as many boys compared to girls have been reported to have a 
high neonatal total IgE, which suggests that sex-specific events may occur already in 
utero.176 Whether this is due to genetic, immunologic or hormonal factors is unclear. 
Boys have also been reported to have smaller airways relative to lung size than girls 
and may therefore be more sensitive to airway irritants such as infections or other 
airborne triggers.177 In paper I, we found that the influence of parental allergic disease, 
particularly maternal, on the risk of wheezing was more pronounced in boys than in 
girls, which lends support to a sex-specific genetic influence. Similar results have been 
suggested from the PIAMA study, where boys have an increased risk of sensitisation at 
4 years if the mother was allergic.176 Interaction effects have also been observed in one-
year-old children, where the lung function in male infants was affected more by 
maternal history of asthma than in female infants.177 The interplay between mother, 
placenta and foetus during pregnancy has been shown to be sex-specific also from the 
mother’s point of view; asthmatic mothers carrying a female foetus experience worse 
asthma compared to mothers carrying a male foetus.178 An explanation may be that the 
female foetus up regulates maternal inflammatory pathways, whereas the male foetus 
does not.179 As a result of this inflammation, reduced foetal growth is seen in female, 
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but not male foetuses. These data may seem somewhat contradictory to an increased 
susceptibility of asthma and allergy in boys, but there are indications that low birth 
weight may be associated with lower risk of subsequent asthma and allergy180, and that 
factors responsible for foetal growth may also lead to the development of an immune 
system predisposed to the increased susceptibility of asthma and/or atopy.181

Nevertheless, it highlights the importance of potential sex-specific in utero events that 
may influence the development of asthma and allergy. 

Sex-specific genetic effects have been observed in a number of human traits, with 
regard to heritability, genome-wide linkages and gene expression.182, 183 For asthma-
related traits, there is evidence of linkage between specific autosomal loci and affected 
individuals of a particular sex and age of onset of wheezing184, as well as lung function 
and eosinophilia.183 It has even been suggested that by not taking sex-specific effects 
into account, the power to detect linkage may be substantially reduced.185 Sex-specific 
genetic effects on asthma have been reported for a number of genes, for example 
interleukin-1β (affecting male asthma),  ADRB2 (bronchial hyperresponsiveness in 
females), vitamin D receptor (IgE levels in girls) and COX2 (asthma in females).186-189

A skewed male/female ratio could also imply that X-and Y-linked genes are involved 
in some way. Recent data suggest that up to 15% of the X-linked genes escape 
inactivation to some degree and this observation does not include the pseudoautosomal 
regions, which are known to escape inactivation.190 In paper II, we report that variants 
in the X- and Y-chromosome gene IL9R were associated with wheezing and 
sensitisation, predominantly in boys. Although the major finding was that the GAGC 
haplotype had a protective effect primarily in boys, it indicates that the genetic 
influence of IL9R variants, protective or not, is larger in boys compared to girls. Given 
the strong LD in the region, and the fact that we were not able to study any functional 
effects of the selected SNPs, it is perhaps more relevant to interpret our results as a sex-
specific association to the IL9R gene region rather than to any specific variants. 
   

CANDIDATE GENES AND ASTHMA-RELATED PHENOTYPES 

As presented in the results section, we have analysed the association between variants 
in six genes (IL9R, IL4RA, GPRA, ADRB2, TNF-α and GSTP1) and asthma-related 
phenotypes in childhood. IL9R, GPRA and TNF-α showed the most consistent findings 
in that several variants were associated with more than one outcome tested. However, 
IL4RA, ADRB2 and TNF-α belong to the group of genes that have been replicated in > 
10 study samples, and GPRA and GSTP1 have been replicated in 6-10 samples.90 We 
also consider the IL9R gene to be an asthma susceptibility gene, since it has been 
associated with asthma in two family-based data sets besides our study, and no negative 
study has to our knowledge been published.94, 95

Replication is considered the gold standard for genetic association studies, but there is 
yet not a single gene that has been replicated in all studies. Replication of original 
genetic findings often correlate only moderately well to subsequent research on the 
same association, with the strongest effect estimate typically occurring in the first 
study.191, 192 For postitionally cloned genes, this fate is not surprising, as linkage studies 
rely on a strong genetic signal in order to identify a particular locus or gene.193 A 
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number of factors will influence this signal (e.g., population characteristics, disease 
heterogeneity, environmental factors, other genetic factors and study power) and these 
factors will have to act jointly if a strong signal is to be detected in a linkage study. 
Upon replication attempts, these conditions will not be the same as in the original 
study; other environmental and genetic factors will have stronger or weaker influence. 
Given the complexity of asthma-related phenotypes, numerous combinations between 
these factors are possible, and the most likely scenario is that the effect of a cloned gene 
in a replication study is diluted by the effects of other factors, thereby giving a weaker 
association.  

The effect size of a particular variant in a susceptibility gene for complex diseases 
across populations is usually around 1.2-2 on the odds ratio scale.191 The first 
postitionally cloned asthma gene, ADAM33, was in a recent meta-analysis reported to 
have a maximum odds ratio of 1.46 for a common SNP using asthma as outcome194,
which is of the same magnitude as we found for GPRA H5 haplotype and allergic 
asthma, odds ratio 1.47 (paper III).    

Traditionally, replication studies have focused on analyses of specific SNPs or 
haplotypes that have been identified in the original study. Due to reasons discussed 
above, all replication studies will not find associations to a given variant in a particular 
gene regardless whether the gene was identified by cloning or by other means (e.g., 
candidate gene approach). The GPRA gene for instance, has been considered replicated 
in two separate studies, whereas another study could not replicate the most significant 
SNP (rs323922) from the original study.88, 195 If we only focus on rs323922 in the two 
positive replication studies, no association was found in these studies either (paper 
III,114). Still, we consider the two studies to have replicated the association between 
GPRA and asthma / allergy based on associations with other SNPs and several 
haplotypes, among them H6. This haplotype was not considered a risk haplotype in the 
original study, partly because of lower power to detect any association with H6 in the 
Finnish and Canadian populations. The phenomenon of different risk alleles in different 
populations is very common in genetic association studies, and it has been suggested 
that the gene, rather than any specific SNP or haplotype should be the unit of 
replication.196 With the new large scale genotyping possibilities that enables 
examination of all relevant variations within a gene or region, for example by 
haplotype-tagging methods or chip-based SNP analyses, such multilocus approach as 
well as other similar multivariate methods is promising for future studies.197-200    

ASTHMA DEFINITIONS AND THEIR RELEVANCE FOR GENETIC STUDIES 

Despite a number of common characteristics for asthma-related diseases, primarily 
represented by airway inflammation and upper respiratory symptoms, these conditions 
constitute a heterogeneous group of phenotypes.1 As discussed above, different 
environmental and genetic factors will probably influence each phenotype in a specific 
manner. The hypothesis commonly tested in genetic association studies, is whether a 
particular variant is associated with disease in the study sample of interest, e.g., cases of 
childhood asthma. A proper definition of cases and controls is the basis for all clinically 
oriented research and these definitions should be well considered. The choice of case 
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definition will naturally reflect the aim of the study; is the aim to demonstrate a genetic 
association between a particular variant and a very carefully defined phenotype, e.g., 
asthma patients aged X-Y years with sensitisation to ragweed and concomitant 
rhinoconjunctivitis, or are we interested in evaluation of the association between this 
variant and a broader definition, e.g., doctor’s diagnosis of asthma in children? In 
general, the better cases and controls are characterized, the more distinct conclusions 
can hopefully be drawn in that particular setting, and comparison between studies with 
exact definitions is also facilitated. The broader definition will obviously represent a 
more heterogeneous phenotype and there is also a clear risk of disease 
misclassification, which will reduce the power to detect an association if there is one.201

Still, this definition is important, as it hopefully reflects every day practice in the clinic 
and the question to be answered is how important is this genetic variant from a 
population point of view, given that cases and controls have been collected properly.  

The definitions used in both the BAMSE and PARSIFAL studies are based on 
questionnaire data (except IgE and PEF measurements) and are quite broad and 
general. First of all, the study designs did not allow inclusion of bronchial 
hyperresponsiveness or examination by a physician in the disease criteria. Atopic status 
was however assessed and was also used for the phenotypes allergic asthma / 
rhinoconjunctivitis and atopy-associated wheezing. It should be noted that these 
definitions reflect co-occurrence of specific symptoms such as wheezing, and presence 
of IgE antibodies towards common allergens as signs of an immunological event, rather 
than a confirmed allergy-induced asthma or wheezing.44 The BAMSE children are by 
study design only up to 4 years of age, and the majority of the children with these 
definitions reflect non-atopic wheezing (71%, paper II). Nevertheless, one of the 
primary aims with the BAMSE genetic study was precisely to investigate the genetic 
influence of such wheezing and the definitions are similar to those used for instance in 
the Tucson Children’s Respiratory Study.4 Follow-up of the Tucson study up to the 
age of 16 years showed that transient wheezers (defined at 6 years) do not have an 
increased risk of subsequent wheeze, whereas around 50% of the persistent and late 
onset wheezers were symptomatic at the age of 16.38 Thus, the majority of the 
wheezing children in BAMSE will probably grow out of symptoms in a few years time. 
Although we hypothesized that some of the genetic markers analysed could be used to 
disentangle persistent from transient wheeze on a genetic basis, no such pattern was 
obvious. In study II and IV, all wheezing cases was instead analysed together in order 
to increase the study power and reduce the number of hypotheses tested.  

Doctor’s diagnosis of asthma presumably represents a more severe form of respiratory 
disease than the wheezing outcomes and this definition is quite commonly used in 
studies on asthma.7, 8, 114, 202 Although the majority of preteenage children with 
established asthma will continue be asthmatic, childhood and adult asthma may differ 
in a number of parameters, including sex ratio, airflow obstruction, sensitisation and 
structural changes of the airways.40, 42, 203 These differences are likely to be important 
when determinants for these phenotypes are to be identified, and there may be both 
common and unique risk factors for childhood and adulthood asthma.204

The BAMSE study has the advantage of being prospective and longitudinal, which 
enables observation of the natural course of asthma-related diseases in a rather large 
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population of children. Several phenotypes may also be studied, e.g., wheezing and 
sensitisation. The subcohort sampling design is particularly attractive when multiple 
phenotypes are of interest, as other outcomes in subcohort can be studied still using 
properly selected controls. For this thesis, we have focused on sensitisation as a 
complementary outcome, but the BAMSE study has also been used as a replication data 
set for genetic studies on e.g. eczema.205 Having the opportunity to study several 
outcomes is naturally a major advantage in cohort studies that one should make use of. 
The number of phenotype subgroups related to asthma and allergy is however almost 
infinite; asthma symptoms +/- abnormal lung function, +/- specific IgE to inhalant or 
food allergens, +/- rhinoconjunctivitis, +/- eczema etc. Each of these subgroups may 
have specific risk factors associated with susceptibility and prognosis. Although is it 
tempting to try to find specific genetic factors that are associated to each of these 
subgroups, it is usually not feasible due to power limitations and the BAMSE study is 
no exception in this respect.          

GENERAL ASPECTS ON INTERACTIONS 

Although there is a wide spread knowledge that asthma and allergy results from 
multiple factors including gene-gene and gene-environment interactions, the vast 
majority of all studies on genetic factors do not take these matters into consideration. 
One of the main reasons for this situation is the central problem of how to model 
interactions, and how to take high-order interactions, that is, interaction between 
several factors, into consideration. How do we evaluate possible combinations between 
the suggested 100 candidate genes for asthma, and how do we further assess possible 
interactions with relevant environmental exposures? Traditional models for evaluating 
interaction, e.g., by stratification, calculating risks for “double-exposed”, “single-
exposed” and “none-exposed” in a regular 2x2 table and logistic frameworks with 
interaction terms may be sufficient to evaluate possible interaction between a limited 
number of factors, but these models are inadequate for analyses of multiple variables. 
Still, the traditional models may be applicable in targeted and hypothesis-driven 
analyses. In paper IV and V, such interaction effects were estimated between just two 
factors (paper IV, two genetic factors and paper V, one genetic and one environmental 
factor) using the logistic framework. Secondly, assessment of interactions demands 
very large data sets and power issues easily becomes a problem in studies with ordinary 
sample sizes.206

Interaction analyses are usually performed when there is a hypothesis that two or more 
factors have a joint action that is of particular interest, and that the joint effect may be 
larger than expected based on biological relevant mechanisms. What is usually tested in 
the multiplicative model is whether the effect of exposure to a factor A will be 
influenced by the presence or not of factor B, that is, if the effect of A is  independent 
of factor B. A schematic figure of such interaction is presented in figure 11a-b.  
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Figure 11a. Probability (expressed as log odds) of disease D as a function of exposure to factor A in two 
groups, exposed and unexposed to factor B. Interaction between factor A factor B is present on a 
multiplicative scale, as the effect of A is not similar in the groups with B+ and B- (the lines are not 
parallel). Figure 11b shows a situation when interaction between factor A factor B is not present on a 
multiplicative scale, as the effect of A is similar in the groups with B+ and B- (the lines are parallel). Both 
factor A and B could for example be genetic or environmental factors. 

In paper I, an additive model was originally used to assess the interaction effect 
between male sex and parental allergic disease. As presented in Table 1, the same 
conclusion that interaction is present would be drawn if a multiplicative scale was used, 
which strengthen the findings. In other situations, interaction may be present on one 
scale, but not the other. Which scale is then the most relevant from a biological point of 
view? Do risk factors operate in an additive or multiplicative fashion? Obviously, there 
is no general answer and the different models can be applied in different settings, 
although  word of caution has been given due to confounding and over-simplification 
issues regarding the additive interaction model.207, 208

Role of gene-gene interactions / epistasis 

Gene-gene interaction is a rather broad definition that indicates that two or more DNA 
variations interact directly (DNA-DNA or DNA-mRNA) to change splicing, 
transcription or translation levels, or indirectly by the effect of their protein products in 
a way that is beyond what is expected by their separate effects.209 Epistasis is another 
term that is used to describe how effects of a given gene are masked or enhanced by 
one or more other genes.210 The endpoint of interest is usually disease risk, but may 
also be intermediate phenotypes such as receptor signalling or cytokine production. As 
discussed above, a widely used estimation of gene-gene interaction is to assess 
departure from multiplicative effects on the OR scale using logistic regression followed 
by LRTs or Wald tests.107, 148, 151-153 Such approach was used in paper IV, when  
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interaction effects were estimated between 4 SNPs in the IL4RA gene and 4 SNPs in the 
IL9R gene. Based on significant SNP-SNP interactions and a significant overall test for 
interaction, it seems as if variants in the two genes have a joint effect on the 
susceptibility to develop wheezing in children. Interestingly, both increased and 
decreased risks for wheezing could be observed for the specific combinations (e.g., 
IL4RA Q576R and IL9R rs731476 SNPs). Given the substantial difference in allele 
frequencies observed between populations,71 the phenomenon of epistasis, in this case 
IL4RA and IL9R polymorphisms, may in part explain discrepant results from different 
studies.211 Evidence from research on hypertension suggests that lack of replication of 
single locus results often may be due to the fact that epistasis effects are more important 
than the main effect of a particular locus.153, 212  In this case, there may not be any direct 
interaction between the IL4RA and IL9R genes, but the interaction could rather mirror 
the combined effect of the protein products encoded by the different genetic variants. 
As wheezing in this age group is primarily non-atopic, usually triggered by viral 
infections, the joint mechanism could indirectly be related to susceptibility to viral 
infections. Experimental evidence is however needed to prove such a hypothesis, 
although IL4RA variants have been shown affect susceptibility of viral infections in 
other settings and IL9 is for example a key cytokine upon RSV infection.110, 213, 214

Given the limitations with the traditional regression based interaction analyses, a 
number of new statistical models have recently been developed that allow for 
evaluation of high-order gene-gene interactions, such as Multifactor dimensionality 
reduction (MDR), Multivariate adaptive regression splines (MARS) and the Focused 
interaction testing framework (FITF).159, 215, 216 Yet, no specific model is suitable for 
assessment of all respects of gene-gene interactions, e.g., categorical or continuous 
traits, linear or non-linear interactions, missing data, genetic heterogeneity and multiple 
test issues (see recent review by Thornton-Wells et al209). By combining two or more 
methods in a stepwise approach to genetic analyses, some of these limitations may 
however be overcome.  

Role of gene-environment interactions / effect modification 

Despite the estimated high heritability of asthma and allergy, environmental factors are 
of uttermost importance for the development of these diseases. It has been argued that 
the dramatic increase in asthma prevalence over the last decades can not be attributed to 
genetic factors, as our genetic set up has not changed so rapidly.217 The explanation 
should rather be sought in changes of environmental exposure patterns, and how the 
environment affects genetically predisposed individuals.  

Variants in many genes are likely to modify the physiologic and immunologic response 
to various environmental agents. CD14, which is one of the receptors for endotoxin, is 
one of the most studied genes in this context, and has been shown to modify the effect 
of environmental tobacco smoke, animal exposure and endotoxin exposure.155, 156, 218

Gene environment interactions have not only been addressed in candidate gene studies; 
genome wide screens for asthma and bronchial hyperresponsiveness taking the 
influence of passive tobacco smoke have also been undertaken. Two separate studies 
showed linkage to chromosome 5q in families where the children were exposed to 
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tobacco smoke, thereby highlighting the importance of environmental exposure also in 
the search for new asthma genes.219, 220

Studying the effects of various air pollutants on respiratory health in relation to an 
individual’s genetic setup is an attractive approach, as there is evidence from both 
epidemiological and experimental research in this area. The BAMSE study is well 
suited for studying the effects of long term exposure air pollutants, as there is excellent 
follow up rate, good phenotypic information and the possibility to assess individual 
exposure levels during the whole study period. The main finding was the gene-
environment interaction effects between GSTP1 variants and exposure to traffic-related 
NOx and particles with regard to sensitisation, and similar results have been reported 
with regard to ragweed sensitisation and childhood asthma.131, 132 However, it is 
surprising to find the strongest effect in heterozygous individuals, a pattern that could 
be seen for all SNPs tested and for several outcomes. These findings contradict the 
results by Gilliland et al, although study design (e.g., observational setting and long 
term effects vs. experimental setting and short term effects) and subjects differ 
somewhat.131 In that study, 19 ragweed sensitised patients (age 20-34 years) were 
genotyped for the Ile105Val polymorphism and challenged intranasally with allergen 
alone and with allergen plus diesel exhaust particles. Patients homozygous for the 
Ile105 variant showed larger increase in nasal IgE responses to ragweed and histamine 
release compared with Ile105Val heterozygotes. No Val105 homozygous individuals 
were found among the patients. However, an increased risk of other diseases in relation 
to toxic exposures has been associated with Ile105Val heterozygosity, for example 
Parkinson’s disease following exposure to pesticides and tobacco smoke.221, 222 The 
highest risk of chemotherapy-induced leukaemia has also been observed in 
heterozygotes, which is further supported by experiments on carcinoma cell lines that 
show increased chemotherapeutic sensitivity in heterozygote subjects.223, 224

The antioxidative system, in this case represented by GSTP1, is a complex network and 
involves a number of important enzymes and proteins. The GSTP1 enzyme may exert 
its effect alone as a dimer (or multimer), but may also interact with other enzymes like 
the c-Jun N-terminal kinase (JNK) and the 1-cystein peroxiredoxin.225-228 From an 
immunogenetic point of view, one possible explanation to these observations is that the 
enzymatic capacity of GSTP1 dimers may depend on the genotypic status. The 
interplay between GSTP1 and for example the c-Jun N-terminal kinase (JNK), which 
activates the transcription of number of genes including cytokines, growth factors, 
immunoglobulins, inflammatory enzymes,229 may also be affected by the GSTP1
genotype status. The GSTP1 enzymatic activity has been shown to differ between 
isoenzymes with isoleucine or valine 105; Val105 enzymes having for example a 
higher catalytic capacity for polycyclic aromatic hydrocarbons, which represent a 
widespread class of environmental pollutants, but a lower conjugation capacity for 1-
chloro-2,4-dinitrobenzene.230-232 However, it is unclear if these characteristics of the 
GSTP1 enzyme relate to the finding in our study. From this study, we conclude that 
variants in the GSTP1 gene seem to modify the effect of long term exposure to ambient 
air pollution with respect to sensitisation to common allergens in children, but the 
mechanisms behind this observation need to be further addressed.   
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METHODOLOGICAL CONCERNS 

Neither the BAMSE nor the PARSIFAL studies were originally designed for the 
primary aim to study genetic effects on allergic disease in childhood, which have 
influenced the possibilities to perform genetic analyses in these data sets. There is for 
instance no parental DNA available for family based analyses, although case-control 
studies are well suited for association studies given that subjects have been selected 
properly.233 If cases and controls have different genetic backgrounds with inherent gene 
frequency differences, false positive associations may be observed due to the 
phenomenon called population stratification. Although population stratification may 
often be relatively unlikely to cause bias in real-life settings234, it is difficult to 
completely rule out in creating false positive results in any case-control study. For the 
BAMSE cohort, this is unlikely a problem as both cases and controls were generated 
from the same study base with a rather homogenous population. Ethnicity was also 
included in the confounding model to rule out any potential effect (paper II, IV, V). 
Further, the subcohort was shown to be representative of the full original cohort. In 
paper III, children from five different countries with different environmental 
backgrounds were included, which could potentially give rise to a population 
stratification problem. However, the haplotypes frequencies were quite similar in the 
five countries and the estimated haplotype association p-values were adjusted for 
country of origin and study group, which should rule out any major residual effect. 
Genomic control by additional genotyping of several unrelated markers in both cases 
and controls is an alternative experimental approach to handle potential population 
stratification.235

Confounding from other factors was not considered to be a problem in the association 
studies, and all logistic models were controlled with a number of potential confounders. 
Regarding exposure to air pollutants, differential exposure misclassification is unlikely 
since these variables were assessed using residential address histories and dispersion 
modelling from emission databases. Geo-coding errors may however have influenced 
the assessed air pollution levels. In this model we estimated the outdoor air pollution 
levels from traffic. Yet, most children spend a large part of their time indoors, which 
makes the exposure assessment less precise. This error is also likely to be non-
differential in relation to the outcomes studied and would tend to attenuate any true 
association. By using exposure during the first year of life only, we avoid possible 
reverse causality induced by avoidance behaviour due to the child’s disease. 

Some DNA samples in the BAMSE study were of poor quality, and a number samples 
failed repeatedly for several assays. The reason for repeated failure may be due to low 
DNA concentration (the mean stock concentration in the 73 samples excluded in paper 
V was 49.5 ng/µl compared to 237 ng/µl in all samples), DNA breakdown due to long 
term storage or errors in the initial sample management. Although the number of 
samples and accordingly the study power is reduced when samples are removed from 
the analyses, we believe that data quality and accuracy are improved by such action.  

The BAMSE genetic study was primarily designed to study the genetic association to 
childhood wheezing and around 500 cases were included in the study. Using the case 
cohort sampling design, other outcome definitions could also be studied such as 
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sensitisation to either inhalant or food allergens (n=197). Initial power calculations 
showed that using 200 cases and 400 controls with an estimated allele frequency of 
10% in the controls, and a relative risk of 2.0, the power would be 89% (p<0.05). The 
corresponding power for a relative risk of 1.5 and allele frequency of 20% in the 
controls was estimated to 74%. Thus, for estimation of the genetic effects from single 
markers, the study power was relatively good. The power to detect interactions, either 
gene-gene or gene-environment interactions, is clearly reduced as the number of cases 
and controls with each combination of variables will be limited. However, interaction 
based analyses can be even more powerful than single locus approaches when the main 
effects are weak.211    
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CONCLUSIONS 

Based on the presented studies in this thesis, the following conclusions can be drawn: 

• Parental allergic disease is important for the development of wheezing up to the 
age of four, but the hereditary influence seems to be more pronounced in boys 
than in girls  

• The genetic analyses also provided evidence of sex specific effects in that 
variations in the IL9R gene were associated with wheezing and allergic 
sensitisation predominantly in boys  

• Variants in a recently identified susceptibility gene for asthma (GPRA) showed 
association to several phenotypes, including sensitisation, asthma and allergic 
rhinoconjunctivitis  

• Variants in the IL4RA gene alone may not exert any major influence on 
susceptibility to asthma-related diseases in childhood, but in combination with 
other genes, such as IL9R, IL4RA may be an important gene for disease 
susceptibility 

• The risk of allergy following exposure to air pollutants early in life seems to be 
modified by variants in genes controlling the antioxidative system, such as 
GSTP1



40

SAMMANFATTNING PÅ SVENSKA 
Astma- och allergisjukdomar är idag mycket vanliga i befolkningen och man räknar 
med att mer än 1/3 av alla barn någon gång drabbas av astma- eller allergibesvär. Såväl 
ärftliga som miljörelaterade faktorer påverkar risken att insjukna. Samverkan mellan 
dessa faktorer är sannolikt av stor betydelse. Astma och allergi är vanligare hos pojkar 
än flickor, men det är oklart om det beror på miljörelaterade, immunologiska eller 
genetiska faktorer. Den övergripande målsättningen med denna avhandling har varit att 
studera betydelsen av ärftlighet för utvecklingen av allergisjukdom hos små barn samt 
att studera eventuell samverkan mellan arv och miljörelaterad exponering. Ett flertal 
gener bidrar sannolikt till utvecklingen av astma och allergi och det har konstaterats att 
upp till 100 gener kan vara inblandade på olika sätt. Vi har valt att fokusera på dels 
gener som är av särskilt intresse för astma och allergi hos barn, dels gener som kan 
antas samverka med miljöfaktorer, i detta fall exponering för luftföroreningar.  

Avhandlingen omfattar fem delstudier. Samtliga delar utgår från BAMSE-studien med 
ca 4000 barn i Stockholm, vilka har följts från födseln till 4 års ålder. För de genetiska 
analyserna har ca 1000 prover valts ut, varav ca 500 från barn med astmabesvär och 
500 från barn utan astmabesvär. I delstudie III ingår dessutom prover från ca 3000 barn 
i åldern 5-13 år, vilka ingår i den europeiska tvärsnittsstudien PARSIFAL. PARSIFAL-
studien har till syfte att studera arv och miljö i relation till olika livsstilar.    

Studie I 
Samtliga barn i BAMSE-studien ingick i denna delstudie. Målsättningen var att belysa 
hur ärftliga faktorer påverkar utveckling av astmabesvär hos pojkar respektive flickor. I 
studien gjordes en noggrann karaktärisering av barnens sjukdomsutveckling över tid. 
Tre typer av barnastma identifierades upp till 4 års ålder, (i) övergående astmabesvär 
(ii) kvarstående astmabesvär och (iii) sent debuterande astmabesvär. Vi fann att barn 
med kvarstående eller sent debuterande astmabesvär var allergiska (d.v.s. hade 
specifika IgE-antikroppar mot vanliga allergen) i störst utsträckning (upp till 30% av 
barnen). Trots att barn med övergående astmabesvär inte hade några symptom vid 4 års 
ålder såg vi hos dessa barn en lätt sänkt lungfunktion i samband med 4-årskontrollen. 
Även barn med kvarstående astmabesvär hade en lätt sänkt lungfunktion jämfört med 
barn utan astmabesvär. Astma och allergi hos föräldrarna ökade risken för alla typer av 
astmabesvär. Betydelsen av ärftlighet verkade dock vara större för pojkar än för flickor. 
Resultaten talar för att ärftlighet för astma och allergi påverkar pojkar och flickor olika.  

Studie II 
Interleukin-9 och dess receptor är involverad i flera steg av utvecklingen av astma och 
allergi. Genen för interleukin-9 receptorn (IL9R) återfinns på X- och Y-kromosomerna 
och har i tidigare studier kopplats till astma. Målsättningen med denna delstudie var att 
studera naturligt förekommande varianter (polymorfier) i genen för IL9R och 
allergisjukdomar hos barn upp till 4 år samt att studera om effekterna av dessa 
polymorfier skiljer sig mellan pojkar och flickor. Ett flertal polymorfier studerades 
initialt och slutligen valdes fyra ut för komplett analys. Flera av varianterna visade sig 
ha samband med astmabesvär och allergi. En specifik kombination av dessa 
polymorfier, s.k. haplotyp, hade en skyddande effekt mot utveckling av både 
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astmabesvär och allergi upp till 4 års ålder. Störst skydd mot astmabesvär sågs hos 
pojkar med haplotypen GAGC. Samma haplotyp var dock inte associerad med något 
skydd hos flickor. Resultaten tyder på att varianter i IL9R-genen påverkar pojkar i 
större utsträckning än flickor.  

Studie III 
I denna delstudie var målsättningen att studera sambandet mellan varianter i genen för 
GPRA och astma- och allergiutveckling i två olika studiematerial, BAMSE och 
PARSIFAL. Sammanlagt analyserades ca 4000 prover. GPRA har nyligen identifierats 
och utgör en stark kandidatgen för astma- och allergisjukdomar. Genen kodar för en G-
proteinkopplad receptor som återfinns i bl.a. glatta muskelceller och epitelceller. 
Studier pågår för närvarande för att kartlägga dess funktion. I denna studie kunde vi 
framför allt se samband mellan olika haplotyper (och polymorfier) i GPRA-genen och 
allergi. Både ökad och minskad risk för allergi kunde kopplas till olika haplotyper. 
Samband kunde dessutom ses mellan GPRA-varianter och astma, allergisk astma och 
hösnuva. Sammantaget ger studien stöd för att GPRA-genen är involverad i 
utvecklingen av astma och allergi hos barn. 

Studie IV 
Ett flertal polymorfier i genen som kodar för interleukin-4 receptorn alpha (IL4RA) har 
kopplats ihop med astma och allergi. Immunologiska och genetiska studier har också 
visat att IL4RA samverkar med andra cytokiner och deras receptorer i relation till 
astma. I denna delstudie analyserade vi sambandet mellan polymorfier i IL4RA-genen 
och utveckling av astmasymptom och allergi upp till fyra års ålder. Vi kunde dock inte 
påvisa något tydligt sådant samband. Vidare studerades effekten av kombinationer av 
IL4RA- och IL9R-varianter i relation till astmasymptom och allergi. Vi kunde då påvisa 
samverkan (interaktion) mellan flera polymorfier i IL4RA- och IL9R-generna i relation 
till astmasymptom. Vi identifierade kombinationer som gav såväl ökad som minskad 
risk för astmasymptom. Resultaten stöder hypotesen att astma och allergi är 
multifaktoriella sjukdomar där flera gener samverkar i sjukdomsutvecklingen. 

Studie V 
Exponering för olika luftföroreningar (t.ex. kväveoxider och partiklar) kan ge upphov 
till inflammation i luftvägarna och öka risken för astma- och allergibesvär. Vissa 
individer kan vara extra känsliga för sådan exponering. Målsättningen med denna 
delstudie var att studera i vilken utsträckning samverkan mellan arv och exponering för 
trafikrelaterade luftföroreningar påverkar risken för astma- och allergibesvär. Ett antal 
gener valdes ut för analyser, vilka bl.a. kodar för inflammationsmolekyler (TNF-α),
antioxidativa enzymer (GSTP1) samt luftvägsreceptorer (ADRB2). Data från individuell 
exponering för luftföroreningar upp till 4 års ålder finns tillgängliga för alla barn i 
BAMSE-studien. Varianter i GSTP1-genen visade sig ha betydelse för vilken effekt 
exponering för kvävedioxider och partiklar under första levnadsåret hade på risken att 
utveckla allergi. Barn med en särskild GSTP1-variant hade en flerfaldigt ökad risk för 
allergi kopplat till luftföroreningar jämfört med barn utan denna variant. Resultaten 
talar för att effekten av exponering för luftföroreningar för risken att utveckla astma- 
och allergibesvär påverkas av varianter i gener som involverade i kroppens 
immunförsvar.  



42

SLUTSATSER 

• Astma och allergi hos föräldrarna ökar risken för att utveckla astmabesvär upp 
till 4 års ålder, men betydelsen av ärftlighet verkar vara större för pojkar än för 
flickor  

• Sambandet mellan varianter i IL9R-genen och astma/allergi är tydligast hos 
pojkar, vilket stödjer fyndet att ärftlighet kan påverka flickor och pojkar olika 

• Varianter i den nyupptäckta ”astma-genen” GPRA påverkar risken för flera 
olika typer av astmarelaterade besvär hos barn, bl.a. allergi, astma och hösnuva 

• Samband kunde inte påvisas mellan varianter i IL4RA-genen och astma/allergi, 
men i kombination med IL9R-varianter kan olika IL4RA-varianter medföra både 
ökad och minskad risk för astmabesvär  

• Varianter i gener som är involverade i kroppens immunförsvar, t.ex. GSTP1,
har sannolikt betydelse för vilken effekt exponering för luftföroreningar har på 
risken att utveckla astma- och allergibesvär hos barn 
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