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Introduction

Asthma Epidemic

Asthma is a chronic inflammatory disorder of the airways, associated with  
variable structural changes, that affects children and adults of all ages.  
It is associated with airway hyperresponsiveness (the airways narrow in an 
exaggerated fashion after being exposed to a trigger) and variable airflow 
obstruction. Asthma, like other chronic diseases, is a complex disease and 
heterogeneous in its origins and clinical expression. It results from the 
interaction of multiple genetic, epigenetic and environmental factors.1	

Patients with asthma typically experience recurrent episodes of wheezing, 
breathlessness, chest tightness and coughing, particularly at night or in the 
early morning. Asthma attacks are generally triggered by allergens, viral 
respiratory infections and airborne irritants. The respiratory symptoms are 
usually associated with airway smooth muscle contraction, mucus production 
and oedema of the airway wall, leading to airflow obstruction which is often 
reversible either spontaneously or following treatment. When uncontrolled, 
asthma can markedly interfere with normal daily activities and seriously impact 
an individual’s quality of life.2

The World Health Organisation has estimated that 300 million individuals 
have asthma worldwide, and that this will reach 400 million by 2025 with current 
rising trends.3,4 In the United States, the prevalence of asthma increased from 
7.3% (20.3 million persons) in 2001 to 8.2% (24.6 million persons) in 2009,  
a 12.3% increase.5 Asthma is the most common disease among children worldwide. 
The International Study of Asthma and Allergies in Childhood (ISAAC) reported 
that the prevalence of asthma among school-age children varies across countries  
(5–10%) and figures are even higher in younger children for asthma related 
symptoms, such as wheezing. These prevalence trends in children were 
comparable in adults.6 Adult asthma includes persistent disease from childhood, 
reactivated childhood asthma and adult onset asthma. The European Community 
Respiratory Health Survey (ECRHS) reported that there is a widespread variation 
in self-reported wheezing in the adults, varying from 4.1% to 32%.4,7 In the 
Netherlands ~20% of adults studied reported having wheeze.7

The disparity in asthma prevalence among countries is narrowing due to 
a rising prevalence in low and middle income countries as they adopt a more 
Western-type lifestyle, and it is plateauing in high income countries.8-10 In the 
Netherlands, data from general practitioners and from repeated cross-sectional 
surveys indicate that a steep rise in the prevalence of childhood asthma since 
the 1980s (from 1 to 5 %) has been followed by a leveling off or a decreasing 
trend in the late 1990’s; that was similar in adults.11 
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Factors considered to underlie the increase in asthma are poorly understood 
even though connections with geographical patterns, urbanization and the 
Western-type lifestyle seem to be a common factor.12-15 Possible contributing 
factors include diet and obesity, exposure to certain environmental chemicals 
and drugs, timing of infections, psychological stress, tobacco smoking, 
changes in housing type and indoor environment, air pollution and climate 
changes.3,12,16,17 However, as not all exposed people develop asthma, it suggests 
that the individual’s genetic susceptibility must play a key role.1

Asthma is a disease that generally has a good prognosis for the majority of 
affected people. However, there seem to be several different subgroups, both 
in children and adults, with various pathological and clinical phenotypes 
that influence the disease’s severity and trajectory.18 Nevertheless, the costs of 
asthma are substantial and include both direct medical costs (hospitalization, 
emergency room treatment, doctor's visits and medication) and indirect, non-
medical costs (time lost from work/school and premature deaths). The countries 
with the highest death rates due to asthma are those in which controller therapy 
is not available, such as in the developing word.3 The number of disability-
adjusted life years (DALYs) lost due to asthma worldwide has been estimated to 
be currently about 15 million per year. Worldwide, asthma accounts for around 
1% of all DALYs lost, which is thought to reflect the high prevalence of asthma 
and its impact on lifestyle.4,19 

In summary, asthma is a heterogeneous disease with different phenotypes 
and variable clinical manifestations, which depend on the age, ethnicity, 
socioeconomic status, genetic background, and environmental influences. 
Genetic susceptibly probably is the underlying cause of different severities 
among individuals affected with asthma.18,20 The complexity of the disease 
together with lack of a cure for asthma makes this disease a public health burden 
reflected in the use of health services and the loss of leisure and productivity/
work time of asthmatic individuals. Thus, it is essential to identify the genetic 
and environmental factors involved in asthma development and severity, to 
understand the underlying clinicopathological mechanisms, and to develop 
new disease measures of prevention and management.

Asthma: From fetal life to adulthood

Epidemiological studies suggest that asthma, like other common diseases, 
has at least part of its origins in early life.21 The developmental plasticity of health 
and disease (DOHAD) hypothesis suggests that environmental exposures 

DespoThesis.indd   10 1/27/2014   3:21:47 AM



C
H

A
P
T

ER
 1

11

Introduction

during developmental periods can cause subtle alterations in physical function 
which, although physically almost invisible, may increase the risk of disease 
and dysfunction later in life.22,23 The window of developmental plasticity 
extends from preconception to early childhood. In utero exposure to smoking 
and air pollution is well documented to be associated with asthma early in life 
and they involved epigenetic responses.24,25 Other examples of known major 
exposures for development of respiratory disease or low airway function 
include no or shorter periods of breastfeeding and maternal obesity,26,27 while 
early-exposure to some types of farming environments, larger family size and/
or daycare attendance, and sufficient Vitamin D levels seem to be protective 
against asthma development.28-31 Long-term follow-up studies have shown that 
impaired respiratory health or lung function in early childhood is associated with 
asthma and other respiratory diseases in later life.32 Therefore, identification of 
perinatal and childhood risk factors for wheezing and low airway function may 
help find appropriate and effective interventions to prevent onset of asthma in 
childhood and/or later in life.

Important questions about the prognosis of asthma i.e., whether a child may 
outgrow the disease, the natural history of asthma and childhood risk factors 
associated with asthma development and severity in adulthood, have been 
addressed by several studies in the past:33-40 Better lung function in childhood is 
consistently associated with better prognosis of asthma in adulthood, whereas 
the severity of airway hyperresponsiveness is not a good predictor of asthma 
outcome. Childhood atopy is associated with the persistence of respiratory 
symptoms but not with lower lung function in adulthood. Severity and duration 
of childhood asthma is associated with lung function decrements later in life. 
There is a switch around puberty in the gender susceptibility to develop asthma 
and environmental tobacco smoke exposure during childhood is associated 
with increased prevalence of asthma in adults. The tight relation between early 
life exposures and asthma development and severity in childhood but also 
later in life rise the need for longitudinal studies in asthma epidemiology and 
the identification of those childhood factors linked with asthma severity in 
adulthood.

An important finding is that early treatment with inhaled corticosteroids 
may improve lung function and airway hyperresponsiveness in children at least 
in the short-term period but relapse occurs after stopping of the treatment.41  
In adults, intervention with inhaled corticosteroids is recommended for control 
of disease and for prevention of progression of asthma and lung function 
decline.42 Moreover, mild intermittent asthma is generally associated with 
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good control in adults when treated with inhaled corticosteroids but there is 
considerable variety in treatment response between individuals, which possibly 
can be explained by genetic make-up.43 

Inside the airways: epithelial barrier, airway wall inflammation and 
remodeling

Airway epithelium is the natural barrier between environment and the 
underlying tissue. Its integrity is important for protecting the airways against 
noxious inhalants like cigarette smoke, airborne irritants and biological agents. 
Regulation of cell-cell junction stability and dynamics is crucial to maintain 
tissue integrity and allow normal tissue remodeling and wound healing 
throughout life.44,45 

Recent advances in understanding the pathophysiology of asthma 
development and severity have pointed towards a prominent role of the 
airway epithelium.46,47 Histological studies indicate that in bronchial biopsies 
of asthmatic patients the epithelium is interrupted and fragile.48-51 A relative 
new hypothesis is that chronic injury by environmental irritants and/or 
defective repair of the airway epithelium predisposes airways to abnormal 
responses to inhaled agents and allergens, and leads to release of cytokines and 
growth factors.52-54 The latter may contribute to airway wall remodeling and 
inflammation as a consequence of complex interaction between affected airway 
epithelial cells and the underlying mesenchymal and immune cells, known as 
activation of the Epithelial-Mesenchymal Trophic Unit.

Airway inflammation in asthma is linked to allergic sensitization. Asthma 
attacks reflect the local recruitment and activation of TH2 cells, eosinophils, 
basophils and other leukocytes, and persistent mediator production by 
resident and recruited cells.55,56 Mediators that initiate late-phase reactions are 
thought to be derived from mast cells activated by allergen-induced IgE or from 
T-cells that recognize allergen derived peptides. Important factors that affect 
the likelihood of developing clinically significant sensitization include the host 
genotype57 and whether exposure occurs together with agents that can enhance 
the sensitization process such as endotoxin and air pollution.58-60 Yet, prolonged 
or repetitive environmental exposures induce persistent inflammation typically 
characterized not only by increased airway inflammation at the affected site 
but also by substantial changes in the extracellular matrix and alterations in 
the number, phenotype and function of structural cells in the affected tissues.61

Structural changes taking place in the epithelium and in the submucosal 
area of the bronchi are termed airway remodeling. It includes enhanced 
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accumulation of extracellular matrix (collagen I, III, V and fibronectin) with 
subepithelial fibrosis manifested as basal membrane thickening,62 hyperplasia 
of blood vessels,63 hyperplasia and hypertrophy of goblet cells and subepithelial 
glands with excess production of mucus,64 as well as myofibroblast and smooth 
muscle cell hyperplasia. 

In synopsis, the airway epithelium plays a key role in the airway pathology 
of asthma. Under acute and chronic environmental exposures there is  
a complex interaction between affected airway epithelial cells and the 
underlying mesenchymal cells that together are thought to regulate the airway 
inflammation and tissue remodeling, characteristics of chronic allergic airway 
disease. 

Relation of airway pathology with asthma severity and the role of 
genetics

Chronic airway inflammation and airway wall remodeling are two important 
pathological features of asthma, associated with airway hyperresponsiveness.65 
They result in airway wall thickening along with narrowing of the airway 
lumen. This influences the normal flow of air in and out the lungs, linked 
with airway obstruction and progressive loss of lung function.34,66-68 
Nevertheless, longitudinal studies have shown that some asthma patients go 
into remission.18,69,70 This heterogeneity is resulting from the effect of multiple 
genetic and interacting environmental factors on the pathophysiology of 
asthma.20,71,72

The latter enforces the idea that investigation of genes encoding adhesion 
molecules, cytokines and growth factors might be a key for understanding 
better the underlying mechanisms of asthma severity. This may ultimately lead 
to the development of therapeutic targets and approaches that help restore 
epithelial function, reduce chronic airway inflammation and prevent airway 
wall remodeling. 

Glucocorticosteroids constitute the cornerstone of regular asthma 
treatment. Inhaled corticosteroids (ICS) have been widely used for suppressing 
inflammation and asthma symptoms. ICS may modulate epithelial repair and 
airway remodeling,73,7474 while use of ICS is found to be associated with less 
accelerated lung function decline at adult age42 and with improvement of 
airway hyperresponsivness.42,74 However, a subpopulation of asthma patients 
does not respond well to glucocorticosteroids and a marked increase in TNF-
alpha production has been implicated in the pathophysiology of corticosteroid 
refractoriness.75 Treatment with anti-TNFα therapy has been used as 

DespoThesis.indd   13 1/27/2014   3:21:47 AM



14

Introduction

alternative to steroid-resistant asthma and it has demonstrated improvements 
in asthma quality-of-life, lung function, hyperresponsivness and reduction 
in exacerbation frequency.76 However, there is again marked heterogeneity in 
response to anti-TNFα therapy suggesting that benefit is likely to be reserved 
to a small sub-group; whereas recently 5 cases have been described to develop 
new onset asthma with anti-TNFα therapy.77 Together, this poses questions 
about the exact role of individual genetic susceptibility in the anti-inflammatory 
treatment response. 

Aims of the thesis

Asthma is a heterogeneous disease resulting from the effect of multiple 
genetic and interacting environmental factors on its pathophysiology. This 
becomes more complicated by epigenetic changes induced by environmental 
exposures early in its development. Therefore we need studies directed towards 
determining the mechanisms by which genetic and environmental factors and 
their interactions affect clinicopathological outcomes in asthma and whether 
such effects can be modified by anti-inflammatory treatment. Although 
many studies have investigated the genetic and environmental determinants 
of asthma susceptibility and severity, longitudinal genetic studies seeking 
associations with the natural course and asthma outcome are scarce. Similarly, 
the genetic background of airway pathology is not well documented. 

The first aim of the current doctoral thesis is to investigate the role of 
genes encoding proteins involved in epithelial barrier integrity, chronic airway 
inflammation and airway wall remodeling. (1a) With a candidate gene approach 
we investigate whether single nucleotide polymorphisms in E-cadherin (CDH1), 
Tumor Necrosis Factor alpha and beta (TNF) and Transforming Growth 
Factor beta-1 (TGFB1) genes are associated with chronic airway inflammation 
and airway wall remodeling in bronchial biopsies of adult asthmatics. (1b) 
Moreover, we use cross-sectional and longitudinal data to assess whether the 
same genes are associated with asthma severity outcomes in adults (e.g., airway 
hyperresponsiveness, lung function level and decline, asthma remission). In 
this way, we attempt to link the direction of associations with clinical and 
histological outcomes, so called loose replication. (1c) Finally, we focus on effect 
modification by inhaled corticosteroids (CDH1 and TNF genes) and smoking 
(TGFB1 gene). Exploration of this aim is presented in 3 separate chapters, one 
chapter for each of the three candidate genes.

The second aim of this thesis is to examine whether genetic variants modify 
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long-term effects of air pollution in children with asthma participating in a 
clinical trial for 4 years. In order to understand the effect modification of genetic 
variants on air pollution we first (2a) define the primary effects of air pollution 
on lung function level and the severity of airway hyperresponsiveness in a 
longitudinal way and then (2b) assess effect modification by anti-inflammatory 
treatment (budesonide and nedocromil Vs placebo). (2c) Finally, we use a 
hypothesis-free (genome-wide) analysis to investigate whether genetic variants 
modify the long-term effects of air pollution on asthma severity in children and 
based on the genome-wide results a pathway-level approach was introduced 
as a way to assess the overall evidence of association of pollution interaction 
with a group of functionally related genes (i.e., a gene set), thus incorporating 
prior biological knowledge. Aim 2 results in two chapters, one presenting the 
primary effects of pollution in children with asthma and effect modification by 
anti-inflammatory treatment, and the other presenting the genome-wide gene 
by air pollution interaction study (GWIS) and a pathway analysis based on the 
GWIS results.
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ABSTRACT

E-cadherins form intercellular junctions that maintain epithelial integrity. 
Epithelial integrity is impaired in asthma and can be restored by inhaled 
corticosteroids (ICSs). Our aim was to investigate the association of CDH1 
gene polymorphisms (single-nucleotide polymorphisms (SNPs)) with airway 
remodelling, inflammation and forced expiratory volume in 1 s (FEV1) decline 
in asthma patients and assess whether ICSs modulate these effects.

Bronchial biopsies of 138 asthmatics were available (population 1). 
Associations of 17 haplotype-tagging SNPs with epithelial E-cadherin expression, 
biopsy parameters and FEV1/vital capacity (VC) ratio were tested. FEV1 and 
VC data were collected in 281 asthmatics with 30-yr follow-up (population 2). 
Linear mixed-effect models were used to assess associations of SNPs with FEV1 
decline.

Seven out of the 17 SNPs were associated with airway remodelling, three 
with CD8+ T-cell counts, two with eosinophil counts and seven with FEV1 
decline. All associations occurred only in patients using ICS. In general, alleles 
associated with less remodelling correlated with less FEV1 decline and higher 
FEV1/VC. Decreased epithelial E-cadherin expression was associated with five 
SNPs in non-ICS users.

In conclusion, our data show that CDH1 polymorphisms are associated 
with epithelial E- cadherin expression and suggest that epithelial adhesion is 
an important contributor to airway remodelling and lung function in asthma. 
These effects are modified by the use of inhaled corticosteroids.
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INTRODUCTION

Asthma is a chronic inflammatory disease of the airways characterised 
by bronchial hyperresponsiveness (BHR), and pathological changes in the 
epithelium and submucosal area of the bronchi. Histological studies indicate that 
the epithelium is interrupted and fragile in bronchial biopsies from asthmatics 
[1, 2]. Both genetic and environmental factors as well as their interactions are 
involved in asthma development and its course during lifetime. Recent advances 
in the understanding of the pathophysiology of asthma have pointed towards  
a prominent role of the airway epithelium in asthma development and severity [3, 4].

Airway epithelium is the natural barrier between the environment and 
underlying tissue. Its integrity is important for protecting the airways against 
noxious inhalants, such as environmental tobacco smoke, particles and 
biological agents.

Regulation of cell–cell junction stability and dynamics is crucial to maintaining 
tissue integrity and allowing tissue remodelling throughout development  
[5, 6]. E-cadherin, the major cadherin expressed in epithelial cells, is an 
adhesion molecule that is able to establish and stabilise cellular junctions 
between adjacent cells in the presence of Ca2+ [7] and is coded by the CDH1 
gene on chromosome 16q22.1. HIROSAKO et al. [8] suggested that human 
bronchial intraepithelial lymphocyteshave roles distinct from subsets of other 
lymphocytes, and that CD8+ cells and CD103+ (ligand of E- cadherin) cells 
have potentially important functions in the bronchial epithelium.

Longitudinal studies have demonstrated that some asthma patients 
develop irreversible airway obstruction and progressive loss of lung function 
[9]. Inhaled corticosteroids (ICSs) have been widely used for suppressing 
inflammation and asthma symptoms. Early use of ICSs has been found to be 
associated with less accelerated forced expiratory volume in 1 s (FEV1) decline 
[10], and with improvement of BHR and airway remodelling [11]. Furthermore, 
corticosteroids are thought to modulate epithelial repair [12] and there is 
evidence that they upregulate epithelial E-cadherin expression [13].

We hypothesised that loss of epithelial integrity resulting from loss of 
epithelial E-cadherin expression or disruption of E-cadherin-mediated cell–
cell contacts predisposes airways to abnormal responses to inhaled substances. 
Subsequent remodelling processes and airway inflammation may lead to airway 
narrowing and accelerated lung function decline.

Therefore, we investigated the associations between CDH1 polymorphisms 
and airway remodelling (basement membrane (BM) thickness and subepithelial 
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vasculature), inflammation and annual FEV1 decline in asthma patients and 
assessed whether ICS use modulates these associations.

MATERIALS AND METHODS

Populations

Population 1

Population 1 consisted of 138 asthmatics who had participated in cohort 
studies conducted by our research group in previous years. They were re-
examined for lung function and BHR, and underwent bronchoscopy with biopsy 
collection [14, 15]. The main exclusion criteria were: FEV1 ,1.2 L; bronchiectasis; 
upper respiratory tract infection (e.g. colds); and/or use of antibiotics or oral 
corticosteroids within the 2 months before inclusion. DNA samples and biopsy 
data were available in 137 subjects.

Population 2

Population 2 consisted of 281 asthma patients who had been referred to 
the asthma clinic at Beatrixoord Hospital in Haren, the Netherlands, over 
the period 1966–1975. Patients who, at their first visit, were ,45 yrs of age, had 
o20% fall in FEV1 during a histamine challenge test (provocative concentration 
causing a 20% fall in FEV1 ≤32 mg·mL-1) and were sympto- matic according to 
current American Thoracic Society criteria

[16] were re-examined during the period 1991–1999 [9]. At both visits, 
patients filled in a questionnaire on respiratory symptoms and underwent lung 
function, histamine challenge and skin-prick tests. The clinical assessment was 
performed as previously described [10]. Before testing, participants had to be 
in a stable condition without any exacerbation in the previous 6 weeks. After 
their first visit, subjects had annual routine check-ups for their asthma. Their 
medical records provided information on lung function and corticosteroid use 
during these check-ups. DNA samples have been collected from 253 subjects. 
32 subjects in population 1 were derived from population 2. All participants 
originated from the northern region of the Netherlands. The study was 
approved by the medical ethics committee of the University Medical Center 
Groningen (Groningen, the Netherlands), and all participants gave signed, 
informed consent.
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Biopsy collection and processing

Bronchoscopy, collection and processing of the bronchial biopsies were 
performed as previously described [14]. Immunohistochemistry was performed 
on 3-mm, formalin-fixed, paraffin-embedded tissue specimens that were 
deparaffinised with xylene, dehydrated in ethanol and after antigen retrieval, 
incubated with the primary antibodies: anti-E-cadherin antibody (#610181; 
BD Bioscience, Breda, the Netherlands) for epithelial E-cadherin expression; 
anti-eosinophilic peroxidase antibody for eosinophil detection (laboratories 
of N.A. Lee and J.J. Lee, Mayo Clinic, Scottsdale, AZ, USA); anti-CD8 (DAKO, 
Heverlee, the Netherlands) antibody for T-cells; and anti-CD31 monoclonal 
antibody for vessel endothelial cells. BM thickness was calculated by dividing 
the BM surface area by BM length (mm). The number of positively stained 
inflammatory cells was counted in a total area of 0.1 mm2 in the submucosa, 
100 mm beneath the BM. The number of CD31+ vessels in the submucosal area 
was counted in the whole section (excluding epithelium, muscle and mucous 
gland areas); therefore, we measured the number of vessels per area (0.1 mm2). 
Finally, E-cadherin expression was determined as the percentage of BM 
covered with E-cadherin-positive intact epithelium (fig. 1). Further details on 
the immunochemistry and quantification procedures used are presented in the 
online supplementary material.

FIGURE 1. Immunostaining of airway wall biopsies of asthma patients. Representative 
images of a) strong and b) weak CD31 staining of vessels, and c) strong, d) 
moderate and e) weak epithelial E-cadherin staining. Magnification: objective 20x.  
Scale bars=150 mm.

DespoThesis.indd   28 1/27/2014   3:21:49 AM



C
H

A
P
T

ER
 2

29

Supplementary material; pages 137 - 148

Genotyping of single-nucleotide polymorphisms

We genotyped 17 haplotype-tagging single-nucleotide polymorphisms 
(SNPs) in CDH1 according to HapMap CEU (Utah residents with Northern and 
Western European ancestry) genotype data (r2,0.8; minor allele frequency .10%). 
12 of the SNPs were genotyped by KBioscience Ltd (Hoddesdon, UK) using their 
competitive allele-specific PCR system (KASPar), and five SNPs were derived 
from a genome-wide association study on asthma using the 370-kb Illumina chip 
(Illumina, Eindhoven, the Netherlands) (see figure 2 for the genotyped SNPs).

FIGURE 2. Linkage disequilibrium plot and correlation coefficients (100r2) of 17 
genotyped CDH1 gene single-nucleotide polymorphisms (SNPs) in population 2 
(n5281). The location of SNPs is given for the HapMap (www.hapmap.org).

Statistics

Normalisation of the distribution of the variables was performed by 
natural logarithm transformation where necessary. Multiple linear regression 
analysis adjusted for sex, age and smoking was used to assess the effect of the 
SNPs on airway remodelling parameters (BM thickness and submucosal vessel 
numbers) and inflammatory cells (eosinophils and CD8+T-cells) in population 1.  
Additionally, we used FEV1/ vital capacity (VC) ratio post-bronchodilation 
(BD) adjusted for sex, age, height and smoking as a marker of remodelling in 
both populations [17]. Since E-cadherin expression is known to be upregulated 
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by ICSs [13, 18, 19], we tested for interaction between ICS and genotypes by 
introducing interaction terms into the models. General (heterozygotes versus 
wild types and homozygous mutants versus wild types) genetic models were 
used. When the number of subjects with the homozygote mutant genotype 
was less than five, only dominant (heterozygotes and homozygous mutants 
pooled versus wild types) models were used. Association between epithelial 
E-cadherin expression (percentage of BM covered with intact epithelium 
positive for E-cadherin) and genotypes was assessed with nonparametric tests 
using dominant genetic models. The association between denuded epithelium 
(percentage BM covered with denuded epithelium) and epithelial E-cadherin 
expression was tested with multiple linear regression adjusted for sex and age. 
In population 2, FEV1 decline was analysed with linear mixed-effect (LME) 
models as described previously [10]. Only FEV1 measurements after the age 
of 30 yrs were included, since this is the age where the lung function is in  
a plateau phase or decline begins in normal subjects [20]. LME models were 
adjusted for sex, age, first FEV1 after age 30 yrs, height, pack-years of smoking 
and use of oral corticosteroids. Inclusion criteria required subjects having FEV1 
measurements before and after the introduction of ICS, with a minimum of 
three FEV1 measurements over a period of o2 yrs. Subjects who never used ICSs 
were excluded. FEV1 levels and annual FEV1 declines were estimated for the 
two periods (without and with ICS use) by introducing the following variables: 
time; genotype; ICS use; and their interactions. LME models were conducted 
in S-plus 7.0 (Insightful Corp., Seattle, WA, USA). All other analyses were 
conducted with SPSS (version 16; SPSS Inc., Chicago, IL, USA). Two-tailed 
p-values of <0.05 were considered statistically significant.

RESULTS

Clinical characteristics and genotype distribution

Clinical characteristics of both populations are presented in table 1. All 
subjects were atopic and hyperresponsive at first clinical assessment. Population 
1 had a higher mean lung function and 57 (41.3%) subjects used ICS, while 
146 (52%) subjects were on ICS treatment in population 2. For the analysis on 
FEV1 decline 125 subjects met the inclusion criteria. Table 2 presents details on 
corticosteroid use in populations 1 and 2. Genotype distributions in the two 
asthmatic populations are presented in table E1 in the online supplementary 
material. All SNPs were in Hardy-Weinberg equilibrium (p>0.05). The linkage 
disequilibrium (LD) plot of the SNPs in population 2 is shown in figure 2.
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Epithelial E-cadherin expression

Five CDH1 SNPs were 
significantly associated with 
epithelial E-cadherin expression 
(rs8056633, rs16958383, rs2276330, 
rs3785078 and rs7203904). The 
minor alleles of these SNPs were 
significantly associated with 
lower expression of E-cadherin 
in individuals without ICS and 
generally with similar expression 
as the wild types in those with 
ICS use (table 3 and fig. 3; table 
E2 in the online supplementary 
material). There were no significant 
differences in epithelial E-cadherin 
expression between never- and ever- 
(ex- and current pooled) smokers or 
among the three smoking categories 
(data not shown). The association 
between denuded epithelium with 
epithelial E-cadherin expression 
was very close to significance  
(b=-0.003; p=0.05; natural logarithm  
scale).

Airway remodelling: BM 
thickness and subepithelial 
vasculature

In population 1, seven out 
of 17 SNPs were associated with 
BM thickness and subepithelial 
vasculature in the presence of 

ICS (rs7188750, rs8056633, rs16958383, rs2276630, rs3785078, rs7203904 and 
rs17690554). The minor alleles of these polymorphisms were all associated 
with thinner BM and/or a lower number of vessels in the submucosal area 
(table 3 and fig. 3). Without ICS use, these effects of the minor alleles were 

summary, with ICS use, seven out of the 17 SNPs were
associated with airway remodelling, three with CD8+ T-cells
counts and two with eosinophil counts in the submucosa, and
seven with FEV1 decline. Consistently, alleles associated with
less airway remodelling correlated with less FEV1 decline and
higher post-BD FEV1/VC. While all associations occurred
during ICS use, associations with epithelial E-cadherin
expression were significant for five SNPs in the absence of
ICSs. These results may indicate that ICSs may influence the
way these polymorphisms express their effect and are
consistent with in vitro results showing that administration of
glucocorticosteroids can upregulate cadherin expression,
improve cell–cell contact and strengthen the epithelial barrier
[19, 21, 22].

Altered expression of epithelial junction proteins on bronchial
epithelium may contribute to a defective epithelial barrier
[1, 23] with subsequent functional and clinical manifestations.
In our longitudinal study (population 2), the minor alleles of
three SNPs (rs1125557, rs7199991 and rs7186053) were asso-
ciated with accelerated FEV1 decline during ICS use. rs7199991
is in complete LD (r251 according to www.hapmap.org,
version 4.0) with a promoter-region SNP (rs16260), suggesting
that this may have functional significance. To date, E-cadherin
gene polymorphisms have not been studied in asthma, but
recent findings have shown associations of CDH1 SNPs with
Crohn’s disease [24], another impaired epithelial barrier
disorder, which may share pathways with asthma [25, 26].
Moreover, in genome-wide association studies, CDH1 has
recently been associated with susceptibility to ulcerative colitis
[27] and colorectal cancer [28]. The new associations suggest
that changes in the integrity of the intestinal epithelial barrier
may contribute to the pathogenesis of these diseases; hence,
CDH1 polymorphisms are important for understanding the
pathogenesis of impaired epithelial barrier diseases.

Additionally, our study showed that the minor alleles of four
other SNPs (rs8056633, rs16958383, rs7203904 and rs17690554)
were associated with less FEV1 decline. The latter four alleles
were also associated with less airway remodelling in biopsies
of asthmatics using ICSs in population 1. The fact that we
observed a significant decrease in BM thickness in the presence
of ICSs is consistent with the findings of BROEKEMA et al. [15],
who previously showed that symptomatic asthmatics using
ICS in our population 1 had significantly thinner BMs than
asymptomatic asthmatics who did not use ICSs (5.7 and
6.5 mm, respectively; p,0.05). However, our results highlight
that this decrease in BM thickness is probably not present in all
asthmatics using ICSs, but only in those with a specific CDH1
genotype.

RASMUSSEN et al. [17] used post-BD FEV1/VC as an indirect
measure of airway remodelling, and our results point in the
same direction, i.e. alleles associated with less airway remodel-
ling (rs7188750, rs8056633, rs16958383, rs3785078, rs7203904
and rs17690554) were also associated with higher post-BD
FEV1/VC and less FEV1 decline in population 2. In population
1, only rs7203904 showed a significant association with FEV1/
VC, which is probably due to lower power: lower number of
ICS users (57 (41%) versus 146 (52%) subjects) and less post-BD
FEV1/VC variance (SD 6.5 versus 13.5) compared with popula-
tion 2. In contrast, KOSCIUCH et al. [29] concluded that there is

TABLE 1 Characteristics of populations 1 and 2

Population 1 Population 2

Asthmatics n 138 281

Year of assessment 2002–2006 1991–1999

Males % 50.7 60.5

Age yrs 47.2¡12.7 51.3¡9.1

ICS use 57 (41.3) 146 (52.0)

LABA use 37 (26.8) NA

Non/ex-/current smokers % 44.9/34.1/21.0 40.6/32.0/27.4

FEV1 % pred

Pre-BD 91.7¡18.0 70.1¡23.6

Post-BD 99.9¡17.0 82.5¡22.4

FEV1/VC

Pre-BD 71.2 (8.8) 60.2 (14.2)

Post-BD 75.6 (6.5) 64.8 (13.5)

CD31+ vessels# n 18.0¡8.2 NA

BM thickness mm 6.0¡1.6 NA

CD8+ cells# n 23.0 (1–204) NA

EPX+ cells# n 2.0 (0–40) NA

Epithelial E-cadherin expression" 88.4 (0–100) NA

Data are presented in mean¡SD, n (%) or median (range), unless otherwise

stated. ICS: inhaled corticosteroid; LABA: long-acting b-agonist; FEV1: forced

expiratory volume in 1 s; % pred: % predicted; BD: bronchodilation; VC: vital

capacity; BM: basement membrane; EPX: eosinophilic peroxidase; NA: not

applicable. #: per 0.1 mm2 submucosal area; ": % BM covered with E-cadherin-

positive intact epithelium.

TABLE 2 Characteristics of corticosteroid use in
populations 1 and 2

Population 1 Population 2

Total subjects n 138 281

Subjects using ICSs at final survey 57 (41.3) 146 (52.0)

ICS dose# mg?day-1 800 (100–2000) 800 (50–6000)

Subjects using OCSs at final survey 0 14 (5.0)

Subjects using LABAs among ICS

users

31 (54.4) NA

Subjects included in analysis of FEV1

decline"

Subjects who ever used ICSs 125 (100.0)

Subjects who ever used OCSs 69 (55.2)

Age at start of ICS use yrs 42 (21–70)

Duration of ICS use yrs 13.5 (2.2–25.7)

ICS dose# mg?day-1 694 (179–2400)

Duration of OCS use yrs 9.8 (0.1–34.8)

OCS dose mg?day-1 7.6 (2.1–15.0)

Data are presented as n (%) or median (range), unless otherwise stated. ICS:

inhaled corticosteroid; OCS: oral corticosteroid; LABA: long-acting b-agonist;

FEV1: forced expiratory volume in 1 s; NA: not applicable. #: all doses were

recalculated as beclomethasone equivalents (100 mg?day-1 beclomethasone is

equivalent to 100 mg?day-1 budesonide (not by Turbuhaler1; AstraZeneca,

Zoetermeer, the Netherlands), 50 mg?day-1 budesonide by Turbuhaler1 or

50 mg?day-1 fluticasone); ": only ever-ICS users (n5125).
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less prominent or even reversed, but not significantly so. Interactions between 
these SNPs and ICSs with respect to airway remodelling were significant for 
rs2276330 and rs3785078 (tables E3.1 and E3.2 in the online supplementary 
material).

Airway inflammation: submucosal CD8+ T-cell and eosinophil counts

With ICS use, rs11075699, rs2276630 and rs1125557 were significantly 
associated with CD8+ T-cell counts in the submucosal area. CD8+ T-cell counts 
were higher in subjects heterozygous for rs11075699 and in carriers of the minor 
C-allele of rs2276330, while subjects with a homozygous mutant genotype 
for rs1125557 had lower CD8+T-cell counts compared with wild-types. Minor 
alleles of rs2902185 and rs10431924 were associated with higher eosinophil 
counts. These associations were absent in asthmatics without ICS. Interactions 
between SNPs and ICSs on inflammatory cell counts (CD8+ T-cells and 
eosinophils) were statistically significant for three out of five SNPs (rs1125557, 
rs10431924 and rs2276330) and for rs7188750, respectively (fig. 3; tables E4.1 and 
E4.2 in the online supplementary material).

FEV1 decline and FEV1/VC

Seven out of 17 SNPs were significantly associated with FEV1 decline in the 
presence of ICSs. The minor alleles for rs8056633, rs16958383, rs7203904 and 
rs17690554 were associated with less FEV1 decline. For example, during ICS 
use, FEV1 decline was 20.4 mL ·yr-1 for subjects with the wild-type genotype of 
rs16958383, while it was 36.6 mL ·yr-1 less in homozygous carriers of the minor 
allele (p50.004; fig. 3). The minor alleles for rs1125557, rs7199991 and rs7186053 
were associated with accelerated FEV1 decline. A significant interaction of ICS 
with CDH1 SNPs on FEV1 decline was present only for rs7199991 and rs3785078. 
There were no associations with lung function decline in the absence of ICS use 
(table 3; table E5 in the online supplementary material).

In population 2, SNPs that were associated with less FEV1 decline were also 
associated with higher post-BD FEV1/VC with ICS use. Additionally, rs4783573, 
rs7188750 and rs3785078 were associated with higher post-BD FEV1/VC (table 3  
and fig. 3). Interactions of these SNPs with ICSs on post-BD FEV1/ VC were 
significant. In population 1, these SNPs had the same direction of association 
with post-BD FEV1/VC, but only the interaction with rs7203904 was significant 
(tables E6.1 and E6.2 in the online supplementary material).
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FIGURE 3. CDH1 rs16958383 associations with epithelial E-cadherin expression, 
airway remodelling, inflammation and lung function decline in adult asthma patients. 
CDH1 rs16958383 represents single-nucleotide polymorphisms associated with airway 
remodelling (rs7188750, rs8056633, rs16958383, rs2276330, rs3785878, rs7203904 and 
rs17690554). General linear models were used to estimate the means of each dependent 
variable adjusted for sex, age and smoking. a) Epithelial E-cadherin expression, 
expressed as % basement membrane (BM) covered with E-cadherin-positive intact 
epithelium. $: subjects; —: median. b) CD31+ vessels per 0.1 mm2 submucosal area. c) 
BM thickness. d) Post-bronchodilation (BD) forced expiratory volume in 1 s (FEV1)/vital 
capacity (VC) ratio. e) Annual change in FEV1. f) CD8+ T-cells per 0.1 mm2 submucosal 
area. g) Eosinophils per 0.1 mm2 submucosal area. $: mean; whiskers: 95% CI. ICS: 
inhaled corticosteroid. Bold indicates significance.

DISCUSSION

Our results indicate that E-cadherin (CDH1) gene polymorphisms are 
associated with airway remodelling, inflammation and lung function decline 
in individuals with asthma. In summary, with ICS use, seven out of the 17 
SNPs were associated with airway remodelling, three with CD8+ T-cells 
counts and two with eosinophil counts in the submucosa, and seven with 
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FEV1 decline. Consistently, alleles associated with less airway remodelling 
correlated with less FEV1 decline and higher post-BD FEV1/VC. While all 
associations occurred during ICS use, associations with epithelial E-cadherin 
expression were significant for five SNPs in the absence of ICSs. These results 
may indicate that ICSs may influence the way these polymorphisms express 
their effect and are consistent with in vitro results showing that administration 
of glucocorticosteroids can upregulate cadherin expression, improve cell–cell 
contact and strengthen the epithelial barrier [19, 21, 22].

Altered expression of epithelial junction proteins on bronchial epithelium 
may contribute to a defective epithelial barrier [1, 23] with subsequent 
functional and clinical manifestations. In our longitudinal study (population 
2), the minor alleles of three SNPs (rs1125557, rs7199991 and rs7186053) were 
associated with accelerated FEV1 decline during ICS use. rs7199991 is in 
complete LD (r251 according to www.hapmap.org, version 4.0) with a promoter-
region SNP (rs16260), suggesting that this may have functional significance.  
To date, E-cadherin gene polymorphisms have not been studied in asthma, but 
recent findings have shown associations of CDH1 SNPs with Crohn’s disease 
[24], another impaired epithelial barrier disorder, which may share pathways 
with asthma [25, 26]. Moreover, in genome-wide association studies, CDH1 
has recently been associated with susceptibility to ulcerative colitis [27] and 
colorectal cancer [28]. The new associations suggest that changes in the integrity 
of the intestinal epithelial barrier may contribute to the pathogenesis of these 
diseases; hence, CDH1 polymorphisms are important for understanding the 
pathogenesis of impaired epithelial barrier diseases.

Additionally, our study showed that the minor alleles of four other SNPs 
(rs8056633, rs16958383, rs7203904 and rs17690554) were associated with less 
FEV1 decline. The latter four alleles were also associated with less airway 
remodelling in biopsies of asthmatics using ICSs in population 1. The fact that 
we observed a significant decrease in BM thickness in the presence of ICSs is 
consistent with the findings of BROEKEMA et al. [15], who previously showed 
that symptomatic asthmatics using ICS in our population 1 had significantly 
thinner BMs than asymptomatic asthmatics who did not use ICSs (5.7 and 6.5 
mm, respectively; p,0.05). However, our results highlight that this decrease in 
BM thickness is probably not present in all asthmatics using ICSs, but only in 
those with a specific CDH1 genotype.

RASMUSSEN et al. [17] used post-BD FEV1/VC as an indirect measure of 
airway remodelling, and our results point in the same direction, i.e. alleles 
associated with less airway remodelling (rs7188750, rs8056633, rs16958383, 
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rs3785078, rs7203904 and rs17690554) were also associated with higher post-BD 
FEV1/VC and less FEV1 decline in population 2. In population 1, only rs7203904 
showed a significant association with FEV1/ VC, which is probably due to lower 
power: lower number of ICS users (57 (41%) versus 146 (52%) subjects) and 
less post-BD FEV1/VC variance (SD 6.5 versus 13.5) compared with population 
2. In contrast, KOSCIUCH et al. [29] concluded that there is no relationship 
between BM thickness and lung function tests, such as FEV1, FEV1/VC, residual 
volume % predicted and total lung capacity % predicted, but they included only 
asthmatic patients who never used ICS or who were withdrawn from ICSs for o3 
months. Our study suggests that discrepant findings may, at least partially, be 
due to a modulating effect of both ICSs and CDH1 SNPs on airway remodelling 
and lung function. As previous studies have shown, treatment with ICSs may 
reduce or control the intensity of airway remodelling, improve FEV1 and reduce 
loss of lung function [30–32]. It has yet to be elucidated how ICSs prevent these 
adverse effects. Based on our findings and on evidence that corticosteroids 
upregulate cadherin expression [18, 33], we speculate that ICS interaction with 
CDH1 SNPs might be one possible explanation.

The fact that we do not observe significant differences in epithelial 
E-cadherin expression between the mutant and wild-type alleles during ICS 
use could be attributed to the fact that the mutant alleles interact with ICSs and 
promote E-cadherin upregulation to a similar level as the wild-types. However, 
in the absence of ICS the mutant alleles are not capable of producing the same 
amount of protein compared to wild types. The nearly significant, inverse 
association we found between damaged/denuded epithelium and epithelial 
E-cadherin expression indicates that E-cadherin is involved in epithelial 
integrity, and it is probable that epithelial damage is increased in subjects with 
lower E-cadherin expression.

In our study, we also observed that specific CDH1 polymorphisms, in the 
presence of ICSs, tended to be associated with recruitment of CD8+ T-cells in 
the submucosa. Previously, SONT et al. [34] found that despite ICS treatment, 
CD8+ T-cell infiltration might persist in asthma patients and that CD8+, 
but not CD4+, cells are associated with BHR [34] and lung function decline 
[35], and recently, HIROSAKO et al. [8] showed that CD8 and CD103 (ligand 
for E-cadherin) are highly expressed in asthmatic bronchial intraepithelial 
lymphocytes. In that study, the percentage of CD8+ cells was higher than 
the percentage of CD4+ cells in intraepithelial lymphocytes in asthma. The 
expression of CD103 was significantly higher in CD8+ cells compared with 
CD4+ cells, suggesting that the interaction between E-cadherin (CD103) and 
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CD8+ cells is the reason for the higher percentage of CD8+ cells in asthmatic 
intraepithelial lymphocytes [8]. Furthermore, CEPEK et al. [36] demonstrated 
that T-cells express a member of the cadherin superfamily and this may 
contribute to T-cell-mediated immune surveillance via heterotypic adhesions 
with mucosal epithelial cells. Combining these findings, we could speculate that 
there might be a link between specific CDH1 polymorphisms and expression or 
binding of E-cadherin on T-cells, a finding that needs further investigation.

One could suggest that the lack of multiple testing correction is responsible 
for the current results. We decided not to apply a sequential (classical) 
Bonferroni correction for a number of reasons. First, our choice for the current 
study was explicitly driven by previous observations suggesting E-cadherin 
expression is related to epithelial integrity, airway remodelling and disease 
progression. Secondly, the independent variables in our analyses (e.g. airway 
remodelling and FEV1 decline) are mutually related, indicating that a rigid 
statistical procedure, such as Bonferroni correction for multiple testing, would 
not do justice to their biologically linked nature. Finally, although adjustment 
for multiple testing will decrease the chance of a type I error, it will also increase 
the chance of a type II error, so that a true association is not found. This is 
especially possible in a relatively small study such as ours. Thus, we followed 
the advice given by PERNEGER [37]: ‘‘Simply describing what was done and 
why, and discussing the possible interpretations of each result, should enable 
the reader to reach a reasonable conclusion without the help of Bonferroni 
adjustments’’.

In our study, the associations between the SNPs and the biopsy parameters 
in population 1 were confirmed in population 2, where the same risk alleles 
were associated with FEV1 decline. This is called a loose replication [38]. The 
observed interaction of CDH1 SNPs with ICS use makes it difficult to find 
another study that is suitable for replication of our results. First, no other 
study on adult asthma patients exists with longitudinal data on lung function 
both with and without ICS use during such a long follow-up period. Secondly, 
bronchial biopsy studies in asthmatics usually investigate fewer patients than 
our study, which decreases the power to find associations.

In conclusion, our data show that CDH1 SNPs are associated with epithelial 
E-cadherin expression and suggest that epithelial adhesion is an important 
contributor to airway remodelling and lung function in asthma. These effects 
are modified by the use of ICSs.
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ABSTRACT

Background: Tumor Necrosis Factor-alpha (TNFα) is implicated in epithelial 
barrier disruption, airway wall inflammation and remodelling. Inhaled 
corticosteroids (ICS) suppress TNFα expression and improve epithelial 
integrity, remodelling and lung function in asthma. We hypothesize that ICS-
use modifies TNF gene effects in asthma. 
Methods: We investigated interactions between TNF single nucleotide 
polymorphisms (SNPs) and ICS-use with denuded epithelium, airway 
inflammation and airway remodelling in 137 asthmatics. Associations with 
airway hyperresponsiveness (AHR) and lung function were analyzed in two 
additional asthma populations (n=244 and 302).
Results: ICS-use modified effects of rs1800630-A, rs1799964-C and 
rs2229094-C. Without ICS-use, these alleles were associated with increased 
denuded epithelium (p=0.001-0.03), whereas effects were reversed with 
ICS-use (Pinteraction=0.02). With ICS-use, the alleles were associated with 
higher FEV1%predicted (p=0.006-0.04) and sputum eosinophils (p=0.007-
0.03). Only rs909253-C was associated with lower FEV1 with ICS-use. There 
were (borderline) significant ICS-interactions with rs1800630-A (increased 
submucosal eosinophils: p=0.04, macrophages: p=0.03, neutrophils: p=0.04), 
with rs1799964-C (increased macrophages: p=0.07) and with rs2229094-C 
(increased macrophages: p=0.06, neutrophils: p=0.05). There were no 
significant associations with airway remodelling and AHR.
Conclusions: In subjects with specific TNF genotypes, improved epithelial 
integrity with ICS-use is concordant with improved lung function. ICS-use did 
not modify TNF effects on airway remodelling but increased pro-inflammatory 
effects, a finding requiring further attention.

DespoThesis.indd   45 1/27/2014   3:21:52 AM



46

Inhaled corticosteroids modify clinicopathological effects of Tumor Necrosis Factor gene in asthma 

INTRODUCTION

Asthma is a chronic inflammatory disease of the airways characterized by 
airway hyperresponsiveness (AHR) and airway wall changes. The severity of the 
disease varies, some subjects developing irreversible airflow obstruction and 
progressive loss of lung function,1 whereas others reach asthma remission.2,3 
This heterogeneity may result from the interaction of multiple genetic and 
environmental factors.4

Tumor Necrosis Factor-alpha (TNFα) is a pro-inflammatory cytokine 
highly expressed by monocytes in bronchoalveolar lavage (BAL) fluid and 
mast cells in airway wall biopsies of asthmatics.5,6 The biological role of TNFα 
and findings in animal studies and clinical (anti-TNFα) trials have been well 
summarized7,8: TNFα induces AHR, up-regulates adhesion molecules (ICAM-1 
and VCAM-1) facilitating the migration of inflammatory cells into the airway 
wall and activates pro-fibrotic and remodeling mechanisms in the submucosa. 
In addition, TNFα disrupts tight junctions in the epithelial barrier, increases 
epithelial permeability9 and decreases the expression of adhesion molecules 
responsible for epithelial integrity i.e. E-cadherin and Catenins.10-12 Given the 
role of TNFα in asthma pathophysiology, the TNF gene (i.e. TNF alpha and 
beta) is a widely investigated candidate gene in asthma. TNF single nucleotide 
polymorphisms (SNPs) are associated with TNF levels (rs1800630, rs909253), 
risk for AHR (rs1800629) and asthma (rs1800629, rs1800630, rs909253).13-18

Inhaled corticosteroids (ICS) constitute the cornerstone of asthma 
treatment. Of interest, glucocorticosteroids suppress TNFα expression in 
several tissues including the lung19 and in alveolar macrophages of BAL from 
asthmatics.20 Additionally, they inhibit TNFα-induced epithelial adhesion 
disruption.10,11 However, a subpopulation of asthma patients does not respond 
well to ICS, whereas TNFα has been implicated in the pathophysiology of 
severe steroid-resistant asthma.21 This poses questions about the role of TNF 
gene variation in response to ICS.

We hypothesize that the positive effects of ICS on asthma severity and 
airway pathology22 might be mediated via interaction with the TNF gene.  
Our aim was to investigate the interactions between ICS and TNF SNPs on 
epithelial integrity, airway inflammation and features of airway remodelling. 
In addition, we analyzed associations with asthma severity phenotypes i.e. lung 
function and AHR in two asthma populations. 
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MATERIALS AND METHODS

Details on study populations and methods used in the present report are 
provided in an online data supplement.

Subjects

All participants had doctor’s diagnosed asthma and originated from the 
northern region of The Netherlands. In summary: Population 1: 138 asthma 
patients performed a bronchoscopy and induced sputum in addition to AMP 
challenge and lung function testing. Populations 2 and 3: 281 and 302 asthma 
patients, respectively underwent lung function and histamine challenge 
testing. Ethical approval was obtained from the Medical Ethics Committee of 
the University of Groningen, and written informed consent was obtained from 
all participants of the 3 populations.

Statistics

We tested with multiple linear regression for associations of TNF SNPs 
with a. epithelial integrity (length of basement membrane (BM) covered 
with denuded epithelium in μm), b. inflammatory cell counts (eosinophils, 
macrophages, neutrophils and mast cells per 0.1mm2 of submucosa) and  
c. airway remodeling (BM thickness, submucosal vessel numbers and airway 
smooth muscle and goblet cell counts) in no-ICS and ICS users group and we 
assessed ICS by SNPs interactions in population 1. Furthermore we assessed 
associations of SNPs with epithelial E-cadherin expression in bronchial 
biopsies and with inflammatory cell counts in induced sputum from no-ICS 
and ICS users separately (Mann Whitney U-test). In populations 2 and 3 we 
tested associations with lung function and AHR slope and meta-analyzed the 
population-specific results. 

All regression modeling was conducted with IBM SPSS statistics (version 
20; Armonk, NY USA: IBM Corp 2011). Because the number of subjects with the 
homozygote mutant genotype was relatively low in the 2 subgroups (n≈<10) (see 
table E1 online repository), only dominant (heterozygotes and homozygotes 
mutant pooled vs wild types) models were used. Meta-analysis was performed 
with R-programming language using the meta-package (R version 2.14.1 (2012-
03-29)). Two tailed p-values of <0.05 were considered statistically significant 
and p-values between 0.05 and 0.09 of borderline significance.
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RESULTS

The clinical characteristics of the three populations are shown in Table 1. 
In all 3 populations a substantial proportion of patients used ICS (41%, 51% 
and 80%, respectively). Table 2 presents the genotyped SNPs. The genotype 
distributions are shown in Table E1a-d in the Online Repository. All SNPs were 
in Hardy-Weinberg equilibrium (p>0.05). Figure E1 shows that the linkage 
disequilibrium (LD) correlations (r2) among tagging SNPs were ≤ 0.75.

TABLE 1 Characteristics of the three populations studied

Population 1 Population 2 Population 3

n 137 244 302

Males n (%) 70 (51.1) 147 (60.2) 106 (35.1)

Age, years, mean (SD) 47 (12.6) 51 (8.8) 33.9 (8.8)

Lean/Overweight/Obese, n (%) 50/59/29 (36/43/21) 97/126/21 (40/52/8) 166/93/51 (54/30/16)

Never/ex/current smokers, n (%) 61/47/29 (44/34/21) 99/74/71 (41/30/29) 169/91/41 (56/30/14)

Inhaled corticosteroid use, n (%) 57 (41.3) 125 (51.4) 242 (80.1)

Severe asthma, n (%) 17 (12.4) 100 (41.2) 71 (23.7)

Airway hyper-responsiveness, n (%)
72 (52.6) 

(PC20AMP<320mg/ml)
165 (77.1) 

(PC20Hist<16mg/ml)
234 (80.4) 

(PC20Hist<16mg/ml)

FEV1% predicted pre-BD, mean (SD) 91.7 (18.0) 70.8 (23.6) 86.3 (16.2)

FEV1/ VC% pre-BD, mean (SD) 70.7 (11.5) 60.5 (14.2) 73.0 (11.3)

n = frequency; SD: standard deviation; FEV1: forced expiratory volume in 1 second; VC: vital capacity; BD: bronchodilation; 
AHR: airway hyperresponsiveness; Severe asthma= pre-BD FEV1%predicted <80 and inhaled corticosteroid use; Lean: 
BMI < 25, overweight: 25 ≤ BMI <30, Obese: BMI ≥ 30

TABLE 2 Minor allele frequencies (MAF) in the populations 1, 2 and 3

Designation in 
previous studies TNF tag SNP Location Chr6 Major: 

Minor MAF 1 MAF 2 MAF 3*

G-308A rs1800629 TNF-α promoter G:A 0.186 0.238 0.225

C-863A rs1800630 TNF-α promoter C:A 0.173 0.186 0.139

T-1031C rs1799964 TNF-α promoter T:C 0.204 0.233 0.194

T-495C (Cys13Arg) rs2229094 LTA Exon-2 T:C 0.283 0.280 0.263

A+252G (Nco I) rs909253 LTA Inton-1 T:C 0.369 0.393 0.377

none rs915654** LTA promoter A:T 0.348 0.340 0.300

SNPs: single nucleotide polymorphisms 
*Genome Wide Association Study on asthma; **imputed SNPs in GWAS
(TNF genomic region +/- 5kb; MAF >0.1; HapMap.org)
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Epithelial Integrity

There were no significant associations between ICS use and epithelial 
integrity defined by length of BM covered with denuded epithelium and 
epithelial E-cadherin expression (p=0.23 and p=0.50 respectively). Figure 1 
shows the interactions between ICS use and TNF SNPs on epithelial integrity. 
The effects of rs1800630-A, rs1799964-C and rs2229094-C were modified by ICS, 
i.e. in the absence of ICS these alleles were significantly associated with increased 
(ln) denuded epithelium, whereas with ICS use these effects were reversed, 
resulting in a significant difference between ICS and no-ICS group (interactions 
p=0.02). In no-ICS users, rs1800630-A, rs1799964-C and rs2229094-C were 
significantly associated with increased denuded epithelium (b=0.9, b=1.1 and 
b=1.4 respectively) but only rs1800630-C was significantly associated with lower 
(median) E-cadherin expression (p=0.017). In this group rs1800629-A had  
a significantly higher E-cadherin expression while rs909253-C had a borderline 
significant association with lower epithelial E-cadherin expression (p=0.02 and 
p=0.07, respectively).Tables E2 and E3 show results in details.

Airway inflammation in bronchial biopsies

We tested for associations of TNF SNPs with submucosal (ln) numbers 
of eosinophils, macrophages and neutrophils in no-ICS and ICS groups and 
we assessed ICS by SNPs interactions (Table E4). Rs1800629-A, rs1800630-A, 
rs909253-C and rs915654-T were significantly associated with increased 
numbers of eosinophils in ICS users only (b=0.6 (p=0.045), b=0.6 (p=0.05), 
b=0.7 (p=0.021), b=0.9 (p=0.002), respectively). 

Interactions between ICS and rs1800629-A, rs1800630-A, rs909253-C 
and rs915654-T were also significantly associated with increased eosinophil 
counts (b=0.8 (p=0.031), b=0.8 (p=0.038), b=1.2 (p=0.002), b=1.3 (p<0.001) 
respectively). ICS (tended to) modified the associations of rs1800630-A, 
rs1799964-C and rs2229094-C with the 3 cell types in the submucosa (Figure 
2): Interaction between ICS and rs1800630-A was significantly associated with 
increased macrophages (b=0.6 (p=0.028)) in addition to increased eosinophils. 
Interactions between ICS and rs1799964-C and rs2229094-C had a similar 
direction of associations with macrophage numbers but were of borderline 
significance (b=0.4 (p=0.07) and b=0.5 (p=0.055) respectively). Interactions 
between ICS and rs1800630-A and rs2229094-C were also associated with 
increased numbers of neutrophils (b=0.7 (p=0.036) and b=0.6 (p=0.051)). 
In no-ICS users, the 3 SNPs were significantly associated with decreased 
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numbers of macrophages (b=-0.4 (p=0.023), b=-0.4 (p=0.025), b=-0.3 (p=0.041), 
respectively). There were no significant associations with numbers of mast cells 
(data not shown).

Rs1800630-A, rs1799964-C and rs2229094-C were associated with increased 
eosinophil counts in induced sputum of ICS users. In sputum of no-ICS users, 
rs1800629-A and rs2229094-C were significantly associated with increased 
numbers of macrophages. There were no significant associations with numbers 
of neutrophils in induced sputum (Table 3).

Figure 2: Associations of rs1800630 (A-C), rs1799964 (D-F) and rs2229094 (G-I) 
with number of submucosal eosinophils, macrophages and neutrophils and their 
interactions with inhaled corticosteroids (ICS). ICS modify the associations between 
the minor alleles and numbers of inflammatory cells in the submucosal area, i.e. 
infiltration of inflammatory cells is more likely in subjects with the specific genotypes 
who use ICS. X-axis indicates the genotype groups for the TNF SNPs (homozygotes for 
major allele versus heterozygotes and homozygotes for minor allele pooled)
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TABLE 3 Associations of TNF SNPs with inflammatory cell counts in induced sputum from population 1

Population 1 Inflammatory cells x 106 / ml sputum

TNF SNPs

number of eosinophils number of macrophages number of neutrophils

no ICS use ICS use no ICS use ICS use no ICS use ICS use

MD P-value MD P-value MD P-value MD P-value MD P-value MD P-value

rs1800629-A -0.001 0.291 -0.002 0.950 0.004 0.020 -0.089 0.616 0.018 0.396 -0.034 0.783

rs1800630-A 0.004 0.186 0.007 0.007 0.036 0.662 -0.032 0.473 -0.014 0.973 0.012 0.379

rs1799964-C 0.004 0.746 0.008 0.002 0.055 0.084 -0.009 0.358 0.026 0.315 0.013 0.334

rs2229094-C 0.000 0.676 0.003 0.033 0.062 0.037 0.046 0.142 0.026 0.418 0.021 0.420

rs909253-C -0.006 0.553 -0.001 0.814 0.004 0.269 -0.082 0.205 -0.041 0.104 -0.090 0.814

rs915654-T 0.000 0.554 0.000 0.063 -0.022 0.412 -0.051 0.840 -0.025 0.953 -0.007 0.579

MD: Median Difference; P- values are given with a Mann Whitney U test; SNPs: single nucleotide 
polymorphisms;

Airway remodelling

There were no significant interactions between ICS and TNF SNPs on 
investigated airway remodelling parameters. In ICS users, rs909253-C was 
associated with decreased vessel numbers in the submucosa (b=-4.3; p=0.048; 
Table E5). In no-ICS users, rs1800630-A and rs915654-T were significantly 
associated with decreased number of vessels (b=-5.1 (p=0.011) and b=-4.4 
(p=0.018) respectively). There were no significant associations between TNF 
SNPs or their interactions with ICS and BM thickness (Table E6), goblet cell 
numbers or ASM area (data not shown). 

Lung function and airway hyperresponsiveness 

Table 4 shows the results of the meta-analysis of lung function level of 
populations 2 and 3. In ICS users, rs1800630-A, rs1799964-C and rs2229094-C 
were associated with increased and rs909253-T with decreased pre- and post-
bronchodilator FEV1% predicted (Figure 1). Rs1799964-C and rs2229094-C were 
associated with pre- and post-BD FEV1/FVC ratio as well. Among the 4 SNPs, 
only the interaction between ICS and rs1799964-C was significant for pre-
BD FEV1%predicted and borderline significant for post-BD FEV1%predicted 
and FEV1/VC. In addition, the interaction with rs1800629-A had borderline 
significant associations with increased pre- and post-BD FEV1/VC.

There were no significant associations with (ln) AHR slope (Table E7). 
Separate results for the 2 populations are shown in Tables E8-E13 in the online 
repository.
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TABLE 4 AAssociations of TNF SNPs with lung function: Meta-analysis of populations 2 and 3

FEV1% predicted pre BD 

TNF SNPs
no ICS use  ICS use SNP x ICS

I2 B# 95% CI p-value I2 B# 95% CI p-value I2 B# 95% CI p-value

rs1800629-A 0 -3.55 -9.0 2.0 0.200 77.7* 1.27 -7.4 9.9 0.774 0 5.44 -1.4 12.3 0.121

rs1800630-A 0 0.81 -5.5 7.2 0.802 49 4.17 0.2  8.2 0.041 38 4.44 -3.4 12.3 0.269

rs1799964-C 4 -2.21 -7.9 3.5 0.444 0 5.21 1.6 8.9 0.005 31 7.33 0.3 14.3 0.040

rs2229094-C 0 -0.44 -5.9 5.2 0.877 0 5.04 1.4 8.6 0.006 43 5.61 -1.3 12.5 0.111

rs909253-C 0 -2.26 -8.1 3.5 0.444 0 -4.39 -8.0 -0.8 0.018 0 -1.47 -8.7 5.7 0.688

rs915654-T 72* 3.28 -7.0 13.6 0.532 0 -1.17 -4.7 2.4 0.520 76* -3.88 -18.0 10.2 0.207

FEV1% predicted post BD

TNF SNPs
no ICS use  ICS use SNP x ICS

I2 B# 95% CI p-value I2 B# 95% CI p-value I2 B# 95% CI p-value

rs1800629-A 0 -4.04 -9.0 0.9 0.112 72.7* 1.01 -6.3 8.4 0.788 0 4.95 -1.3 11.2 0.119

rs1800630-A 0 0.63 -5.2 6.4 0.832 23 3.11 -0.4 6.6 0.084 0 3.63 -3.6 10.8 0.322

rs1799964-C 0 -1.58 -6.8 3.6 0.551 0 3.99 0.8 7.2 0.015 0 5.73 -0.6 12.1 0.077

rs2229094-C 0 -0.53 -5.6 4.6 0.838 0 3.88 0.7 7.0 0.015 0 4.73 -1.5 10.9 0.135

rs909253-C 26 -2.75 -8.1 2.6 0.310 0 -3.34 -6.6 -0.2 0.042 54 -0.62 -7.1 5.9 0.852

rs915654-T 58 3.26 -1.8  8.3 0.203 0 -1.23 -4.4 1.9 0.443 64 -4.81 -14.5 6.6 0.125

FEV1/VC% pre BD

TNF SNPs
no ICS use  ICS use SNP x ICS

I2 B# 95% CI p-value I2 B# 95% CI p-value I2 B# 95% CI p-value

rs1800629-A 0 -1.32 -4.6 2.0 0.432 91* 2.38 -5.9 10.7 0.575 39 4.20 -0.0 8.4 0.050

rs1800630-A 0 -0.03 -3.9 3.8 0.988 0 2.24 -0.3 4.8 0.081 0 2.06 -2.8 6.9 0.404

rs1799964-C 32 -1.43 -4.9 2.1 0.420 0 2.75 0.4 5.1 0.021 0 3.57 -0.8 7.98 0.107

rs2229094-C 3 0.31 -3.1 3.7 0.858 0 2.49 0.2 4.8 0.033 0 1.86 -2.4 6.1 0.395

rs909253-C 0 0.11 -3.4 3.7 0.950 73* -0.39 -5.3 4.5 0.876 0 -0.07 -4.5 4.3 0.975

rs915654-T 21 0.75 -2.6 4.1 0.660 0 -1.52 -3.8 0.8 0.197 0 -3.22 -7.5 1.0 0.136

FEV1/VC% post BD

TNF SNPs
no ICS use  ICS use SNP x ICS

I2 B# 95% CI p-value I2 B# 95% CI p-value I2 B# 95% CI p-value

rs1800629-A 0 -1.66 -4.6 1.3 0.264 90* 1.91 -5.1 9.0 0.595 58 3.57 -0.1 7.2 0.057

rs1800630-A 0 -0.76 -4.2 2.6 0.661 0 1.55 -0.5 3.6 0.142 0 1.95 -2.3 6.2 0.364

rs1799964-C 0 -2.05 -5.1 1.0 0.183 0 2.08 0.2 4.0 0.033 0 3.61 -0.2 7.4 0.061

rs2229094-C 0 -0.91 -3.9 2.1 0.548 0 1.87 -0.04 3.8 0.055 0 2.55 -1.2 6.3 0.179

rs909253-C 0 -0.29 -3.4 2.8 0.857 76* -0.54 -5.1 4.0 0.818 20 -0.21 -4.0 3.6 0.917

rs915654-T 23 0.78 -2.1 3.7 0.602 42 -1.22 -3.1 0.7 0.211 0 -2.97 -6.7 0.7 0.115

SNPs: single nucleotide polymorphisms, ICS: inhaled corticosteroids, B: regression coefficient, CI: confidence 
interval; SNP x ICS: interaction; FEV1: forced expiratory volume in 1 second, VC: vital capacity, BD: bronchodilation, 
I2 : Index of heterogeneity (in percentages), * P-value of Cochran’s Q-test (of heterogeneity) is <0.07 
# Fixed effects are used. When I2 is high (>70%) and/or Q-test has a p<0.07 random effects are used
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DISCUSSION

TNFα is a cytokine highly expressed in mast cells and present in BAL in 
asthma.5,6 It plays a role in AHR and airway pathology i.e. epithelial barrier 
integrity, airway inflammation and remodelling.7 ICS have been shown to 
improve asthma severity and airway pathology,22 to interfere/compete with TNFα 
for nuclear localization23 and to decrease mRNA TNFα expression in alveolar 
macrophages obtained by BAL from patients with mild to moderate asthma.20 
TNF loci are found to be associated with asthma, AHR development and TNFα 
plasma levels13-18 but to our knowledge this study is the first investigating the 
interactions between ICS and TNF loci in asthma. We thus show for the first 
time that interactions between ICS and TNF SNPs are significantly associated 
with epithelial integrity, airway inflammation and lung function, indicating that 
the genetic variability in the TNF gene plays a role in ICS response. Interactions 
of ICS and rs1800630-A (TNFα-promoter), rs1799964-C (TNFα-promoter) and 
rs2229094-C (TNFβ (LTA) non-synonymous SNP in exon-2) were significantly 
associated with improved epithelial integrity defined by the length of BM covered 
with denuded epithelium, and carriers of these alleles tended to have higher 
epithelial E-cadherin expression with ICS use. These findings are in agreement 
with previous studies indicating that ICS inhibit the TNFα induced adverse 
effects on epithelial barrier.{{57 Carayol,Nathalie 2002; 25 Carayol,N. 2002; 530 
Tenenbaum,T. 2008}} Based on our findings we speculate that ICS interact with 
the TNF gene, inhibiting potential TNF expression linked to these SNPs (as these 
are located on promoter region and exon-1), and ultimately protect against the 
adverse effect of TNF on the epithelial barrier.

In a previous publication, we suggested that ICS play a role in epithelial 
integrity, airway remodelling and lung function in asthma, depending on 
individual genetic variability.24 Our new findings point in the same direction: 
the 3 independent (tagging) SNPs were associated with epithelial integrity and 
additionally with higher lung function in ICS users, but did not have an effect 
on airway remodelling. Similarly, Barake et al found that fluticasone propionate 
(FP) significantly decreases mRNA expression of TNFα in alveolar macrophages 
of asthmatics, in addition to improvements in lung function without effects 
on airway remodelling as measured by BM thickness.20 Ward et al showed that 
the decrease in BM thickness during FP treatment occurred later than the 
improvement in lung function (12 and 3 months respectively), and that AHR was 
positively correlated with improvement in BM thickness.22 Inconsistencies in 
interventional studies are also seen for the effects of ICS on airway vasculature,25 
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suggesting that the dose and duration of ICS therapy seem to be critical 
determinants. As the nature of this study is retrospective, we can only speculate 
that an interaction of ICS with SNPs in TNF might influence the expression of 
TNF and restore epithelial integrity quicker than the time needed to improve 
remodelling and AHR. A prospective, clinical trial would be more appropriate to 
further investigate this. 

In the same subjects, i.e. carriers of rs1800630-A, rs1799964-C and 
rs2229094-C, the pro-inflammatory effects of TNF SNPs were enhanced with 
ICS use in the submucosa and in induced sputum, although epithelial integrity 
and lung function were significantly improved. It is has been shown that TNFα 
mediates infiltration of inflammatory cells via up-regulation of cellular adhesion 
molecules (ICAM-1, VCAM-1).7,8 More recent findings indicate that TNF 
polymorphisms induce expression of adhesion molecules in vascular smooth 
muscle cells,14 and that ICS enhance TNFα mediated leukocyte adhesion to 
airway endothelial cells, potentially facilitating inflammatory cell migration into 
lung tissue.26 Although a pro-inflammatory role of ICS in asthma might seem 
contradicting, we should note that inflammation comprises a series of changes 
in the vascular bed and in connective tissue with the purpose of eliminating the 
exogenous irritants and repairing the damaged tissue. Nevertheless, our study 
suggests that similar to their protective effects on epithelial integrity, the pro-
inflammatory effects of ICS are not seen in all subjects but only in asthmatics 
with specific TNF genotypes. Importantly, poor inhalation technique, non-
compliance to and/or misclassification of ICS use might dilute the effects of TNF 
SNPs. It is possible that the effect modification by ICS could be dose-dependent, 
and we acknowledge that the absence of information on the dose of ICS used by 
asthma patients is a limitation of this study.

Rs909253-C (LTA-intron 1) previously associated with asthma,17 was the only 
SNP in our study associated with lower epithelial E-cadherin expression and 
lower lung function in the presence of ICS, as well as with increased submucosal 
eosinophil counts. It is well established that up-regulation of TNFα is implicated 
in the pathophysiology of severe steroid-resistant asthma21 and rs909253-C is 
known to be associated with increased TNFα expression and serum levels,14,27 
possibly inferring a link with severe refractory asthma. The MAF of this variant 
was the highest among the tagging SNPs included (approximately 40%), making 
this variant important for further investigation in severe asthma. 

Due to lack of expression data we cannot conclude whether the clinical and 
pathological effects observed in our study are driven by high or low TNF expression 
levels and by which cellular sources. Functional studies on TNF SNPs have given 
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contradicting results,13 and determination of TNF expression can be problematic 
since effects of TNF SNPs on asthma phenotypes are further complicated by the 
fact that this locus interacts with several environmental factors i.e. environmental 
tobacco smoke, air pollution, endotoxin, allergens, obesity, that might influence 
its expression but also alter ICS response in asthma.28-32

One could suggest that the lack of multiple testing corrections increases 
the risk for false positive results. Although generally large studies are needed 
in order to detect statistically significant gene by environment interactions, we 
were still able to find significant interactions in population 1 (n=137; ICS user 
n=57) suggesting that it is unlikely that these associations are spurious. Our 
decision not to correct for multiple comparisons was not only based on our 
hypothesis driven study but also on the a priori decisions to meta-analyze 
associations with lung function and AHR in populations 2 and 3. Furthermore, 
we did so since we attempted to indirectly replicate the results, i.e. direction of 
associations with clinical and histological outcomes, so called loose replication. 
Finally, the outcomes in our analyses (clinical and histological phenotypes) 
are mutually related, suggesting that a conservative statistical approach would 
not do justice to their biologically linked nature. Thus, we followed the advice 
given by Perneger: “Simply describing what was done and why, and discussing 
the possible interpretations of each result, should enable the reader to reach  
a reasonable conclusion without the help of Bonferroni adjustments”.33

Our study adds one more gene to the list of genes that can influence ICS 
response in asthma.34 We show for the first time that the beneficial effects of ICS 
use on airway pathology and clinical severity are seen in asthmatics with specific 
TNF genotypes. In these carriers, better epithelial integrity with ICS use was 
concordant with higher level of lung function. ICS did not modify effects of TNF 
SNPs on airway remodelling but significantly increased pro-inflammatory effects. 
The potential implication of the latter in tissue repair needs further attention.
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CAPSULE SUMMARY

Associations of TGFB1 gene polymorphisms with both clinical and pathological 
outcomes are linking the TGFB1 gene with the pathophysiology of asthma 
severity and progression.  The effects of TGFB1 polymorphisms may be modified 
by smoking.
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To the Editor:

The development and progression of asthma are determined by multiple 
genetic and environmental factors. A relatively new hypothesis is that chronic 
injury by environmental irritants and/or defective repair of the airway 
epithelium leads to the release of cytokines and growth factors.1 These factors 
drive chronic airway inflammation and remodeling seen in asthma. Airway 
inflammation and remodeling are 2 important pathologic features associated 
with airway hyperresponsiveness (AHR) and fixed airflow obstruction.2

TGF-β1 is a cytokine whose level increases in asthma.3 It is in volved in airway 
pathology.4 The release of TGF-β1 in the submucosa, mainly by eosinophils, is 
stimulated by environmental factors such as allergens and cigarette smoke. 
Experimental studies show that exposure to cigarette smoke increases TGFB1 
gene expression5 and decreases eosinophil migration in the airway.6

Single nucleotide polymorphisms (SNPs) in the TGFB1 gene have been 
associated with asthma development, yet only a few studies have investigated 
associations with asthma severity and the underlying airway inflammation7 
and none with FEV1 decline and airway remodeling in asthma. Our aim 
was to investigate associations between TGFB1 SNPs and asthma severity 
(ie, AHR, FEV1 level, asthma remission, FEV1 decline) and features of airway 
wall inflammation and remodeling in 2 asthma populations. In addition, we 
assessed interactions between TGFB1 SNPs and smoking.

Details on the clinical assessment, outcome definitions, immunochemistry 
and quantification procedures, genotypic information, and statistical analysis 
are presented in this article’s Online Repository at www.jacionline.org. The 
study was approved by the medical ethics committee of the University Medical 
Center Groningen, and participants signed informed consent.

The clinical characteristics of the 2 populations and genotype distributions 
are shown in Tables E1 and E2, A and B, in this article’s Online Repository at 
www.jacionline.org. All SNPs were in Hardy-Weinberg equilibrium (P > .05). 
Fig E1 in this article’s Online Repository at www.jacionline.org shows the 
linkage disequilibrium plots of the SNPs.

Table I presents a summary of the main results. Rs6957-G associated with 
more severe AHR and airflow obstruction, increased subepithelial eosinophil 
and macrophage counts, and increased basement membrane thickness. These 
associations were more pronounced in ever-smokers. Rs10417924-A associated 
with less AHR and a trend for higher FEV1 (eversmokers), more asthma 
remission, and higher subepithelial CD8+ T cells. Rs1800469-T associated with 
less FEV1 decline and lower FEV1 (ever-smokers) and increased goblet cells.
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Rs1800470-C associated with less FEV1 decline and lower FEV1. Rs4803455-A 
associated with accelerated FEV1 decline. 

TABLE 1 Main associations of TGFB1 SNPs with markers of air- way pathology 
and severity of asthma

TGFB1 SNPs Outcome B or OR P value B or OR P value

rs6957-G 3’UTR FEV1 decline1 -0.2 .97 7.5 .16*

FEV1% predicted pre-BD1,2 -7.2 <.001 -9.60 .001

FEV1% predicted post-BD1,2 -6.9 .001 -8.0 .006

AHR severity1,2 1.6 .04 3.6 <.001

Asthma remission1,2 0.5 .09 0.5 .20

Eosinophils in biopsies (ln)2 0.45 .02 0.78 .003†

Macrophages in biopsies (ln)2 0.26 .045 0.48 .01†

Basement membrane thickness2 0.39 .17 0.076 .04

rs10417924-T 3’UTR FEV1 decline1 -0.3 .94 2.3 .64

FEV1% predicted pre-BD1,2 3.7 .40 5.4 .08

FEV1% predicted post-BD1,2 3.5 .40 4.3 .16

AHR severity1,2 0.7 .13 0.5 .04

Asthma remission1,2 2.2 .03 3.0 .01

CD8+ T-cells in biopsies (ln)2 0.37 .02 0.46 .03

rs1800469-T Promoter FEV1 decline1 6.3 .06 8.9 .03

FEV1% predicted pre-BD1,2 -2.7 .16 -6.4 .02*

FEV1% predicted post-BD1,2 -2.7 .19 -5.4 .05†

Severe asthma1,2 1.7 .40 1.3 .74

Goblet cells in biopsies (ln)2 0.23 .03 0.27 .08

rs1800470-C Exon 1 FEV1 decline1 10.7 .002 11.00 .01

FEV1% predicted pre-BD1,2 -4.1 .04 -6.8 .01†

FEV1% predicted post-BD1,2 -4.7 .02 -7.0 .01

Severe asthma1,2 1.5 .60 1.4 .74

rs4803455-A Intron 2 FEV1 decline1 -11.4 .003 -15.7 <.001

FEV1% predicted pre-BD1,2 3.2 .16 3.8 .22

FEV1% predicted post-BD1,2 2.1 .33 3.0 .32

Associations of TGFB1 SNPs with FEV1 decline were investigated in population 1.
Associations with cross-setional lung function level and clinical outcomes were assessed in populations 1 (n 5 243) and 2 
(n 5 137) and meta-analyzed. Associations with pathologic outcomes were investigated in population 2. Populations are 
shown as superscript numerals.
Complete asthma remission: FEV1%predicted post-BD > 90%and absence of AHR and symptoms and medication; severe 
asthma: FEV1%predicted pre-BD< 80%and ICS use. The number of positively stained inflammatory cells was counted in 
a total area of 0.1mm2 in the submucosa, 100 mm under the basement membrane. Goblet cell numbers were counted on 
periodic acid–Schiff–stained biopsy sections and expressed per 1000 mm of basement membrane.
Dominant genetic models were used in multiple linear and logistic regression adjusted for sex, age, ICS use, and smoking 
status (total group). Two tailed P values of<.05 were considered statistically significant and P values between .05 and .09 
of borderline significance (boldface text).
AHR, Airway hyperresponsiveness PC20 histamine < 16 mg/mL (population 1) and PC20 AMP < 320 mg/mL (population 
2); AMP, adenosine 5-monophosphate; B, regression coefficient; BD, bronchodilation; ICS, inhaled corticosteroids; 
OR, odds ratio; 39UTR, 3 prime untranslated region; VC, vital capacity. *Significant interaction (P <.05). Interaction of 
borderline significance (.05 < P < .09).
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FIG 1. Associations between subepithelial eosinophil counts and smoking status (A), 
rs6957 (B), rs6957 in never-smokers (C) and in ever-smokers (D). Associations between 
basement membrane thickness and smoking status (E), rs6957 (F), rs6957 in never-
smokers (G) and in ever-smokers (H). Mean (95% CI) eosin- ophil counts are given by 
generalized linear models adjusted for sex, age, and inhaled corticosteroid use. 

TGFB1 by smoking interaction: Significant effects on severity phenotypes 
were observed mainly in ever-smokers (see Fig 1; also see Fig E2 in this article’s 
Online Repository at www.jacionline.org). Additional significant associations 
were found in ever-smokers compared with the total group (see Table I). 
We found a limited number of significant interactions, but several of the 
significant associations seen in ever-smokers had an interaction of borderline 
significance (.05 <P <.09). Tables E3 to E14 in this article’s Online Repository at 
www.jacionline.org present detailed results.

Our study shows that TGFB1 SNPs are significantly associated with asthma 
severity defined bymore severeAHR, airflowobstruction, and asthma remission, 
as well as with airway inflammation and remodeling. Of importance, there is 
indirect replication, because the direction of the SNP associations with asthma 
severity was consistent with the direction of the SNPassociations with pathologic 
changes.We confirm results of previous studies showing that rs1800469-T 
is associated with airflowobstruction.7 Onthe basis of its association with 
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increased numbers of goblet cells in bronchial biopsies, we propose that mucus 
hypersecretion but not basement membrane thickness might be a missing link 
between the TGFB1 promoter SNP and airflow obstruction in asthma.

Three (rs6957, rs1800469, and rs1800470) of the 6 SNPs in our study are 
known to influence TGFβ1 serum levels (see References E14-E16 in this article’s 
Online Repository at www.jacionline.org). However, the pleiotropic nature 
and multiple sources of this cytokine make it difficult to determine in which 
compartment/cell type its expression should be measured. Because of lack of 
expression data, we cannot conclude whether these pathologic changes in our 
study are driven by high or low TGFβ1 expression and by which cellular sources. 
Elucidating the effects of TGFβ1 on asthma phenotypes is further complicated 
by the fact that its functions are controlled not only by inhaled substances and 
subsequently expression levels in the airways but also by the chronic response 
of the cells and the interaction with other growth factors and pathways in the 
immediate microenvironment.

We confirm that smokers have lower eosinophilic inflammation/infiltration 
than do nonsmokers (Fig 1).6 However, when accounting for TGFB1 genotypes, 
this effect no longer exists.

Asthmatic carriers of the G-allele of rs6957 have significantly higher 
submucosal eosinophils (and macrophages) than the wild types, an effect that 
is not significant in nonsmokers. Consistent with the increase in eosinophil 
counts, basement membrane thickness is significantly increased in carriers of 
the G-allele in smokers only. Similarly, smoking is not associated with CD81. 

T-cells counts or AHR severity, but when accounting for the genotype, 
smokers carrying the A-allele of rs10417924 have significantly higher CD8+ T 
cells and less severe AHR (Fig E2), a relationship consistent with an earlier 
study.8 These data provide evidence of an interaction between TGFB1 SNPs and 
smoking on asthma severity.

Our study is the first investigating the effects of TGFB1 on FEV1 decline in 
asthma (see Fig E3 in this article’s Online Repository at www.jacionline.org). 
Rs1800469-Tand rs1800470-C significantly associated with less FEV1 decline 
and rs4803455-A with accelerated FEV1 decline. Of interest, SNPs that were 
associated with more airflow obstruction cross-sectionally (rs6957, rs1800469, 
and rs1800470) were also associated with less rapid decline in ever-smokers of 
our study. This is compatible with previous observations that show associations 
with chronic obstructive pulmonary disease protection,9 suggesting that high 
TGFb1 levels might be protective for chronic obstructive pulmonary disease, 
while others support that highTGFβ1 levels increase the risk for asthma.4  
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These findings may infer a distinct role of TGFB1 between severe asthma and 
chronic obstructive pulmonary disease.

Because we decided a priori to replicate and meta-analyze the results of our 
analysis in the 2 asthma populations, we did not adjust for multiple comparisons. 
Moreover, the outcomes in our analysis (clinical and pathologic phenotypes) 
are mutually related, suggesting that a conservative statistical approach would 
not do justice to their biologically linked nature.

We conclude that the TGFB1 gene plays a role in the pathophysiology 
of asthma severity. We for the first time show associations of TGFB1  
polymorphisms with airway pathology and additionally link TGFB1 with FEV1 
decline in asthma. Our data provide suggestive evidence for an interaction with 
smoking in asthmatic patients.
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ABSTRACT

Rationale: Short-term air pollution exposures can increase airflow obstruction 
in asthmatic children. Long-term pollution effects on lung function and airway 
hyperresponsiveness, and the modifying effects of controller asthma treatment 
on pollution effects are less understood. 
Methods: We examined associations of lung function and methacholine 
responsiveness (PC20) with ozone, carbon monoxide, nitrogen dioxide and sulfur 
dioxide levels in 1,003 asthmatic children participating in a 4-year clinical trial.  
We further investigated whether budesonide and nedocromil (vs. placebo) 
modified pollution effects. Daily pollutant concentrations were linked to zip/
postal code of residence. Linear mixed models tested associations of within-
subject pollutant concentrations with FEV1 and FVC %predicted, FEV1/FVC and 
PC20, adjusting for seasonality and confounders. 
Results: Increased four-month average concentrations of carbon monoxide 
and nitrogen dioxide were associated with reduced post-bronchodilator FEV1 
(change per IQR (95%CI):-0.6 (-0.7, -0.1); -0.2 (-0.4, 0.01), respectively) and FVC  
(-0.2 (-0.4, -0.01); -0.2 (-0.4, -0.1), respectively).  Four-month average carbon 
monoxide and ozone levels were negatively associated with FEV1/FVC (p<0.05). 
For carbon monoxide, increases in short-term averaged concentrations were also 
associated with reduced FEV1 and FVC. Long-term exposure to sulfur dioxide 
was associated with reduced lnPC20 (% change (95%CI) per IQR:-6 (-11;-1.5)). 
Treatment only modified the short-term effect of carbon monoxide on PC20. 
Conclusions: Air pollution adversely influences lung function and airway 
hyperresponsiveness in asthmatic children. Regular treatment with controller 
medications may not protect against the effects of carbon monoxide on airway 
hyperresponsiveness. This clinical trial design gave us the opportunity to 
evaluate modification of pollution effects by treatment without confounding by 
indication. 
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INTRODUCTION

Over the past thirty years evidence has accumulated demonstrating that 
ambient air pollution has adverse effects on the respiratory health of asthmatic 
and non-asthmatic children.1-4  In observational studies of asthmatic children, 
higher short-term exposures to air pollution have been associated with more 
symptoms, increased need for reliever medication, hospital admissions, lung 
function decrements, and airflow obstruction.5-9 

 Although ambient air pollution has been linked to reduced lung function 
in normal children, longitudinal analyses of air pollution effects in asthma 
are lacking. For instance there are no clinical trials that assessed associations 
of long-term pollution with lung function, airflow obstruction and airway 
responsiveness (AHR), and modification of putative pollution effects by 
controller medications.  Pollutants induce adverse effects by affecting oxidant 
signaling pathways and airway inflammation.10,11 Inhaled corticosteroids (ICS) 
have been shown to reduce oxidative stress and improve airway function and 
asthma symptoms.8,12  However, recent observational studies suggest that 
asthmatic children using inhaled corticosteroids (ICS) may be more vulnerable 
to the adverse health effects of air pollution compared to those that are not on 
ICS.13,14 These findings may reflect confounding by indication, since children 
with more symptomatic asthma may be more likely use an ICS.  Only evaluation 
of pollution effects in the context of a clinical trial can test whether ICS increase 
or decrease susceptibility to air pollution.

The Childhood Asthma Management Program (CAMP) is such  
a randomized clinical trial involving eight cities in North America (Albuquerque, 
New Mexico; Baltimore, Maryland; Boston, Massachusetts; Denver, Colorado; 
San Diego, California; Seattle, Washington; St. Louis, Missouri; and Toronto-
Ontario, Canada). Its main goal was to evaluate the long-term effectiveness and 
safety of daily inhaled anti-inflammatory medication in children diagnosed 
with mild-to-moderate asthma.15,16 Using the pre-randomization observational 
data from this trial, we reported that short-term air pollution exposures 
increased asthma exacerbations,6 with carbon monoxide and nitrogen dioxide 
having the strongest associations with exacerbations.

The current paper, investigates in the same CAMP study whether short- and 
long-term exposures to four of the Environmental Protection Agency’s criteria 
air pollutants (ozone, carbon monoxide, nitrogen oxide and sulfur dioxide) 
are associated with lung function level and AHR in children with asthma.  
In addition, we investigate whether anti-inflammatory treatment with ICS or 
Nedocromil modifies the effects of pollution on asthma outcomes. 
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MATERIALS AND METHODS

 CAMP study design and methods have been described elsewhere.16 
Additional detail on all methods used in the present report is provided in an 
online data supplement. In summary, children enrolled in CAMP were 5–12 
years of age and were hyperresponsiveness to methacholine at study entry. 
1,041 Children entered the randomization phase and 311, 312, 418 children 
received budesonide, nedocromil, and placebo, respectively. All subjects were 
treated and followed for four years with visits at two and four months after 
randomization and at four-month intervals thereafter. Each parent or guardian 
signed a consent form and participants of 7 years of age and older signed an 
assent form approved by each clinical center’s institutional review board.

Outcomes Measures

Spirometry, before and after the bronchodilator administration, was 
conducted at randomization (RZ) and at follow up visits (n=13) according to 
the American Thoracic Society Standards. We considered both pre- and post-
BD FEV1 and FVC as outcomes in this current analysis as we investigated short- 
and long-term effects of air pollution. Additionally, the FEV1/FVC ratio was 
used as another measure of airflow obstruction. Using the Wright nebulizer-
tidal breathing technique a methacholine challenge was performed annually 
during the treatment phase. Spirometry was performed 90 seconds after each 
challenge until FEV1 had fallen by 20% or more (PC20). 

Air Pollution Exposure Assessment

Monitoring data on 24-hour averages concentrations of 4 gaseous pollutants 
(ozone, carbon monoxide, nitrogen dioxide, and sulfur dioxide) were obtained 
for each metropolitan area. The ZIP or postal code centroid coordinates were 
used to link participants to daily concentrations from the nearest monitor 
within 50 km that did not have missing data on that day (December 1993 
through June 1999).

Statistical Analysis

We fitted a linear mixed model - with random intercepts for each subject - 
to estimate the associations between lung function (FEV1 and FVC % predicted 
and FEV1/FVC) and (log-transformed) PC20 and same day, 1-week and 4-month 
moving averages of pollution. Number of days from randomization was the
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TABLE1 Demographic characteristics

N= 1003

City; n (%)

Albuquerque 121 (12.1)

Baltimore 126 (12.6)

Boston 123 (12.3)

Denver 141 (14.1)

San Diego 122 (12.2)

Seattle 136 (13.6)

Saint Louis 133 (13.3)

Toronto 101 (10.1)

Sex; n (%)

Males/Females 602/401 (60/40)

Treatment Group;  n (%)

Placebo 407 (40.6)

Budesonide 298 (29.7)

Nedocromil 298 (29.7)

Ethnicity; n (%)

Caucasians 677 (67.5)

African-Americans 137 (13.7)

Hispanics 97 (9.7)

Other 92  (9.2)

Annual Income =>30K USD; n (%)

Yes/No 728/235 (76/24)

In utero smoking exposure; n (%)

Yes/No 114/854 (14/86)

Pre bronchodilator lung function at 
randomization; mean (SD)

FEV1 % predicted 93.8 (14.3)

FVC % predicted 104.0 (13.1)

FEV1/FVC % 79.7 (8.3)

Post bronchodilator lung function at 
randomization; mean (SD)

FEV1 % predicted 103.0 (12.8)

FVC % predicted 106.5 (12.8)

FEV1/FVC % 85.5 (6.5)

FEV1 : forced expiratory volume in 1 second; 
FVC: forced vital capacity; SD: standard 
deviation; =>30K USD: equal or more than 
30,000 United State Dollars 

time trend of the model. Potential for 
confounding factors was considered 
carefully, basing choice of covariates on 
prior CAMP experience.17,18 To estimate 
associations across all cities, we 
constructed a model including city as a 
covariate, but also compared estimates of 
this model with study-wide estimates 
from meta-analyzing city-stratified 
models. We adjusted for “season” by using 
sine and cosine functions of time19 and 
their interactions with city. In addition, we 
decomposed daily pollution 
concentrations into between- and within-
subject exposures. We report estimates of 
within-subject exposure effects (on 
interquartile range scale (IQR)). 

To assess potential effect modification 
of the pollution- outcomes associations 
by treatment we included a pollutant 
concentration by treatment interaction 
into the models while excluding the 
baseline (RZ) measurements and used 
ANOVA likelihood ratio to test effect 
differences across the 3 treatment groups.

We used SAS® software (version 9.2; 
SAS Institute Inc. 2008, Cary, NC USA) and 
IBM SPSS statistics (version 20; Armonk, 
NY USA: IBM Corp 2011) to manage all 
data. Statistical analysis was performed in 
IBM SPSS and R programming language 
(version 2.15.1; 2012-06-22). 
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TABLE 2 Distribution of 24-hour mean pollution concentrations by city

Pollutant City
N Percentiles

IQR
Valid Missing 10 25 50 75 90

O3 (ppb) ALB 1336 358 13 19 28 36 43 17
  BAL 1703 61 7 13 23 33 43 20
  BOS 1660 62 7 13 21 30 38 17
  DEN 1669 305 6 13 23 32 41 19
  SD 1664 44 13 20 27 35 41 15
  SEA 1071 833 7 11 17 22 28 11
  STL 1667 195 7 12 22 32 41 20
  TOR 1350 64 6 10 17 25 33 14
  TOTAL 12120 1922 8 14 22 31 39 18
CO (ppmx10) ALB 1343 351 1 3 7 11 14 8
  BAL 1719 45 3 5 7 11 15 6
  BOS 1660 62 6 8 10 13 16 5
  DEN 1684 290 4 5 8 12 17 7
  SD 1664 44 4 5 8 11 17 6
  SEA 1701 203 7 10 14 19 25 9
  STL 1684 178 4 5 7 9 12 4
  TOR 1350 64 2 6 10 12 15 6
  TOTAL 12805 1237 4 6 9 12 16 6
NO2 (ppb) ALB 1307 387 7 11 17 23 30 12
  BAL 1719 45 14 18 24 29 36 11
  BOS 1660 62 14 20 25 32 38 12
  DEN 1577 397 10 20 29 36 44 17
  SD 1664 44 10 13 19 26 34 13
  SEA 1255 649 11 15 19 24 30 9
  STL 1707 155 8 13 18 24 28 11
  TOR 1350 64 13 19 25 32 39 13
  TOTAL 12239 1803 11 16 22 28 35 13
SO2 (ppb) ALB 25 1669 0 0 4 16 24 16
  BAL 1719 45 2 4 6 9 14 6
  BOS 1660 62 2 3 5 9 13 5
  DEN 1571 403 1 2 4 7 10 4
  SD 1454 254 1 2 2 3 5 1
  SEA 1752 152 2 3 5 7 10 4
  STL 1736 126 1 3 5 9 13 6
  TOR 1347 67 0 2 4 6 9 4
  TOTAL 11264 2778 1 2 4 8 12 5

ALB: Albuquerque, BAL: Baltimore, BOS: Boston, DEN: Denver, SD: San Diego, SEA: Seattle, STL: Saint Louis, 
TOR: Toronto, O3: ozone (ppb); CO: carbon monoxide (ppm x 10); NO2: nitrogen dioxide (ppb); SO2: sulfur dioxide 
(ppb); N: number of observations; IQR: interquartile range, ppb: part per billion; ppm: parts per million

RESULTS

All subjects considered in this analysis were randomized into CAMP and 
followed up during the trial period. A total of 1,003 of the 1,041 total children 
(96.3%) children were studied. At study entry the mean (SD) age was 9 (2.1) and 
geometric mean (min-max) for PC20 was 1.1 (0.02-2.5) mg/ml. Table 1 shows the 
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main characteristics of the participants. 82.5% of the children attended all visits 
during the 4 years of the trial (median number of completed visits=14 (range: 
1-14)). Participants had a median of 14 (range: 1-14) pre-BD and 10 (range: 1-10) 
post-BD lung function measurements and 4 (range: 0-4) PC20 tests.

TABLE 3 Interquartile ranges (25th to 75th 
percentile) of pollution concentrations

IQR Overall Within-
subject

O3 same day 18 15

O3 1-week m.a 16 14

O3 4-month m.a 13 11

CO same day 6 5

CO 1-week m.a 6 4

CO 4-month m.a 6 3

NO2 same day 13 10

NO2 1-week m.a 10 7

NO2 4-month m.a 8 4

SO2 same day 5 4

SO2 1-week m.a 4 3

SO2 4-month m.a 3 2

O3: ozone (ppb); CO: carbon monoxide (ppm x 10); NO2: 
nitrogen dioxide (ppb); SO2: sulfur dioxide (ppb); IQR: 
interquartile range, ppb: part per billion; ppm: parts per 
million; m.a: moving average

Pollution concentrations during 
December’93-June’99 are 
summarized by city in Table 2. 
We report the number of 
observations, percentiles and IQR 
of daily concentrations of the 4 
pollutants. Table 3 shows the IQR 
of the overall and the within-
subject concentration of 
pollutants.

Correlations of 24-hour 
mean pollution concentrations 
are shown in Table 4. Overall, 
ozone was negatively correlated 
with the other 3 pollutants that 
were positively correlated with 
each other. The same pattern 
of correlation existed in the 8 
separate cities (data shown in 

Table E1 in the online repository). These relationships are expected because 
ozone is a secondary pollutant of regional origin, whereas the other pollutants 
are primary and mostly associated with local sources.

TABLE 4 Correlations of 24-hour mean pollution concentrations

  O3 CO NO2 SO2

Spearman’s rho

O3 1 -0.4* -0.3* -0.2*

CO -0.4* 1 0.4* 0.2*

NO2 -0.3* 0.4* 1 0.4*

SO2 -0.2* 0.2* 0.4* 1

O3: ozone (ppb); CO: carbon monoxide (ppm x 10); NO2: nitrogen dioxide (ppb); SO2: sulfur dioxide (ppb)
* correlation is significant at p<0.05 (2-tailed)
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Figure 1. Gaseous pollutants are associated with lung function
Figure 1 presents the associations of pollution with post-bronchodilator (BD) FEV1 
and FVC %predicted.  Same day and 1-week and 4-month moving averages of carbon 
monoxide and 4-month average of  nitrogen dioxide had negative associations with 
post-BD FEV1 (top graphs panel) and FVC (bottom graphs panel). The evidence for 
adverse effects on post-BD lung function seems week for 4-month average exposure to 
ozone (all-months) compared to the traffic pollutants and there were not associations 
with sulfur dioxide.

Association of pollution with level of lung function 

Figure 1 presents the associations of pollution with post-BD FEV1 and 
FVC %predicted.  Same day and 1-week and 4-month moving averages of 
carbon monoxide had the most consistent negative associations with post-BD 
FEV1 (change(95% CI) per IQR: -0.3(-0.5,-0.2), -0.4(-0.6,-0.2), -0.6(-0.7,-0.1), 
respectively) and FVC (change(95% CI) per IQR: (-0.2(-0.3, -0.1), -0.3(-0.4, -0.1), 

-0.2(-0.4,-0.01), respectively).  The 4-month average nitrogen dioxide was also 
negatively associated with post-BD FEV1 and FVC % predicted (change(95% 
CI) per IQR: -0.2(-0.4, 0.01) and -0.2 (-0.4,-0.1), respectively). The evidence for 
negative effects on post-BD lung function seems week for 4-month average 
exposure to ozone (all-months) compared to the traffic pollutants. Sulfur 
dioxide was not associated with post-BD FEV1 and FVC.
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TABLE 5 City-specific and city-wide (meta-analysis) associations of within-subject 4-month 
average pollution concentration with post-BD FEV1 and FVC %predicted

post-BD FEV1 post-BD FVC 
4-month average City IQR Change Change
O3 (ppb) ALB 12 -1.69 -1.78*
  BAL 15 0.31 1.04
  BOS 12 -1.02 -0.65
  DEN 12 0.61 1.85*
  SD 10 -1.13 -0.14
  SEA 4 -1.35 -1.20
  STL 14 -2.37 -0.52
  TOR 10 0.74 -0.03
  Meta-analysis# 11 -0.64** -0.21
CO (ppmx10) ALB 4 -0.35 -0.05
  BAL 3 -0.76 -0.02
  BOS 2 -0.10 0.10
  DEN 3 -1.64* -1.57*
  SD 5 0.18 -0.19
  SEA 4 -0.14 -0.32
  STL 1 0.25 0.24
  TOR 4 -0.49 -0.09
  Meta-analysis# 3 -0.37* -0.17
NO2 (ppb) ALB 6 -0.03 -0.43
  BAL 4 -0.04 -0.05
  BOS 4 -0.81* -0.83*
  DEN 6 -0.78** -0.77*
  SD 7 0.03 0.26
  SEA 3 0.37 0.06
  STL 2 -0.23 -0.06
  TOR 3 -0.26 0.07
  Meta-analysis# 4 -0.24* -0.23*
SO2 (ppb) ALB NA NA NA
  BAL 3 0.06 -0.03
  BOS 5 -0.49 -0.23
  DEN 1 0.55 0.30
  SD 1 0.08 -0.16
  SEA 2 0.14 0.13
  STL 2 0.30 0.39
  TOR 2 -0.08 -0.06
  Meta-analysis# 2 0.08 0.09

ALB: Albuquerque, BAL: Baltimore, BOS: Boston, DEN: Denver, SD: San Diego, SEA: Seattle, STL: Saint Louis, 
TOR: Toronto, O3: ozone (ppb); CO: carbon monoxide (ppm x 10); NO2: nitrogen dioxide (ppb); SO2: sulfur dioxide 
(ppb); N: number of observations; IQR: interquartile range, ppb: part per billion; ppm: parts per million; IQR: 
Interquartile range, ppb: parts per billion; ppm: parts per million; FEV1 : forced expiratory volume in 1 second; FVC: 
forced vital capacity; BD: bronchodilator; CI: confidence interval; NA: not applicable
# Fixed effects are used. When index of heterogeneity is > 50% the random effects are used

* p<0.05
**  0.05<=p<0.1
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The city-wide estimates of the meta-analysis were similar to the estimates 
given by the model with adjustment for city and city by sine/cosine function of 
time interactions. Table 5 shows the city-specific and meta-analysis estimates 
for long-term exposures. Meta-analysis estimates of associations of post-BD 
FEV1 and FVC % predicted with the 4-month average gas concentrations are 
comparable to all-cities model estimates in Figure 1.

Table 6 presents the associations of pollution with pre-BD FEV1 and FVC 
% predicted. Increases in the average carbon monoxide levels in the 4-months 
prior to and including the day of the visit were associated with decreases in pre-
BD FEV1 and FVC % predicted.  Increases in the 4-month average of nitrogen 
dioxide also had a borderline significant association with reduced pre-BD FEV1 
and FVC % predicted.  Increases in 4-month sulfur dioxide were associated 
with increases in pre-BD FVC % predicted. 

TABLE 6 Associations of within-subject pollution with pre-BD FEV1 and FVC %predicted

  Pre-BD FEV1 %predicted Pre-BD FVC %predicted

Within-subject IQR N Change (95%CI) N Change (95%CI)

O3 same day 15 11394 -0.02 (-0.27, 0.24) 11393 0.09 (-0.11, 0.30

O3 1-week m.a 14 11377 -0.15 (-0.53, 0.24) 11376 0.03 (-0.27, 0.33)

O3 4-month m.a 11 11140 -0.50 (-1.17, 0.17) 11139 -0.25 (-0.78, 0.28)

CO same day 5 12044 -0.13 (-0.29, 0.02) 12043 -0.12 (-0.24; 0.00)

CO 1-week m.a 4 12047 -0.2** -(0.39, 0.00) 12046 -0.15 (-0.30, 0.01)

CO 4-month m.a 3 12048 -0.4* (-0.62, -0.10) 12047 -0.2* (-0.42, -0.01)

NO2 same day 10 11523 -0.07 (-0.25, 0.10) 11522 -0.003 (-0.14; 0.14)

NO2 1-week m.a 7 11494 -0.04 (-0.23, 0.15) 11493 0.02 (-0.13; 0.16)

NO2 4-month m.a 4 11502 -0.1** (-0.31, 0.09) 11501 -0.1** (-0.23; 0.09)

SO2 same day 4 10530 0.10 (-0.05, 0.25) 10529 0.06 (-0.06, 0.17)

SO2 1-week m.a 3 10537 0.14 (-0.04, 0.33) 10536 0.12 (-0.03;0.26)

SO2 4-month m.a 2 10540 0.15 (-0.08, 0.39) 10539 0.23* (0.05,0.42)

O3: ozone (ppb); CO: carbon monoxide (ppm x10); NO2: nitrogen dioxide (ppb); SO2: sulfur dioxide (ppb); 
m.a: moving average; N: number of observations; IQR: Interquartile range, ppb: parts per billion; ppm: parts 
per million; FEV1 : forced expiratory volume in 1 second; FVC: forced vital capacity; BD: bronchodilator; CI: 
confidence interval

* p<0.05
**  0.05<=p<0.1

Associations of long-term (4-month average) exposure with FEV1 /FVC are 
shown is Figure 2. Reduced post-BD FEV1 /FVC was associated with 4-month 
averages of ozone and carbon monoxide, but not with nitrogen dioxide or 
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Figure 2: Ambient air pollution is associated with airflow obstruction
Figure 2 shows the associations of long-term (4-month average) exposure with FEV1 /
FVC. Reduced post-bronchodilator (BD) FEV1 /FVC (left graph panel) was associated 
with 4-month averages of ozone and carbon monoxide, but not with nitrogen dioxide or 
sulfur dioxide. Carbon monoxide also associated with pre-BD ratio (right graph panel)

Figure 3: Weak evidence of modification of pollution’s effect on lung function 
by treatment 
Figure 3 shows long-term (4-month moving average) pollution effect modification by 
treatment. Although there were differences in the magnitude of long-term pollution 
effect between placebo and budesonide or placebo and nedocromil (p-values for 
interactions), the overall likelihood ratio tests (ANOVA) were not significant .
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sulfur dioxide (change (95% CI) per IQR pollution increase:-0.4(-0.8-0.1), -0.2 
(-0.3,-0.03), 0.03(-0.1,0.1), 0.03(-0.1,0.1), respectively). Similar associations were 
found with pre-BD FEV1/FVC (change(95%CI) per IQR:-0.3(-0.7,0.06), -0.2 
(-0.3,-0.02), -0.03(-0.1,0.1), -0.01(-0.1,0.1), respectively).

There was weak evidence of modification of pollution effect on lung 
function by treatment (Figure 3). Although there were differences in the 
magnitude of long-term pollution effect between placebo and budesonide or 
placebo and nedocromil (p-values for interactions ranging from 0.03 to 0.50), 
the overall likelihood ratio tests were not significant (ANOVA p>0.05; tables 
E2-E5 in the online repository). 

Figure 4 legend: Short-term effect of carbon monoxide on airway 
hyperresponsiveness is modified by treatment use 
Figure 4 shows associations of carbon monoxide with metacholine concentration 
causing a 20% reduction in FEV1 (PC20) and effect modification by treatment. Carbon 
monoxide had a marginal overall effect on PC20  for all averaging periods. Compared to 
children on placebo, children on budesonide and nedocromil had a greater drop in PC20 
with same day (left graph panel) and 1-week (middle graph panel) average exposures to 
carbon monoxide (ANOVA p= 0.04 and 0.08, respectively).

Association of pollution with PC20

Overall, the only pollutant that was significantly associated with PC20 
was the 4-month average sulfur dioxide level (% change(95%CI)  per IQR: -6 
(-11,-1.5)). Carbon monoxide had a marginal overall effect on PC20 for all averaging 
periods (Figure 4). Compared to children on placebo, children on budesonide 
and nedocromil had a greater drop in PC20 with same day and 1-week average 

exposures to carbon monoxide (ANOVA p= 0.04 and 0.08, respectively).  
This was more prominent for nedocromil. Treatment did not modify associations 
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of sulfur dioxide with PC20.  Tables E6 and E7 in the online repository show 
the associations for all pollutants with PC20 and the results of interactions with 
treatment. 

Associations of asthma outcomes with warm-month (May – September) 
ozone were not statistically significant (Table E8 in the online repository). Two-
pollutant models showed similar pollutant-asthma outcomes associations as 
one-pollutant models (Table E9 in the online repository).

DISCUSSION

Short-term adverse effects of pollution on children’s pulmonary health have 
been extensively studied, meta-analyzed, and systematically reviewed. These 
studies provide strong evidence that short-term exposures to air pollution can 
increase airflow obstruction in asthmatic and non-asthmatic children,20 and 
that long-term traffic pollution may increase incident asthma and reduce level 
of lung function in general populations of children.2,21-24 There are fewer studies 
considering the effects of long-term exposures to pollution on lung function in 
asthmatic children,1,2,20 and none that we know of evaluating long-term effects 
of pollution on lung function and AHR in asthmatic children in the context of 
a clinical trial.  

In this unique asthma intervention trial, increases in the average long-
term (4-month) concentrations of ozone, carbon monoxide and nitrogen 
dioxide were all associated with reductions in lung function levels consistent 
with airflow obstruction, and some decrease in vital capacity represented by a 
drop in FVC.  Additionally, an increase in short-term concentration of carbon 
monoxide, but not for other pollutants, was also associated with reduced lung 
function. 

Endogenous hypoxic-induced carbon monoxide is a mediator of 
vasodilation and bronchodilation; and in low doses it has been considered as a 
therapy after organ transplantation because of its beneficial immune effects.25-29 
In asthma, animal studies suggest that acutely inhaled 250-500ppm carbon 
monoxide decreases allergic inflammation and AHR in mice.30,31 In contrast, our 
study shows worsening of AHR and lung function with short-term exposures 
to carbon monoxide in children with mild-to-moderate asthma. However, 
the mean concentration of carbon monoxide in our study was much lower  
(0.9 ppm) than those reported to have beneficial effects and also well below the 
levels needed to produce high levels of carboxyhemaglobin and tissue hypoxia 
with clinical symptoms.32,33 This implies that carbon monoxide effects might 
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depend on the dose and/or duration of exposure.  Similar to our finding, one 
study in adult asthmatics has reported associations of reduced lung function 
with short-term exposures to carbon monoxide, but the mechanisms for this 
association is not known.34 

Motor vehicles emissions are major sources of carbon monoxide. These 
source produces many contaminants - such as fine particles and organic 
compounds -  thus in this case it is likely that carbon monoxide is a surrogate 
for other pollutants,2,35,36and that the observed associations might not be due 
to carbon monoxide per se, but due to other pollutants in traffic emission 
mixtures. Similarly, nitrogen dioxide may be a marker for complex pollutant 
mixtures of pollutants emitted by the same sources or related through complex 
atmospheric reactions. Primary traffic-related pollutants such as elemental/
black carbon or freshly emitted primary particles and secondary pollutants, 
including ozone, are often correlated with nitrogen dioxide.2,35,36 In the present 
study, air pollutant levels were correlated such that it was difficult to separate 
out the contributions of the individual pollutants. All effects estimates on 
asthma outcomes remained significant after controlling for co-pollutants in 
multi-pollutant models.

The two pollutants associated with traffic sources—carbon monoxide 
and nitrogen dioxide—were most strongly and consistently associated with 
reduced level of lung function and more severe hyperresponsiveness in our 
children with asthma. Those were the same pollutants that influenced asthma 
exacerbations pre-randomization in this CAMP trial.6 However, sulfur dioxide 
which originates predominately from diesel combustion (diesel fuel content of 
sulfur was higher during 1990’s) and non-traffic fossil fuels (e.g., coal burning 
power plants and domestic heating), was also associated with enhanced 
response to metacholine long-term. Most studies investigating the latter 
association are based on short-term exposures to diesel and they have shown 
that air pollution may enhance the responsiveness to metacholine as well as to 
inhaled allergens in sensitized subjects.37-40 One animal study has suggested 
an increase in AHR with long-term sulfur dioxide exposure, supporting our 
findings for this pollutant.41 However, our study is unique in the investigation of 
AHR and its relation with short-term as well as long-term in asthmatic children. 

We also found a positive association of long-term exposure to sulfur dioxide 
with pre-BD FVC. Again, experimental and epidemiological studies investigating 
lung function response to sulfur dioxide focus on acute responses and this 
makes them difficult to be compared with our finding. Most epidemiologic 
findings show modest negative or null association of sulfur dioxide with lung 
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function.42-44 Generally, it is suggested that after acute exposure to sulfur dioxide 
the lung function returns to normal after some minutes to hours and that there 
is a great deal of inter-individual variation in response to sulfur dioxide.45-47 

Ozone is the most important tropospheric oxidant which is formed through 
photochemical reactions involving nitrogen dioxide and hydrocarbons. Ozone 
initiates intracellular oxidative stress and is linked to chronic damage and 
effects on to the human lung with prolonged exposure.48 Cumulative exposure 
is a function of both the rate and duration of exposure and it has been shown 
that effects of pollution on children’s health have greater impact if the children 
exercise outdoors.49-52 We also show that longer exposure to ozone is associated 
with airflow obstruction, indicated by decrease in FEV1/FVC with increase in 
4-month average ozone concentration.

For ozone, associations of reduced lung function with pollution also 
tended to be stronger for children on budesonide compared to placebo.  
Two recent studies have suggested that children on ICS were more vulnerable to 
the adverse effects of ozone and other air pollutants.13,14 The authors speculated 
that the observed associations might be explained by the fact that children on 
ICS are more likely to have worse asthma and that confounding by indication 
might exist. The design of our trial prevents confounding by indication because 
of the double-blinded randomized distribution of treatment to children 
of similar asthma severity. Although the evidence for the interaction of ICS 
treatment on ozone mediated effects is weak, it is plausible that the children 
on the ICS had greater exposure to ozone compared to placebo, either because 
they were more likely to spend more time outside and exercise more due to 
better control of their asthma,15,18 or because they had greater minute ventilation 
because they were able to breathe more deeply when exercising. 

In our study, modification of carbon monoxide effects on AHR by anti-
inflammatory treatment suggests that use of controller medication may not 
protect asthmatic children from pollutant effects. The worsening of AHR 
with short-term exposure to carbon monoxide was stronger for children on 
budesonide and nedocromil compared to placebo, a finding that needs further 
investigation.

The present report provides a unique contribution in that it can be 
considered a meta-analysis of eight large, within-city panel studies. Yet, it does 
not suffer from many of the challenges associated with meta-analyses in the 
published literature (e.g., between-study heterogeneity and obvious publication 
bias). The large and geographically diverse panel of children participating in 
CAMP trial was followed from December 1993 to June 1999, on average for  
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4 years. This allowed us to examine the health effects of ambient concentrations 
of carbon monoxide, nitrogen dioxide, ozone and sulfur dioxide across seasons 
and geographic regions and results from this study may be applicable to a broad 
population. 

Many studies investigating the long-term effects of pollution have focused 
on traffic-related exposures and used surrogate measures such as distance 
to major roads, road density or vehicle density.2,20,21,23,53,54 In this study we 
measured daily pollutant concentrations to predict long-term (4-month (but 
also acute (same day) and intermediate (1-week)) effects on asthma severity in 
children. We acknowledge that exposure is at the zip/postal code rather than 
the residence level. However, we limited exposure misclassification bias in two 
ways: 1) by using zip/postal code level concentrations of pollution instead of 
averaging monitor-specific concentrations by city; and 2) by restricting the 
period of interested to the period of the trial for which the great majority of 
the participants attended all visits. In addition, we investigated pollutants that 
tend to be regional and we also focus on long-term exposure which is less prone 
to misclassification.  

We conclude that exposure to gaseous pollutants adversely influences 
level of lung function and AHR in asthmatic children, and treatment use 
modifies the short-term effects of carbon monoxide on AHR. The longitudinal 
evaluation of children treated with daily asthma therapy in a clinical trial 
enabled us to separate the modification of pollution effects by treatment 
without confounding by indication.
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ABSTRACT

Background: Genetics plays a role in the respiratory response of asthmatic 
children to air pollution, but the genes involved are unknown. 
Methods: We investigated whether genes modify effects of nitrogen dioxide 
(NO2) and carbon monoxide (CO) on lung function in 522 Caucasian (primary 
study) and 88 African-American (replication study) asthmatic children from 
the Childhood Asthma Management Program (CAMP) trial. We used the 
conditional two-step method for fast linear mixed model (LMM) computations 
for genome-wide association studies, exploring whether Single Nucleotide 
Polymorphisms (SNPs) modify the longitudinal relationship between 
4-month average pollution and post-bronchodilator FEV1 %predicted values 
for 4 years. We used the improved gene-set enrichment analysis for genome-
wide association studies (i-GSEA4GWAS) for a pathway-level analysis of our 
genome-wide interaction output.
Results: Three variants (rs13090972, rs958144, rs7041938) showed genome wide 
statistically significant evidence of interaction with NO2 on FEV1 %predicted 
in Caucasians and four additional variants  replicated in both Caucasians and 
African-Americans (rs2720625 (x CO) and rs4672884, rs3769767, rs4378142 
(x NO2)). The top/replicated genome-wide SNPs are associated with redox 
balance and inflammation. The pathway analysis for NO2-related FEV1 
responses revealed oxidative stress, the Heme oxygenase-1/CO system, calcium 
homeostasis and metabolic responses. For CO-related FEV1 responses, we 
also identified association with a pathway linked to the heme oxyganase-1/CO 
system.
Conclusion: The host lung function response to traffic-related air pollution 
is linked to genes involved in oxidative stress and inflammatory pathways 
with subsequent cytotoxicity, while metabolic pathways, calcium homeostasis 
and the HO-1/CO pathway play a role in cytoprotection. Supported by P01 HL 
HL083069.
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INTRODUCTION

Systematic review of epidemiological studies has demonstrated a strong 
association between exposure to ambient air pollution and adverse effects 
on childhood respiratory health.1-4 Children with underlying chronic lung 
disease are likely to be more susceptible to the negative effects of air pollution.  
In asthma, this results in more severe disease, e.g. higher short-term exposure to 
pollution has been associated with more symptoms, increased need for reliever 
medication and hospital admissions.5-8 Moreover, short-term exposure to air 
pollution is associated with lower lung function levels in asthmatic and non-
asthmatic children,1,9,10 but the long-term effects of pollution on lung function 
are less well studied in asthmatic children.9,11-14 We recently investigated the 
longitudinal relationship between the 4-month average exposure to air 
pollution and post bronchodilator (BD) forced expiratory volume in 1 second 
(FEV1)  and showed that long-term exposures to carbon monoxide (CO) and 
nitrogen dioxide (NO2) are associated with reduced levels of FEV1 in children 
with asthma.(Ierodiakonou et al. unpublished) 

Respiratory response to air pollution varies between individuals and 
genetic susceptibility likely plays a role.15 Known biological mechanisms by 
which air pollution can impair health include autonomic dysfunction, oxidative 
stress, and systemic inflammatory responses.16-19 In general, the majority of 
studies have focused on genes involved in anti-oxidant pathways and airway 
inflammation, and how those may modify responses to ozone.15,20-22. A more 
recent study on lung function growth in children showed that variations in 
several detoxifying genes modify the adverse effects not only of ozone but also 
of NO2, particulate matter, elemental carbon and organic carbon.23

In asthma, genes play a role in determining the susceptibility to the 
harmful effects of air pollution. An example is a recent study showing 
that asthmatic children in Mexico City with risk alleles in GSTM1 gene and 
low intake of Vitamin C may be more susceptible to the acute effects of 
ozone on their lung function compared to those with the non-risk alleles.24  
The underlying biological mechanisms of air pollution-mediated health effects 
are not fully understood and the identification of genes and pathways that 
might be involved warrants further study.  

We used a hypothesis-free, genome-wide analysis to investigate whether 
genetic variants modify the long-term effects of CO and NO2 on post-BD FEV1 
in children with asthma. We found a set of gene variants interacting with 
air pollution in two ethnic groups, and with a pathway-level analysis of the 
genome-wide interaction results we show that we may have identified biological 
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plausible pathways mediating the effect of CO and NO2 on lung function in 
asthmatic children.

MATERIALS AND METHODS

The CAMP study design and methods have been described elsewhere.25 
Additional detail on all methods used in the present report is provided in an 
online data supplement. In summary, children enrolled in CAMP were 5–12 years 
of age and were hyperresponsive to methacholine at study entry. 1,041 Children 
entered the randomization phase and 311, 312, 418 children received budesonide, 
nedocromil, and placebo, respectively. All subjects were treated and followed 
for four years with visits at two and four months after randomization and at 
four-month intervals thereafter. Each parent or guardian signed a consent form 
and participants of 7 years of age and older signed an assent form approved by 
each clinical center’s institutional review board.

Spirometry, before and after the administration of two puffs of albuterol 
(bronchodilator) was conducted at randomization (RZ) and at follow up visits 
(n=13) according to the American Thoracic Society Standards.26

Monitoring data on 24-hour average concentrations of CO and NO2 
were obtained for each metropolitan area. The ZIP or postal code centroid 
coordinates were used to link participants to daily concentrations from the 
nearest monitor within 50 km that did not have missing data on that day 
(December 1993 through June 1999).

Genome-wide single nucleotide polymorphisms (SNP) genotyping for CAMP 
subjects was performed on Illumina’s HumanHap550 Genotyping BeadChip 
(Illumina, Inc., San Diego, CA). 

Statistical Analysis

Genome-wide interaction study

In a genome-wide interaction analysis the effort needed to evaluate the 
effects of hundreds of thousands SNPs on the longitudinally measured trait 
is prohibitively large with a classical linear mixed model (LMM) approach.  
We followed the Sikorska et al. conditional two-step approach for fast linear 
mixed model computations for genome-wide association studies (GWAS),27 
a method to explore whether the longitudinal relationship between 4-month 
averaged pollution (CO and NO2) and post-BD FEV1 %predicted is modified by 
single nucleotide polymorphisms (SNPs) in the human genome. Details are 
given in the supplementary material. 
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In summary, in the first step we fitted a LMM with subject-specific 
(random) intercept and slope for pollution exposure with all SNP terms (main 
effect and interaction with pollutant) omitted from the model. LMM tests were 
performed in R programming language (version 2.15.1; 2012-06-22). 

At the second step, simple linear regression genome-wide association tests 
of SNPs with an individual’s FEV1 response to CO and NO2 (subject-specific/
random slopes of pollution as given by LMM in step1), respectively were 
performed in PLINK (version 1.07; 2009-09-10; Shaun Purcell; http://pngu.mgh.
harvard.edu/purcell/plink/),28 using an additive allelic model. SNPs included 
in the genome-wide analysis had a minor allele frequency (MAF) > 5%. 

We selected the top signals for SNP-pollution interaction in Caucasian CAMP 
subjects (P-value <9.9E-5) as given by the two-step approach and we used the 
classic LMM including terms of pollution, SNP and SNP by pollution interaction 
to assess the effect size of the interactions and confirm statistical significance.

Non-Hispanic white (Caucasian) CAMP subjects (n=522) were used as the 
primary study population and African-American (n=88) CAMP subjects served 
as the replication study population. We followed this replication approach 
because we could not find a second study with similar design, population 
characteristics, genome-wide genotyping and air pollution data.

Pathway-level analysis for the genome-wide SNP by pollutant interaction 
analysis

To analyze pathway-level SNP- pollutant interactions we used the improved 
gene-set enrichment analysis for GWAS (i-GSEA4GWAS; http://gsea4gwas.
psych.ac.cn/inputPage.jsp).29 GSEA evaluates whether the distribution of genes 
sharing a biochemical or cellular function is different from the distribution of 
a ranked genome-wide gene list.29,30 Details on the i-GSEA4GWAS method are 
given in the supplementary material.

Input data to perform the pathway-level analysis of the SNP-pollution 
interaction analysis were P-values of the two-step genome-wide SNP-
pollution interaction analysis in Caucasian CAMP subjects (n=522). To avoid 
overrepresentation of SNPs in more than one gene we restricted mapping SNPs to 
+/-20kb around a gene. The server transformed the genome-wide P-values to –log 
(P-values), mapped the represented genes and calculated the enrichment score. 
Next, the canonical pathway method of gene-sets was used for further analysis. 
These canonical pathways were extracted and curated from Molecular Signatures 
Database (MSigDB) v2.5 (http://www.broadinstitute.org/gsea/msigdb/). 
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TABLE 1 Population 

characteristics
N= 1003

City; n (%)

Albuquerque 121 (12.1)

Baltimore 126 (12.6)

Boston 123 (12.3)

Denver 141 (14.1)

San Diego 122 (12.2)

Seattle 136 (13.6)

Saint Louis 133 (13.3)

Toronto 101 (10.1)

Sex; n (%)

Males/Females 602/401 (60/40)

Treatment Group;  n (%)

Placebo 407 (40.6)

Budesonide 298 (29.7)

Nedocromil 298 (29.7)

Ethnicity; n (%)

Caucasians 677 (67.5)

African-Americans 137 (13.7)

Hispanics 97 (9.7)

Other 92  (9.2)

Annual Income =>30K USD; n (%)

Yes/No 728/235 (76/24)

In utero smoking exposure; n (%)

Yes/No 114/854 (14/86)

Pre bronchodilator lung function 
at randomization; mean (SD)

FEV1 % predicted 93.8 (14.3)

FVC % predicted 104.0 (13.1)

FEV1/FVC % 79.7 (8.3)

Post bronchodilator lung function 
at randomization; mean (SD)

FEV1 % predicted 103.0 (12.8)

FVC % predicted 106.5 (12.8)

FEV1/FVC % 85.5 (6.5)

FEV1 : forced expiratory volume in 1 
second; FVC: forced vital capacity; SD: 
standard deviation; =>30K USD: equal 
or more than 30,000 United State 
Dollars

MSigDB included gene-sets denoting canonical 
pathways integrated from a variety of online 
resources. We set our analysis to pathways with 
5–200 genes. 

Significant genes in a pathway are defined as 
the genes mapped with at least one of the top 5% 
of all SNPs (0.05* 474,792 = 23,740 SNPs). Each 
significant gene was represented by the SNP in 
that gene with the lowest genome-wide SNP-
pollutant interaction P-value (top SNP per gene). 
We selected the top SNPs of all given pathways and 
with classic LMM we estimated the interaction 
effect size for the gene-sets most significant SNP-
pollutant interactions in Caucasians. 

RESULTS

All subjects in CAMP considered in this 
analysis were randomized and followed up 
during the trial period. A total of 1,003 of the 
1,041 randomized children (96.3%) had pollution 
data available of whom 610 were studied in the 
genetic analysis. At study entry the mean (SD) 
age was 9 (2.1) and geometric mean (min-max) 
PC20 1.1 (0.02-2.5) mg/ml. Table 1 shows the main 
characteristics of the participants. 82.5% of the 
children attended all visits during the 4-year trial 
(median number of completed visits=14 (range: 
1-14)). Participants had a median of 10 (range: 
1-10) post-BD lung function measurements.

The four-month moving averages of  
pollutant concentrations during December’93-
June’99 are summarized in Table 2. We report 
the number of observations, percentiles and 
interquartile range (IQR) of CO and NO2 
concentrations. Table E1 shows the IQR of the 
overall and the within-subject concentration of 
pollutants, respectively.
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TABLE 2 Distribution of the 4-month average pollution concentrations 

4-month average
Carbon Monoxide Nitrogen Dioxide 

(ppm x10) (ppb)

N Valid 12217 12809

  Missing 1825 1233

Percentiles 10 5 13

  25 6 18

  50 9 21

  75 12 26

  90 14 30

IQR 25-75 percentile 5 8

IQR: interquartile range, ppb: part per billion; ppm: parts per million

TABLE 3 Replicated single nucleotide polymorphisms by pollutant interactions in two ethnicities

LMM approach
Mapped gene/nearby geneInteracting 

pollutant RACE SNP Minor 
allele CHR CHANGE 

PER IQR P-value

Carbon monoxide AA rs2720625 A 8 1.24 0.014 58kb 3’-UTR of Magnesium  
Uptake/Transporter (Tumor 
Suppressor Candidate 3 -TUSC3) geneCAUC 0.84 2.72E-05

Combined 
P-value* 5.6E-06

Nitrogen dioxide AA rs4672884 A 2 1.12 0.007 Paroxysmal nonkinesigenic dyski-
nesia              (PNKD)  or Myofibril-
logenesis regulator 1( MR-1) geneCAUC 0.68 1.98E-05

Combined 
P-value* 3.3E-06

Nitrogen dioxide AA rs3769767 A 2 1.19 0.036 Methyltransferase like 5 
(METTL5) geneCAUC 0.91 5.38E-06

Combined 
P-value* 1.4E-06

Nitrogen dioxide AA rs4378142 A 23 1.24 0.016

RP11-40F8.2 / ENSG00000233067CAUC 0.70 2.82E-07

Combined 
P-value* 4.8E-08

AA: African-American (n=88), CAUC: Caucasian (n=522) Childhood Asthma Management Program subjects; 
SNP: single nucleotide polymorphism, CHR: chromosome; LMM: linear mixed models; IQR: Interquartile range 
(carbon monoxide IQR= 0.3 and nitrogen dioxide IQR= 0.004 parts per million)

*MetaP: a program to combine P values (Stuffer’s z trend);
 Author: Dongliang Ge PhD, Duke University; URL: http://compute1.lsrc.duke.edu/softwares/MetaP/metap.php
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Two-step genome-wide SNP by pollutant interaction analysis

Figure 1 presents an overview of our study design and results of the genome-
wide SNP-pollutant(s) interaction analysis. After MAF pruning 474,792 SNPs 
were included in the primary analysis. In Caucasians (n=522) there was 
suggestive evidence (top signals: P-value <9.9E-5) for 47 SNP-CO interactions 
and 48 SNP- NO2 interactions (tables E2 and E3, respectively). The quantile-
quantile (QQ) plots of the two-step genome-wide SNP by pollutant interaction 
analysis revealed that the distribution of association P-values was similar to 
that expected for a null distribution and that no P-values met the conventional 
genome-wide statistically significant levels (e.g. Bonferroni corrected minimally 
significant P-value being 0.05/474,792=1.05E-07; Figures E1 and E2). 

Figure 1 presents the flow chart with the analytic steps and summary of results of 
the genome-wide gene by pollutant(s) interaction study. Top hit SNPs (P<9.9E-5) 
interacting with pollutants in Caucasians were selected and with LMM we assessed 
the interaction effect size in Caucasians and for replication in African-Americans. CO: 
carbon monoxide; NO2: nitrogen dioxide; LMM: linear mixed model; SNP: single 
nucleotide polymorphism, GWAS: genome wide interaction study; MAF: minor allele 
frequency; AA: African Americans; FEV1: forces expiratory volume in 1 second 
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Confirmation by classic linear mixed model testing

The top signals of genome-wide SNP- pollutant(s) interactions (P-value 
<9.9E-05) given by the two-step approach were selected and with the LMM 
approach we assessed the effect size of the interactions. In Caucasians, change 
in FEV1 %predicted per IQR increase in pollution level ranged from -1.4 to 1.2 
for the 47 SNP-CO interactions (table E2) and from -1.3 to 1.5 (table E3) for 
the 48 SNP-NO2 interactions. P-values ranged from 7E-07 to 3E-03 (table E2) 
and from 1E-08 to 7E-04 (table E3), respectively. Three SNP-NO2 interactions 
reached genome-wide significance (rs13090972 and rs958144 near EPHA3 and 
rs7041938 in TXNDC8 - in high linkage disequilibrium (r2=0.8) with rs12684188 
in SVEP1). One SNP-CO and 3 SNP-NO2 interactions replicated in African 
Americans (n=88) (P-values < 0.05 and same direction of effect as in Caucasians; 
tables 3 and E4). 

TABLE 5 Summary of Improved-Gene Set Enrichment Analysis for GWAS of gene by 
pollutant interactions in Caucasian CAMP subjects

Number of  
pathways 

Total number of 
Significant genes/

top SNPs**

Number of 
significant genes*

in > 1 pathway

Top SNP by Pollutant
min-max P-values$ 

Carbon monoxide-
related 1 4 - 0.001- 0.02

Nitrogen dioxide-
related 23 244 34 2.3E-06 – 0.07

GWAS: genome wide association study; SNP: single nucleotide polymorphism; *Significant genes in a gene-set/
pathway are the genes mapped with at least one of the top 5% of all SNP by pollutant interactions in the two-step 
genome-wide analysis; one significant gene might exist in more than one pathway; ** top SNP is the SNP mapped 
on a significant gene with the lowest genome-wide P-value of SNP by pollutant interaction
$ Linear mixed model: FEV1= bo + b1 between-subject pollution + b2 within-subject pollution + b3 SNP + b4 SNP 
x pollutant + b5 covariates + e | subject-specific (random) intercept

Pathway-level analysis for the two-step genome-wide SNP by pollutant 
interaction analysis

For the i-GSEA4GWAS in Caucasian CAMP subjects 474,792 gene variants 
were imported and 265,485 variants were mapped on genes +/-20kb (total 
number of genes: 16,854). We identified 1 pathway interacting with CO (gene-
set P=0.001) and 23 pathways interacting with NO2 (gene-sets P: 0.0001-0.01). 
Table 4 presents the i-GSEA4GWAS suggested pathways for the 2 pollutants. 
Gene-sets FDR P-values ranged 0.08-0.24.

Within each gene-set/pathway there were significant genes (genes mapped 
with at least one of the top 5% of all SNPs-pollutant interactions in the 2-step 
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genome-wide analysis).  Each significant gene is represented by the SNP in that 
gene with the lowest genome-wide P-value of SNP by pollutant interaction (the 
top SNP per gene). A significant gene -thus its related top SNP- can be involved in 
more than one pathway (table 5). Effect sizes of interaction of those top SNPs with 
pollutants are given in the supplementary material (tables E5 and E6). The set of 
pathway-analysis top SNPs was unique for each pollutant (tables E5 and E6).

TABLE 6 Top genome-wide interaction loci and suggested underlying mechanisms

Top genome-wide 
interaction locus Function(s) related to genes* Pathways linked to those functions

Nitrogen dioxide

EPHA3

Cell adhesion; 

Immune surveillance; 

Tissue remodeling

Cell adhesion molecules; 

Glycosaminoglycan (chondroitin) biosynthesis

Glycosaminoglycan (chondroitin) biosynthesis

TXNDC8 (thioredoxin 
reductase family) Cell redox homeostasis HSP27, iNOS, IL10, Heme biosynthesis–Heme 

oxyganase-1/CO, Calcium regulation

SEVP1 Cell adhesion; 
Immune surveillance Cell adhesion molecules

MR-1

Cell redox homeostasis

Detoxify by-products of 
metabolism

HSP27, iNOS, IL10, Heme biosynthesis–Heme 
oxyganase-1/CO

Glycosaminoglycan (chondroitin) biosynthesis, 
Glycosphingolipid, Vobesity, Feeder

Carbon monoxide

TUSC3
Cell redox homeostasis; 

Glycolysis (N-glycan biosynthesis) 

 PAC1R– Heme oxyganase-1/CO

* based on coding protein’s function(s). Details for each gene are given in the text

DISCUSSION

Most gene–air pollution studies have focused on a few candidate genetic 
variations and investigated short-term exposures to ozone.15 Although these 
small hypothesis-driven studies can contribute to our understanding of 
specific gene–pollution effects, they often fail to uncover novel disease-causing 
mechanisms and tend to result in many unreplicated findings.31 To the best 
of our knowledge, this is the first hypothesis-free, genome-wide analysis 
investigating whether genetic variants modify the longitudinal relationship 
of traffic-related air pollution (CO and NO2) with FEV1 in childhood asthma. 
Three SNPs showed genome-wide statistical evidence of interaction with 
NO2 on the change in FEV1 in Caucasian CAMP subjects. Additionally, one 
variant showed some evidence for modifying the CO effects and 4 variants for 
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modifying the NO2 effects on FEV1 in both Caucasian and African American 
children with asthma. The pathway-level analysis suggested that one pathway 
plays a role in the etiology of CO-related FEV1 changes and several biologically 
linked pathways in NO2-related FEV1 changes in children with asthma.

Due to the large processing time for a longitudinal genome-wide gene-
pollution interaction study with the classic LMM we followed the practical 
application of the conditional two-step approach by Sikorska et al.27  
This method provides shorter processing time and we confirmed its accuracy, 
i.e., at a second stage the genome-wide top signals found by the two-step 
approach were confirmed by LMM testing. Below we discuss the putative 
genes involved in air pollution effects on lung function in childhood asthma 
and the pathways involved as identified by our genome-wide association and 
iGSEA4GWAS analyses.

Two loci, the EPHA3 (receptor tyrosine kinase of Eph family; location 
3p11.2) and TXNDC8 genes (thioredoxin domain containing 8 (spermatozoa) 
or Spermatocyte/Spermatid-Specific Thioredoxin-3; location 9q31.3) 
showed genome-wide statistical evidence for interaction with NO2. The best 
documented function of the Eph-receptor/ephrin-A signaling is the regulation 
of cell adhesion and migration processes critical for a wide variety of functions 
including tissue remodeling and immune surveillance.32,33 Recent findings 
suggest that Eph-signaling is involved in pathological conditions such as lung 
cancer, yet its role in asthma is unknown.34,35 The fact that receptor tyrosine 
kinase pathways contribute to aspects of airway inflammation, remodeling and 
airway hyperresponsiveness in asthma,36 suggests that we may have identified 
a novel receptor tyrosine kinases (EPHA3) important for the pathogenesis of 
asthma in response to NO2 in Caucasian children. However, we were unable to 
replicate this locus in African Americans and it would be important to replicate 
our finding in other Caucasian populations in the future.

The second top signal locus, TXNDC8, belongs to the thioredoxin reductase 
enzymes, a well-characterized subfamily of selenoproteins that perform an 
essential redox role in immune cells.37 The genome-wide top hit SNP (rs7041938) 
in TXNDC8 found to modify the NO2 effects on FEV1 is in high linkage 
disequilibrium (r2>0.8) with rs12684188 (LMM P-value of interaction=3.9E-07) 
in SVEP1 (sushi, von Willebrand factor type A, EGF and pentraxin domain 
containing 1; location 9q32). In a recent GWAS, a locus containing the SVEP1 
gene showed signals of association with FEV1 decline in non-asthmatic adults.38 
In our Caucasian asthmatic children the marginal P-value of the SVEP1 variant 
in the LMM model was not significant. The coding protein of the SVEP1, also 
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called polydom,39 is recognized as a cell adhesion molecule (CAM) and its 
particular multidomain structure suggests an important biological role in 
cellular adhesion and/or in the immune system,40 but its role in asthma has not 
been investigated so far. 

Three SNP-NO2 interactions were replicated in African American CAMP 
subjects (rs4672884 in MR-1, rs3769767 in METTL5 and rs4378142 in a non-
coding protein gene /ENSG00000233067).  MR-1 shares homology with the 
family of glyoxylases that functions in the glutathione dependent metabolic 
pathway, capable of detoxify methylglyoxal, a by-product of glucose, protein 
and fatty acid metabolism.41 The latter metabolic cellular processes are 
activated with hypoxia and oxidative stress, as a way of cells to meet their 
energy requirement under this condition.41-43 In addition, methylglyoxal is 
produced by atmospheric chemical reactions of NO2.

44 Inside the cell, increased 
methylglyoxal depletes anti-oxidant enzymes (GSH, SOD) and gives a positive 
loop to oxidative stress.42 The functions of Methyl Transferase like 5 (METTL5 
or HSPC133) and ENSG00000233067 genes are largely unknown yet.

At SNP-level we also found a suggested CO lung function effect 
modification by rs2720625 located near the Magnesium Uptake/Transporter 
(Tumor Suppressor Candidate 3-TUSC3) gene in both ethnic groups.  
The TUSC3 locus has been associated with FEV1/FVC decline in adult 
asthmatics.38 The gene product plays a role in N-glycan biosynthesis, cell redox 
hemostasis, cellular magnesium uptake, and in the N-glycosylation of asparagin 
protein residues.38,45 The latter functions suggest that CO might interact with 
metabolic and oxidative stress pathways via this locus.

At a first glance the top hits and/or replicated signals of our genome-
wide interaction study seem not to have a biological plausible connection 
with one another. Of interest, when zooming out the picture shows that 
genes with potential metabolic, oxidant/anti-oxidant and inflammatory role 
(summarized in table 6) might be important for lung function responses to 
pollution in children with asthma. Potential interaction of NO2 with metabolic 
(chondroitin sulfate biosynthesis (glycosaminoglycans biosynthesis), feeder, 
glycosphingolipid metabolism , vobesity), oxidative stress (HSP27, IL10, Heme 
Biosynthase-Heme oxygenase/carbon monoxide (HO-1/CO)), inflammatory 
(nitric oxide synthase (iNOS)) and calcium regulation (Calcium regulation in 
cardiac cells) pathways were also revealed by our pathway analysis (pathways 
description/function are shown in table 4). In the supplementary material we 
describe in more detail how these pathways may be linked to NO2 exposure and 
how they are inter-related. 
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It is plausible that exposure to NO2 induces oxidative stress with cellular 
damage and inflammatory responses. Metabolic pathways (i.e. glycolysis) are 
activated in order to compensate the cellular demands to stress and the HO-1/
CO system may protect against oxidative stress and inflammation. Oxidative 
stress has been associated with calcium influx regulation, two responses 
observed in our analyses as well.46,47 Interestingly, a proteomic-based study 
has shown that allergen-induced early asthma response in rats is associated 
with glycolysis, calcium binding and mitochondrial activity,48 supporting our 
proposed underlying molecular mechanisms for response to environmental 
toxicants in asthma.

The pathway analysis for the genome-wide SNP-CO interaction output 
showed that the neuropeptide pituitary adenylate cyclase-activating peptide 
receptor (PAC1R) pathway is related to CO exposure. The ligand of PAC1R 
(PACAP) can induce bronchodilation and endogenous regulation of airway 
tone by means of a CO-dependent, cyclicGMP-related mechanism, thereby 
providing a link between neurotransmission and local HO-1/CO (but not 
iNOS/NO) release in the airway smooth muscle.49-51 PACAP has also pro-
inflammatory functions that require calcium regulation.52-54 Furthermore, 
mouse studies indicate that this pathway is involved in ventilator responses 
to hypoxia/hypercapnia and to mild ambient temperature changes.55-57 The 
mean concentration of CO in our study was much lower (0.8 ppm) than that 
to produce high levels of carboxyhemaglobin and tissue hypoxia,58,59 however 
the effects on cellular level of low inhaled CO concentrations warrants further 
study. 

Our childhood asthma study had the advantage of having a long follow-
up period with high attendance of the subjects, air pollution levels during 
that period and genome data. There are a few weaknesses as well. Although 
population stratification is less likely to bias estimates of gene-environment 
interaction effects,60 we used as our primary study only Caucasian CAMP 
subjects. For replication studies, definition and measurement of the exposure 
and/or outcome is critical to the success of gene–environment investigations, 
therefore we decided to use the second largest ethnic subgroup of the CAMP as 
our replication population (although of relative small size), to ensure that the 
genotyping, outcome and exposure were measured reliably and consistently. 
Notwithstanding this, we nevertheless found 4 SNP-pollution interactions 
with similar directions in the two populations even though different linkage 
disequilibrium patterns exist in the two ethnic groups that might have limited 
our replication.
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After testing for pollution effect modification at the SNP-level, we performed 
the pathway approach as a way to assess the overall evidence of interaction of 
pollution with a group of functionally related genes, thus incorporating prior 
biological knowledge. Our pathway-level analysis of SNP-pollution interactions 
identified biological plausible mechanisms for pollution-mediated asthma 
progression in children. 

Our findings highlight the promise of pursuing genome-wide gene-
environment interaction studies that do not necessarily reach genome-wide 
significance but prone to be biologically relevant to the effects of or response 
to the exposures. We conclude that traffic-related air pollution such as with 
CO and NO2 is linked to oxidative stress and inflammation, while metabolic 
pathways, calcium homeostasis and the HO-1/CO pathway play a role in 
cytoprotection. Our findings may represent the first step for functional research 
and pharmacological developments for protection against the detrimental 
effects of air pollution on asthma severity and progression.
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SUMMARY AND DISCUSSION OF THE THESIS 

In Chapter 1 we have introduced the mainstay hypothesis of the thesis:   
In asthma the epithelium is more susceptible to damage allowing greater access 
of environmental allergens, microorganisms, and toxicants to the airway tissue 
and/or has an altered response to injury by environmental stimuli, with release of 
cytokines and growth factors by the epithelium itself or by orchestrated immune 
and mesenchymal cells. The pro-inflammatory response of the epithelium may 
contribute to local allergen sensitization, chronic and persistent inflammation 
and airway wall remodeling as a consequence of complex interaction between 
affected airway epithelial cells and the underlying mesenchymal and immune 
cells. Airway remodeling and inflammation are associated with the clinical 
severity of asthma. This hypothesis has been built based on research findings 
in the literature.1-6 

Not all asthmatics respond to environmental exposures in the same way and 
there is heterogeneity in clinical and pathological expression of disease among 
individuals, both in children and adults with asthma. The individual variation 
in asthma severity is influenced by genetic and environmental factors,7-9 and 
gene-environment interactions add to the complexity of the disease.10	

This thesis aimed to determine how genetic and environmental factors 
and their interactions affect asthma heterogeneity. Although many studies 
have investigated the genetic and environmental determinants of asthma 
development, fewer studies have so far focused on asthma severity phenotypes 
or studied asthma phenotypes longitudinally. Despite the fact that there is 
a distinct link between the clinical expression of asthma and its underlying 
airway pathology,5 the genetic background of airway pathology in asthma is not 
well documented. 

The first three studies (chapters 2-4) of the thesis investigated genes 
with a biologically plausible role in the proposed hypothesis and assessed the 
associations of genetic variations with aspects of airway pathology (remodeling 
and inflammation) and asthma severity phenotypes (cross-sectionally and 
longitudinally) in adult asthmatics. Inhaled corticosteroids (ICS) are the 
cornerstone of asthma treatment. The severity of asthma and its underlying 
pathology is improved by inhalation of anti-inflammatory medication,11-13 
whereas tobacco smoke exposure affect these features negatively.14 Therefore, 
we studies whether gene by ICS and gene by smoking interactions are associated 
with asthma severity and pathology.
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Chapter 2 presents results of our study on the CDH1 gene, encoding 
E-cadherin a key protein of cellular junctions responsible for epithelial 
integrity15,16 and immune surveillance of the epithelium.17 Loss of epithelial 
E-cadherin disrupts the epithelial barrier that in turn influences resistance of 
the airway to noxious inhalants,18 with subsequent pathological and clinical 
consequences.2,5,19 Given the evidence for an interrupted and fragile epithelium 
in bronchial biopsies of asthmatics,20,21 we investigated the associations 
of E-cadherin (CDH1) gene single nucleotide polymorphisms (SNPs) with 
epithelial E-cadherin expression, airway inflammation and remodeling in 
bronchial biopsies of asthmatics. Moreover, we assessed associations of SNPs 
with the severity of airflow obstruction and lung function decline in two asthma 
cohorts. Furthermore, given a role of glucocorticoids in modulating epithelial 
repair, E-cadherin expression and clinical severity22-26 we assessed whether ICS 
use modifies CDH1 SNP effects. 

We found that a higher epithelial E-cadherin expression was associated 
with less epithelial denudation in bronchial biopsies of asthmatics. In the 
absence of ICS, subjects with specific CDH1 risk alleles did not express the same 
amount of epithelial E-cadherin compared to wild-types, while in individuals 
with ICS use the difference in E-cadherin expression between carriers of the risk 
alleles and wild-types was smaller, suggesting that ICS may improve epithelial 
E-cadherin expression in subjects with specific CDH1 genotypes. In subjects 
using ICS, the same risk alleles were also associated with less airway remodeling 
and/or airflow obstruction and/or less rapid FEV1 decline. Another set of CDH1 
SNPs was associated with accelerated FEV1 decline, a finding only present in 
asthmatics using ICS, indicating that subjects with such genotypes benefit less 
from ICS use. The direction of SNP-pathology associations was in line with 
the direction of SNP-lung function associations, meaning that in subjects 
using ICS the alleles associated with less airway wall remodeling were also 
associated with increased post bronchodilator FEV1/VC and less accelerated 
FEV1 decline. A previous study proposed that post bronchodilator FEV1/VC ratio 
may be used as an indirect measure of airway remodeling, and our findings 
tend to support this view.27 Studies have shown that increased CD8+ T-cells 
might be present in airway wall biopsies even after administration of ICS with 
subsequent improvement of clinical severity,28 and that E-cadherin interacts 
with CD8+ T-cells via co-expression of the ligand of E-cadherin (CD103) on 
T-cells. However, in our study we showed that an increased CD8+ T-cell count 
with ICS use is not observed in all subjects but only in those with specific 
CDH1 genotypes, we therefore speculate a role of E-cadherin and epithelium 
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in immune protection of the asthmatic airway. In conclusion, the findings of 
this study indicated that there is genetic susceptibility in epithelial E-cadherin 
expression, hence epithelial integrity in asthma, which may be modulated by 
ICS use. This genetically determined epithelial integrity also contributes to 
airway pathology and clinical severity in asthma. 

The pro-inflammatory cytokine, Tumor Necrosis Factor (TNF), investigated 
in the study covered in Chapter 3 is linked with the first study (Chapter 2) in 
the following three ways:

a.	 TNFα disrupts tight junctions in the epithelial barrier, increases 
epithelial permeability29 and decreases the expression of adhesion 
molecules responsible for epithelial integrity i.e., E-cadherin and 
Catenins.22,23,30

b.	 TNFα induces airway hyperresponsiveness in normal and 
asthmatic subjects, facilitates the migration of inflammatory cells into 
the airway wall and activates pro-fibrotic and remodeling mechanisms 
in the submucosa.31,32

c.	 	 Glucocorticosteroids inhibit TNFα-induced epithelial adhesion 
disruption23,30 and suppress TNFα expression in several tissues, including 
the lung33 and the alveolar macrophages of bronchoalveolar lavage fluid 
from asthmatics.25

However, a subpopulation of asthma patients does not respond well 
to ICS. Furthermore, TNFα has been implicated in the pathophysiology of 
severe steroid-resistant asthma.34 We hypothesized that genetic variability 
in the TNF loci may explain the variable response to ICS. We investigated 
effects of interactions between ICS and TNF SNPs on epithelial integrity, 
airway inflammation and airway remodeling in asthma. In addition, we 
analyzed effects on asthma severity phenotypes i.e., lung function and airway 
hyperresponsiveness in two asthma cohorts. 

We showed that ICS modified effects of TNF SNPs on epithelial denudation: 
without ICS use, specific alleles were associated with more widespread denuded 
epithelium, whereas effects were reversed with ICS use. In subjects with those 
TNF genotypes, epithelial integrity was improved with ICS use and that was 
concordant with improvement in their lung function; a finding similar to the 
E-cadherin gene study (chapter 2). However, in this case ICS did not modify 
TNF effects on airway remodeling or airway hyperresponsiveness, but they 
increased pro-inflammatory effects (infiltration of inflammatory cells). ICS 
has been found to enhance TNFα-mediated inflammatory cell migration into 

DespoThesis.indd   121 1/27/2014   3:22:41 AM



122

Summary, discussion and future perspectives

lungs,35 but we show that the ICS induced pro-inflammatory effects are not 
present in all subjects but only in asthmatics with specific TNF genotypes. 

Our findings (chapters 2 and 3) add to further insights in the genetic 
component of the heterogeneity of asthma severity and response to ICS 
treatment. Previous candidate gene studies on FEV1 response to ICS treatment 
have focused on genes in glucocorticoid (GC) synthesis and metabolism, 
cellular receptors and transcriptional regulators (i.e. CRHR1 (GC production), 
NR3C1 (GC receptor) STIP1 (adaptor-chaperon GC-mediated signaling)),36,37 
whereas our studies focused on genes regulated by ICS, thus giving more 
attention to the downstream transcriptional activities of GC. Recent genome-
wide association studies by Tantisira et al. identified two genes of ICS response 
in asthma (T and GLCCI1) adding further novel determinants of FEV1 response 
to ICS treatment in asthma.38,39

Chapter 4 discusses a fibrogenic and immunomodulatory cytokine named 
Transforming Growth Factor beta (TGFβ1), emerging as a major player in the 
way the airway epithelium behaves and its ability to repair itself.40 Variation 
in the TGFB1 gene has been previously associated with asthma development 
and severity, airway inflammation and TGFβ1 serum levels.41-43 The TGFB1 
mRNA expression in asthma has been shown to be induced by cigarette-
smoke.44 Our study showed that TGFB1 SNPs were significantly associated with 
asthma severity defined by airway hyperresponsiveness, airflow obstruction 
and asthma remission, as well as with airway inflammation and features of 
airway remodeling. We were the first to show associations of TGFB1 SNPs with 
FEV1 decline in asthma and to find suggestive evidence for an interaction with 
smoking. Of importance, the direction of the TGFB1 SNP-associations with 
asthma severity was consistent with the direction of the SNP-associations 
with pathological changes. For example, SNP-associations with increased 
subepithelial numbers of eosinophils and macrophages were in line with 
SNP-associations with basement membrane thickening and lower lung 
function, while another SNP-association with increased CD8+ T-cells was in 
line with SNP-association with asthma remission. In another example, SNP-
association with increased goblet cell numbers was in line with more severe 
airflow obstruction. Our findings confirmed previous findings indicating 
a role of TGFB1 gene in airflow obstruction and airway inflammation and in 
addition linked for the first time TGFB1 gene variations with airway remodeling 
and lung function decline in asthma. The associations observed in the total 
group, became more pronounced in the ever-smoker group, with significant 
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interactions - yet not in all occasions – suggesting that smoking is a potential 
TFGB1 effect modifier.

The last two chapters (Chapters 5 and 6) of the thesis focus on the 
susceptibility of asthmatic children to ambient air pollution, an unavoidable 
environmental exposure of the modern world. There is compelling evidence 
that acute exposure to ambient air pollution increases asthma morbidity and 
severity in children. 45-49 However, to date we are the first to have assessed 
associations of long-term air pollution with severity of airflow obstruction and 
airway responsiveness in a clinical trial, and modification of pollution effects 
by controller medication used by asthmatic children and by gene variations. 

In Chapter 5 we showed that increased levels (4-month average 
concentrations) of carbon monoxide (CO) and nitrogen dioxide (NO2) - and 
to a smaller extent levels of ozone- were associated with a reduction in post-
bronchodilator FEV1 level. CO also showed short-term (same-day and one-
week average concentrations) negative effects on lung function and on airway 
hyperresponsiveness. Sulfur dioxide was also associated with more severe 
hyperresponsiveness. The worsening of airway hyperresponsiveness with 
short-term exposure to CO was stronger for children on ICS and nedocromil 
compared to placebo, a finding that needs further investigation. Importantly, 
the longitudinal evaluation of children treated with daily asthma controller 
therapy in a clinical trial enabled us to separate the modification of pollution 
effects by treatment without confounding by indication. Because the allocation 
of treatment in observational studies is not randomized and the indication for 
treatment may be related to the risk of future health outcomes, the resulting 
imbalance in the underlying risk profile between treated and comparison 
groups can generate biased results, as opposed to randomized clinical trials.

Based on the evidence that the respiratory response to air pollution varies 
between individuals and that genetic susceptibility likely plays a role,50 we 
decided to investigate whether genetic variants modify the main pollution 
effects found in our population, i.e. long-term effects of CO and NO2 on 
FEV1 level. Biological mechanisms by which air pollution can impair health 
include autonomic dysfunction, oxidative stress, and systemic inflammatory 
responses.51-54 However, those mechanisms are not fully understood and the 
identification of pathways that might be involved warrants further study. 

The study in Chapter 6 includes two parts: 1) a genome-wide gene by air 
pollution interaction study (GWIS) and 2) a pathway analysis based on the 
GWIS results. Analysis by a genome-wide scan was preferred above a candidate 
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gene study, since it has the potential to discover novel genes involved in the 
genetic susceptibility to pollution. The pathway analysis was performed 
to assess the overall evidence of association of pollution interaction with 
a group of functionally related genes (i.e. a gene set), thus incorporating 
interpretation with prior biological knowledge. For each part we used recently 
developed statistical methods. We followed the Sikorska et al. conditional 
two-step approach for fast linear mixed model computations for genome-wide 
association studies (GWAS),55 as method to explore whether the longitudinal 
relationship between 4-month averaged pollution and post-bronchodilator 
FEV1 %predicted was modified by SNPs in the human genome, and we used 
the improved gene-set enrichment analysis for GWAS (i-GSEA4GWAS) for the 
pathway analysis.56 

The Sikorska et al. method proved to be an accurate surrogate for the 
classic linear mixed model for a longitudinal G-E study. To the best of our 
knowledge, this is the first genome-wide analysis to have investigated whether 
genetic variants modify the longitudinal relationship of traffic-related air 
pollution with FEV1 in children with asthma. Three SNPs showed genome-
wide significant interactions with NO2 in Caucasian subjects (rs13090972 
and rs958144 in the EPHA3 (receptor tyrosine kinase of Eph family; location 
3p11.2) and rs7041938 in the TXNDC8 gene (thioredoxin domain containing 8 
(spermatozoa) or Spermatocyte/Spermatid-Specific Thioredoxin-3; location 
9q31.3) and a set of variants showed evidence for modifying the air pollution 
effects on FEV1 in both Caucasian and African American subjects (SNP-NO2 
interactions: rs4672884 in MR-1, rs3769767 in METTL5 and rs4378142 in a non-
coding protein gene/ENSG00000233067;  SNP-CO interactions: rs2720625 near 
the Magnesium Uptake/Transporter (Tumor Suppressor Candidate 3 - TUSC3). 

The functions of the above genes suggest was that genes with potential 
metabolic, oxidant/anti-oxidant and inflammatory role might be important 
for lung function responses to pollution in children with asthma. Potential 
interactions of NO2 with metabolic, inflammatory pathways were also revealed 
by our pathway analysis, whereas a potential interaction with the anti-oxidant 
heme oxygenase-1/CO system was found with both CO and NO2 exposures. We 
conclude that genetics play a role in the respiratory response of asthmatics to 
traffic-related air pollution by regulating oxidant/anti-oxidant stress cellular 
mechanisms and inflammation.
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Strengths and limitations

In the thesis the populations studied had some distinctive study designs. 
One of our Dutch adult asthma cohorts had available medical records with more 
than 2 decades of data on lung function and ICS use for each subject. This unique 
characteristic of the cohort gave us the opportunity to perform mixed model 
analysis of lung function decline and in addition assess lung function decline 
before and after introduction of ICS. The disadvantage of using this unique 
cohort was that it was difficult to find another study suitable for replicating 
our results. Cohort studies including bronchial biopsies, as we performed, offer 
the opportunity of studying both clinical and pathological aspects of asthma. 
However most of those studies are of smaller size compared to ours and do not 
have genetic material available as we do, thus we could not replicate SNP-airway 
pathology associations.  Finally, our childhood asthma clinical trial was unique 
in several ways: it had a long follow-up period and repeated measurements, it 
included airway hyperresponsiveness not commonly assessed in children with 
asthma, large numbers of children and cities, short- and long-term pollution 
exposure and it had genomic data. Yet, for replication studies, definition and 
measurement of the exposure and/or outcome is critical to the success of 
investigating G–E interactions. We were not able to detect a study ensuring 
that the genotyping, outcome and exposure levels were measured reliably and 
consistently in a longitudinal manner.

FUTURE PERSPECTIVES

In the last 20 years, different approaches have been used to associate genetic 
polymorphisms to a disease phenotype, resulting in improvement of genotype 
analyses. The candidate gene approach was the first and most simple method 
used, based on the a priori hypothesis of the involvement of a gene in pathways 
playing a role in the determination of an intermediate phenotype, such as 
molecular and cellular functions, or in a clinically evident effect. Genome-wide 
approaches provided the opportunity to cover the entire genome and have 
successfully identified numerous loci at which common variants influence 
disease risk or quantitative traits (www.genome.gov/GWAS).57 Furthermore, 
GWA studies gave information on genes involved in previously unsuspected 
pathways, which could have been never considered in a candidate gene 
approach.58 Despite these successes, the variants identified by these studies 
generally explain only a small fraction of the heritable component of disease 
risk. 59 This enforces the knowledge that there is not a distinct number of genes 
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for asthma with moderate-to-small risks, but rather a large number of variations 
spread over the genome, each with small effects. Such a polygenic model 
predicts that the more markers are used, the better the disease is predicted and 
it implies that everybody carries risk variants but patients carrying more risk 
variants are at higher risk. Multi-locus profiles of genetic risk, so-called “genetic 
risk scores”, have been developed to translate discoveries from candidate gene 
and GWA studies into tools for population health research.60 Although most 
prognostic studies published to date claim significant results and that they 
found factors that could offer additional predictive value beyond what the 
standard phenotype based score could achieve, very few translate to clinically 
useful applications.61-63 

The mechanisms of action by which associated loci influence disease or 
quantitative phenotypes are often unclear, because in many cases we cannot 
pinpoint with certainty the true causal variant(s) at the associated loci, or we 
do not know through which gene(s) the associated variants exert their effects 
or the function of these gene(s), or their connection to known disease biology. 
Thus, finding additional loci that contain causal variants, refining the location 
and phenotypic consequences of causal variants and progressing from known 
loci and variants to functional mechanisms are needed.58,64 This can now be done 
by assaying gene expression and genetic variation simultaneously on a genome-
wide basis in a large number of individuals.65 Statistical genetic methods can 
be used to map the genetic factors that underpin individual differences in 
quantitative levels of expression of many thousands of transcripts in different 
cell types (expression Quantitative Trait Loci (eQTL)).66 Integrative genomics 
and lung eQTLs will serve as an important resource to aid in the understanding 
of the molecular underpinnings of lung biology and diseases.65 

 Another common obstacle in unfolding asthma pathophysiology is the 
likelihood that different subsets of genes influence disease susceptibility, 
disease severity and sub-phenotypes/endotypes (e.g., a minimal subdivision 
includes atopic asthma, cough variant asthma, brittle asthma, intrinsic asthma, 
aspirin-intolerant asthma (AIA), and occupational non-IgE-dependent asthma, 
steroid-resistant asthma, eosinophilic vs neutrophilc asthma etc).57,67 Since most 
GWA studies and many candidate gene studies so far have focused on asthma 
development, there is still genetic ground to be explored in asthma severity, 
remission and the underlying airway pathology. In addition, study of gene-gene 
interactions has started providing insight into the pathophysiology of asthma.68,69 

It is clear that for some genetic variants, the effect of the variant depends 
on certain environmental exposures, or equivalently, that the effect of an 
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environmental factor depends on an individual’s genetic makeup.10 Studies 
of gene-environment interactions and Mendelian randomization approaches 
have led to increased insights into the importance of environmental triggers 
for allergic disease.7,70 Now we are entering the era of epidemiological designs 
and statistical analysis approaches for studying specific gene-environment 
interactions.71 Furthermore, techniques for mining interactions in GWA data 
are now available and new approaches are being developed for studying entire 
pathways. Importantly, focus should be given in exploring methods for coupling 
hypothesis-driven pathway-based approaches with ‘agnostic’ GWAS.71,72 These 
approaches will help to identify underlying mechanisms that might be involved 
in the variability seen in response to environmental exposures and to asthma 
treatment.

If a pathway and its related genes are pinpointed and replicated, further 
insight is needed to determine their role in asthma pathogenesis. Candidate 
gene studies of pathway-related genes and functional testing may help in this 
respect as well. For example, eQTL analysis in relevant tissue (association 
analysis between risk SNPs or haplotypes in asthma patients with mRNA and 
protein expression in lung tissue); development of in vitro and vivo assays to 
study gene and its coding protein function are required. Establishing a solid 
biological role of a gene or set of genes will be the first step to novel therapeutic 
discoveries. 

The above means that our pathway analysis of genome-wide gene by air 
pollution study is only the first step to the journey of exploring the biological 
mechanisms underlying susceptibility of asthmatics to air pollution and that 
several steps are needed before we reach new therapeutic targets in asthma. 
However, we are encouraged by our findings for a prominent role of oxidative-
stress, a mechanism that has already been documented by experimental 
studies to have a role in asthma pathophysiology.73 Understanding the complex 
pathways that lead from oxidant stress to asthma development and severity 
increases potential therapeutic strategies. Future success of antioxidant asthma 
therapy will require strategies with broad effects on airway redox equilibrium 
and the selection of appropriate target populations.  Furthermore, we cannot 
discard the epidemiologic evidence that high (diet) intake of antioxidants, 
such as vitamins A, D, and E; zinc; selenium, fruits and vegetables; and  
a Mediterranean diet may prevent inflammation and asthma, so experimental 
studies of these exposures are now warranted.74,75 However, decreasing exposure 
to air pollution and other oxidants like (environmental) tobacco smoking, still 
remains the most clear cut recommendation we can make today.  
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Proteomic applications have been used as a complimentary technique to 
verify the suspected candidate proteins involved in asthma. Efforts in asthma 
proteomics are being made to identify subgroups of disease entities, to establish 
appropriate biomarkers, and to enhance the understanding of underlying 
mechanisms in each subgroup.76 Proteomic studies of animal models of asthma 
and confirmation of these findings in human tissues will significantly contribute 
to the understanding of the etiology of asthma and lead to the development 
of new therapeutic strategies for this highly prevalent disease. Moreover, the 
study of the proteome in response to environmental change is beginning to 
generate a number of new hypotheses about how organisms respond and adapt 
to a variety of stressors.77 

Last but not least, technology to measure epigenetic marks (DNA 
methylation, modifications of histone tails, and noncoding RNAs) on  
a genomic scale and comprehensive approaches to data analysis have recently 
emerged and continue to improve.78 Epigenetic mechanisms mediate genomic 
adaption to the environment and epigenetic alterations can contribute to 
the development of disease phenotypes, as can genetic variants. Alterations 
in epigenetic marks have been associated with exposures relevant to asthma, 
particularly air pollution and tobacco smoke (during pregnancy), as well 
as asthma phenotypes, in a few population-based studies.79 Recent studies 
demonstrate that epigenetic effects of nicotine on asthma and lung function 
are not only linked to maternal smoking during pregnancy but they can also 
be multigenerational.80,81 Epigenetic mechanisms represent a promising line 
of research to explain part of the hidden inheritance and pathophysiology of 
asthma and they may open new possibilities for therapeutic intervention.

A great challenge, therefore, as we move forward is to identify constellations 
of genes that interact to determine risk for specific patients. Such studies 
should take into account environmental context, as much as possible. These 
approaches will require very large sample sizes of carefully phenotyped patients, 
comprehensive genetic surveys of targeted genes or of genome-wide variation 
for gene-gene and gene-environment interactions, and rigorous statistical 
approaches that account for multiple comparisons. Collaboration between 
the different scientific disciplines using epidemiologic, genomic, proteomic 
and epigenetic information is the key to a network-based approach to human 
disease,82,83 and developments in bioinformatics and computational algorithms 
will help exploit integrative genomic approaches. Better understanding of 
the implications of cellular interconnectedness on disease progression could 
lead to identification of disease genes and disease pathways, which, in turn, 
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could offer better targets for drug development for either prevention or cure 
of asthma.84  Network medicine will help discover better and more accurate 
biomarkers, improve disease classification, and channel personalized therapies 
and treatment.

Network Medicine
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SUPPLEMENTARY MATERIAL  - CHAPTER �

Inclusion criteria and corticosteroid use in population 1 and 2

In population 1, main inclusion criteria were: FEV1 ≥1.2 L, absence of 
bronchiectasis, upper respiratory tract infection (e.g. colds) and/or use of 
antibiotics or oral corticosteroids within the last 2 months before inclusion. 
Only 36.8% (21/57) of subjects on ICS treatment had stopped ICS medication 
for a minimum of four weeks before entering the study. 

In population 2, before testing, participants had to be in stable condition 
without any exacerbation in the last 6 weeks and subjects were allowed to 
use maintenance medication before testing. Subjects included in the lung 
function decline analysis required having FEV1 measurements before and after 
the introduction of ICS, with a minimum of three FEV1 measurements over  
a period of at least 2 years. Subjects who never used ICS were excluded from the 
performed analysis.

Bronchial biopsies

After local anesthesia, at least 5 bronchial biopsies were obtained from 
the subsegmental carinas from the left or right lower lobe using a flexible 
bronchoscope (Olympus BF P20 or BF XT20). Biopsies were fixed in 4% 
formalin, processed and embedded in paraffin and cut in 3μm thick sections. 
Macroscopically the best biopsy was selected for processing. Quantification 
was performed on the largest of three biopsy sections. Morphological features 
were determined on sections stained with hematoxylin and eosin (HE) 
and with periodic acid Schiff. Immunohistochemical stainings (except for 
E-cadherin) were performed using the DAKO autostainer (DAKO, Glostrup, 
Denmark). The slides were included in a random fashion in each run to avoid 
group-wise staining. Immunohistochemistry was performed using antibodies 
directed against CD8+T-cells (CD8, DAKO), CD31+endothelial cells (CD31, 
DAKO), eosinophilic peroxidase (EPX), epithelial adhesion (E-cadherin, BD 
Biosciences, Breda, the Netherlands). In short, sections were deparaffinized 
and after antigen retrieval, incubated with the primary antibodies. These 
antibodies were detected with Envision™ Detection Kit (DAKO) and the 
chromogen NovaRED (Vector Labs, Burlingame, USA). EPX was detected via 
biotinylated anti-mouse IgG1 (Southern Biotech), alkaline phosphatase-labeled 
conjugate (DAKO) and permanent Red (DAKO). E-cadherin were detected with 
two peroxidaselabelled conjugates (both DAKO) and 3,3’-Diaminobenzidine 
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tetrahydrochloride (Sigma-Aldrich, Zwijndrecht, the Netherlands).  
All stainings were quantified by a blinded observer using computer-assisted 
image analysis at a magnification of 200x (Qwin, Leica Microsystems Imaging 
Solutions, Cambridge, UK). Inflammatory cell numbers were quantified by 
counting the number of positively stained cells in the submucosal area, 100μm 
under the basement membrane (BM), in a total area of 0.1mm2 per biopsy 
sample. The number of CD31+ vessels in the submucosal area was counted in the 
whole section (excluding epithelium, muscle and mucus glands areas), hence 
we measured the number of vessels per area (0.1mm2). Epithelial layer integrity 
was assessed on HE-stained biopsy sections and expressed as the percentage 
of BM covered with 1) normal, intact epithelium (basal and ciliated columnar 
epithelial cells), 2) denuded epithelium (absence of basal and ciliated cells) 
and 3) metaplastic epithelium (multilayered epithelium covered by a flattened 
layer of squamous epithelial cells and absence of ciliated cells). The length of 
basement membrane was variable among patients with a minimum of 973μm. 
Epithelial adhesion was determined by assessment of the percentage of BM 
covered with E-cadherin+ intact epithelium.  The (median [min-max]) length 
of basement membrane covered with intact epithelium analyzed in each 
biopsy was 605 [0-3147] μm. BM thickness was calculated based on computer-
assisted measurements of BM surface area and BM length. Reproducibility of 
the measurements was confirmed by a single observer performing repeated 
measurements in 10% of all cases.
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TABLE E1: Genotype distributions in population 1 and 2  

CDH1 gene 
SNPs

Location 
in gene Alleles^

Population 1 Population 2 

wt htz hmz wt htz hmz

n (%) n (%) n (%) n (%) n (%) n (%)

rs2902185G Intron 2 T:C 81 (78.6) 22 (21.4) 0 (0) 180 (78.6) 48 (21.0) 1 (0.4)

rs11075699 Intron 2 A:G 44 (32.1) 67 (48.9) 26 (19.0) 67 (27.0) 124 (50.0) 57 (23.0)

rs1125557 Intron 2 A:G 43 (32.1) 67 (50.0) 24 (17.9) 93 (39.1) 106 (44.5) 39 (16.4)

rs12597188 Intron 2 G:A 54 (39.7) 64 (47.1) 18 (13.2) 104 (41.9) 108 (43.5) 36 (14.5)

rs7199991G Intron 2 T:G 50 (48.5) 43 (41.7) 10 (9.7) 125 (54.6) 82 (35.8) 22 (9.6)

rs7186053 Intron 3 G:A 45 (32.8) 72 (52.6) 20 (14.6) 93 (37.2) 119 (47.6) 38 (15.2)

rs10431924 Intron 3 C:T 34 (24.8) 75 (54.7) 28 (20.4) 83 (33.9) 113 (46.1) 49 (20.0)

rs4783573 Intron 3 A:G 56 (41.2) 64 (47.1) 16 (11.8) 107 (43.5) 112 (45.5) 27 (11.0)

rs7188750G Intron 5 G:A 69 (67.0) 29 (28.2) 5 (4.9) 166(72.5) 56 (24.5) 7 (3.1)

rs8056633 Intron 9 T:G 72 (53.7) 56 (41.8) 6 (4.5) 137 (55.7) 90 (36.6) 19 (7.7)

rs4783689  Intron11 C:T 46 (33.8) 64 (47.1) 26 (19.1) 66 (26.6) 121 (48.8) 61 (24.6)

rs16958383 Intron12 G:A 94 (69.1) 38 (27.9) 4 (2.9) 183 (73.8) 58 (23.4) 7 (2.8)

rs2276330G Intron12 T:C 75 (72.8) 24 (23.3) 4 (3.9) 177 (77.3) 50 (21.8) 2 (0,9)

rs1801552G Exon13 C:T 46 (44.7) 48 (46.6) 9 (8.7) 116 (50.7) 91 (39.7) 22 (9.6)

rs3785078 Intron14 A:C 101 (75.4) 31 (23.1) 2 (1.5) 186 (75.0) 59 (23.8) 3 (1.2)

rs7203904 Intron14 G:C 70 (51.1) 58 (42.3) 9 (6.6) 133 (53.8) 91 (36.8) 23 (9.3)

rs17690554 3’ UTR C:G 86 (62.8) 47 (34.3) 4 (2.9) 145 (58.9) 89 (36.8) 12 (4.9)

^major allele fist, G Genotyped in genome wide association study (GWAS) on asthma
SNPs= single nucleotide polymorphisms, wt: wild types, htz: heterozygotes and hmz: homozygotes mutant

DespoThesis.indd   141 1/27/2014   3:22:44 AM



142

Supplementary material

TABLE E2: Associations of CDH1 genotypes with epithelial E-cadherin 
expression in ICS and no ICS group

% epithelial E-cadherin expression#

CDH1 gene SNPs
no ICS ICS 

N MEDIAN $P N MEDIAN $P

rs2902185
 

TT
TC/CC

36
15

100
66 0.09 40

7
79
59 0.51

rs11075699
 

AA
AG/GG

17
54

79
100 0.31 23

33
72
83 0.15

rs1125557
 

AA
AG/GG

20
49

98
100 0.75 21

34
80
89 0.85

rs12597188
 

GG
AG/AA

30
41

98
100 0.61 22

33
81
82 0.88

rs7199991
 

AA
AC/CC

28
23

96
100 0.27 21

26
82
71 0.39

rs7186053
 

GG
GA/AA

25
46

87
100 0.15 18

38
79
88 0.99

rs10431924
 

CC
CT/TT

16
55

76
100 0.10 16

40
81
83 0.65

rs4783573
 

AA
AG/GG

30
40

100
100 0.84 20

36
75
85 0.33

rs7188750
 

GG
GA/AA

35
16

100
79 0.11 30

17
78
80 0.95

rs8056633
 

TT
TG/GG

41
28

100
83 0.04* 26

29
78
82 0.57

rs4783689
 

CC
CT/TT

31
39

91
100 0.20 11

45
78
82 0.50

rs16958383
 

GG
GA/AA

49
21

100
52 0.01* 38

18
82
79 0.99

rs2276330
 

TT
TC/CC

38
13

100
67 0.049* 33

14
78
84 0.43

rs1801552
 

CC
CT/TT

19
32

100
100 0.70 26

21
79
79 0.67

rs3785078
 

AA
AC/CC

55
14

100
54 0.03* 39

16
83
79 0.95

rs7203904
 

GG
GC/CC

39
32

100
82 0.04* 27

29
78
83 0.44

rs17690554
 

CC
CG/GG

48
23

100
86 0.11 32

24
79
82 0.36

*p value<0.05, $ significance tested with Mann–Whitney U test, # percentage of basement membrane covered with 
E-cadherin-positive stained intact epithelium, N= number of subjects
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Table E3.1: Associations of CDH1 genotypes with basement membrane 
thickness in ICS and no ICS group

Basement membrane thickness (μm)

CDH1 gene SNPs
no ICS ICS Difference (ICS vs no ICS)#

B 95% CI P B 95% CI P B 95% CI P

rs2902185 TC/CC -0.63 (-1.59;0.32) 0.19 1.05 (-0.21;2.31) 0.10 1.68 (0.12;3.25) 0.036*

rs11075699
 

AG
GG

0.05
-0.12

(-0.72;0.83)
(-1.17;0.92)

0.89
0.82

0.60
-0.02

(-0.29;1.49)
(-1.07;1.04)

0.18
0.98

0.55
0.11

(-0.62;1.72)
(-1.37;1.59)

0.35
0.89

rs1125557
 

AG
GG

-0.67
-0.23

(-1.48;0.13)
(-1.31;0.86)

0.10
0.68

0.50
0.22

(-0.38;1.39)
(-0.84;1.27)

0.27
0.69

1.17
0.44

(-0.03;2.37)
(-1.07;1.95)

0.05
0.56

rs12597188 GA/AA -0.06 (-0.74;0.63) 0.87 0.03 (-0.76;0.82) 0.94 0.06 (-0.96;1.20) 0.87

rs7199991 AC/CC -0.14 (-1.01;0.73) 0.75 -0.25 (-1.17;0.67) 0.59 -0.11 (-1.39;1.16) 0.86

rs7186053 GA/AA -0.45 (-1.17;0.27) 0.22 0.17 (-0.65;1.00) 0.68 0.62 (-0.48;1.72) 0.26

rs10431924 CT
TT

-0.73
-0.65

(-1.58;0.12)
(-1.72;0.43)

0.09
0.24

0.04
0.22

(-0.87;0.95)
(-0.85;1.28)

0.93
0.69

0.77
0.86

(-0.49;2.03)
(-0.65;2.37)

0.23
0.26

rs4783573 AG/GG 0.31 (-0.37;1.00) 0.36 -0.04 (-0.86;0.78) 0.92 -0.35 (-1.43;0.73) 0.52

rs7188750 GA/AA -0.15 (-1.08;0.77) 0.75 -0.86 (-1.79;0.08) 0.07 -0.71 (-2.03;0.61) 0.29

rs8056633 TG/GG -0.56 (-1.22;0.11) 0.10 -0.67 (-1.43;0.09) 0.09 -0.11 (-1.13;0.90) 0.83

rs4783689 CT
TT

0.03
0.11

(-0.73;0.79)
(-0.81;1.03)

0.94
0.81

0.04
0.33

(-1.00;1.07)
(-0.98;1.65)

0.94
0.62

0.01
0.22

(-1.27;1.29)
(-1.41;1.85)

0.99
0.79

rs16958383 GA/AA -0.25 (-0.97;0.46) 0.48 -1.05 (-1.86;-0.24) 0.01* -0.79 (-1.88;0.29) 0.15

rs2276330 TC/CC 0.09 (-0.90;1.08) 0.86 -1.08 (-2.07;-0.09) 0.03* -1.17 (-2.60;0.26) 0.11

rs1801552 CT/TT -0.55 (-1.44;0.34) 0.22 0.57 (-0.33;1.48) 0.21 1.12 (-0.14;2.38) 0.08

rs3785078 AC/CC 0.24 (-0.57;1.05) 0.56 -1.05 (-1.88;-0.22) 0.01* -1.29 (-2.44;-0.13) 0.03*

rs7203904 GC/CC -0.14 (-0.81;0.53) 0.68 -0.63 (-1.40;0.14) 0.11 -0.49 (-1.51;0.54) 0.35

rs17690554 CG/GG -0.07 (-0.77;0.63) 0.84 -1.00 (-1.76;-0.24) 0.01* -0.93 (-1.97;0.11) 0.08

*p value<0.05, #Difference= interaction of ICS with SNP
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SUPPLEMENTARY MATERIAL  - CHAPTER 3
Subjects

All participants had doctor’s diagnosed asthma and originated from the 
northern region of The Netherlands. 

Population 1: 138 asthma patients, previously investigated by our research 
group were re-examined during the period 2002-2006.E1 Lung function testing 
and adenosine 5’-monophosphate (AMP) provocation test were performed 
followed 1-2 weeks later by a bronchoscopy. DNA samples and bronchial 
biopsies were available in 137 subjects. 

Population 2: 281 asthma patients who entered a cohort study between 1966 
and 1975 were re-examined during the period 1991–1999.E2 Patients filled in  
a questionnaire on respiratory symptoms and underwent lung function testing, 
histamine challenge (30 seconds tidal breathing method) and skin prick tests. 
DNA samples have been collected from 244 subjects. Thirty two subjects of 
population 2 underwent bronchoscopy and are part of population 1.

Population 3: This asthmatic population was investigated between 1998 
and 2000. It consisted of subjects with asthma who were ascertained through 
local hospitals and media appeals. Available parents, sibs, spouses, and 
children donated DNA to form trios (i.e. a patient and both parents) for genetic 
statistical analyses. This population has been extensively described elsewhere.
E3 In the current analyses, we selected the asthma patients only (n=302) 
(defined by algorithmE4) and evaluated AHR (histamine PC20 < 32 mg/mL using 
the 30-second inhalation method) and FEV1 and VC (%predicted) assessed by 
water-sealed spirometry. 

Ethical approval was obtained from the Medical Ethics Committee of the 
University of Groningen, and written informed consent was obtained from all 
participants of the 3 populations.

Biopsy collection and processing (population 1) 

Quantification was performed on the largest of three biopsy sections taken. 
Morphological features were determined on sections stained with hematoxylin 
and eosin (HE) and with periodic acid Schiff. Immunohistochemistry was 
performed on 3µm formalin fixed, paraffin embedded tissue specimens that 
were deparafinized with xylene, dehydrated in ethanol and after antigen retrieval, 
incubated with the primary antibodies: anti-NP57 (DAKO) for neutrophils, anti-
CD68 (DAKO) for macrophages, anti-AA1 (DAKO) for mast cells and anti-EPX 
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antibody for eosinophils. The slides were included in a random fashion in each run 
to avoid group-wise staining. All stainings were quantified by a blinded observer 
using computer-assisted image analysis at a magnification of 200x (Qwin, Leica 
Microsystems Imaging Solutions, Cambridge, UK). Basement membrane (BM) 
thickness was calculated by dividing the BM surface area by BM length (μm), 
based on computer-assisted measurements. The number of CD31+ (DAKO) 
vessels in the submucosal area was counted in the whole section (excluding 
epithelium, muscle and mucus glands areas) therefore we measured the number 
of vessels per area (0.1mm2). The number of positively stained inflammatory cells 
was counted in a total area of 0.1 mm2 in the submucosa, 100μm under the BM. 
Goblet cell numbers were counted on PAS-stained biopsy sections and expressed 
per 1000 μm of BM. Epithelial layer integrity was assessed on HE-stained biopsy 
sections and expressed as length (μm) of BM covered with 1) normal, intact 
epithelium (basal and ciliated columnar epithelial cells), 2) denuded epithelium 
(absence of basal and ciliated cells) and 3) metaplastic epithelium (multilayered 
epithelium covered by a flattened layer of squamous epithelial cells and absence 
of ciliated cells). Epithelial adhesion was determined by assessment of the 
percentage of BM covered with E-cadherin+ intact epithelium (Anti-E-cadherin 
antibody (BD Bioscience #610181, Breda, The Netherlands). Additionally, 
airway smooth muscle (ASM) area and mast cells within ASM were quantified.  
A minimal area of 0.05mm2 ASM was considered sufficient for the assessment 
of mast cell infiltration. Reproducibility of the measurements was confirmed by  
a single observer performing repeated measurements in 10% of all cases.

Sputum induction, processing and measurements (population 1)

Sputum was induced by inhalation of 5% hypertonic saline aerosols over 
three consecutive periods of 5 minutes. Processed whole sputum samples were 
stained with May-Grünwald-Giemsa to obtain cell differentials by counting total 
600 viable, non-squamous cells. Sputum was not used if the percentage of 
squamous cells was greater than 80% or if the total number of nonsquamous 
cells was less than 600. 

Genotyping of Single Nucleotide Polymorphisms (SNPs)

Six haplotype tagging SNPs in the loci (TNFα and LTA genes) (-/+5kb) 
according to HapMap CEU genotype data (release 24/phase II Nov’08) (r2 < 
0.8) were genotyped by K-Bioscience Ltd (UK) using their competitive allele 
specific PCR system (KASPar). We concentrated on promoter polymorphisms, 
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non-synonymous variants, and polymorphisms already linked to asthma 
and/or TNF levels. For population 3 the SNPs were derived from a genome 
wide association study on asthma using the 307 and 370Kb Illumina chip.  
We used BEAGLE software (version 3.1.1) for imputation and CEU samples from 
HapMap2 and as reference populations. 

Statistics 

In population 1, normalization of the distribution of the variables was 
performed by natural logarithm transformation if necessary. Multiple linear 
regression analysis adjusted for gender, age and smoking was used to assess 
the effect of the SNPs on a. epithelial integrity (length of basement membrane 
(BM) covered with denuded epithelium in μm), b. inflammatory cell counts 
(eosinophils, macrophages, neutrophils and mast cells per 0.1mm2 of submucosa) 
and c. airway remodeling parameters (BM thickness, submucosal vessel numbers 
and goblet cell counts). We tested interaction between ICS and genotypes by 
introducing interaction terms into the models. We assessed associations of 
SNPs with numbers of cells in induced sputum (eosinophils, macrophages 
and neutrophils), with airway smooth muscle (ASM) area and number of mast 
cells within ASM, and with epithelial E-cadherin expression in the two groups  
(no ICS and ICS users) with non-parametric tests (Mann-Whitney U test) because 
normalization of the residuals was not possible in regression models. 

In populations 2 and 3, we assessed the main effects of SNPs with multiple 
linear regression models and tested for associations of the interactions between 
ICS and SNPs with pre and post bronchodilator (BD) FEV1%predicted, corrected 
for smoking. We also assessed associations with FEV1/VC ratio and (ln) AHR slope 
corrected for gender, age, height and smoking. We used the beta-coefficients 
and standard errors of the SNPs and their interactions with ICS to meta-analyze 
associations with asthma severity phenotypes i.e. AHR slope and lung function 
in the two populations. 

All regression modeling was conducted with IBM SPSS statistics (version 
20; Armonk, NY USA: IBM Corp 2011). Because the number of subjects with the 
homozygote mutant genotype was relatively low in the 2 subgroups (n≈<10) (see 
table E1 online repository), only dominant (heterozygotes and homozygotes 
mutant pooled vs wild types) models were used.  Meta-analysis was performed 
with R-programming language using the meta-package (R version 2.14.1 (2012-
03-29)). Two tailed p-values of <0.05 were considered statistically significant and 
p-values between 0.05 and 0.09 of borderline significance.
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Table E1 a-d: genotype distributions of TNF

a. Population 1
Total no ICS users ICS users

n % n % n %

rs1800629 GG 88 64.2 50 62.5 38 66.7
  GA 47 34.3 28 35.0 19 33.3
  AA 2 1.5 2 2.5 0  
  Total 137   80   57  

rs1800630 CC 94 69.1 58 73.4 36 63.2
  AC 37 27.2 19 24.1 18 31.6
  AA 5 3.7 2 2.5 3 5.3
  Total 136   79   57  

rs1799964 TT 84 62.2 51 64.6 33 58.9
  CT 47 34.8 25 31.6 22 39.3
  CC 4 3.0 3 3.8 1 1.8
  Total 135   79   56  

rs2229094 TT 66 51.2 41 55.4 25 45.5
  CT 53 41.0 24 32.4 29 52.7
  CC 10 7.8 9 12.2 1 1.8
  Total 129   74   55  

rs909253 TT 55 42.3 29 38.6 26 47.3
  CT 54 41.5 32 42.7 22 40.0
  CC 21 16.2 14 18.7 7 12.7
  Total 130   75   55  

rs915654 AA 55 41.7 35 46.0 20 35.7
  TA 62 47.0 30 39.5 32 57.1
  TT 15 11.3 11 14.5 4 7.1
  Total 132   76   56  
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b. Population 2
Total no ICS users ICS users

n % n % n %

rs1800629 GG 142 58.2 67 56.3 75 60.0
  GA 88 36.1 44 37.0 44 35.2
  AA 14 5.7 8 6.7 6 4.8
  Total 244   119   125  

rs1800630 CC 160 67.5 80 69.0 80 54.8
  AC 66 27.8 33 28.4 33 22.6
  AA 11 4.6 3 2.6 8 5.5
  Total 237   116   121  

rs1799964 TT 142 58.6 74 62.7 68 54.8
  CT 87 36.0 41 34.7 46 37.1
  CC 13 5.4 3 2.6 10 8.1
  Total 242   118   124  

rs2229094 TT 122 52.1 63 55.8 59 48.8
  CT 93 39.7 45 39.8 48 39.7
  CC 19 8.0 5 4.4 14 11.5
  Total 234   113   121  

rs909253 TT 89 37.2 39 33.6 50 40.7
  CT 112 46.9 56 48.3 56 45.5
  CC 38 15.9 21 18.1 17 13.8
  Total 239   116   123  

rs915654 AA 103 43.3 49 41.5 54 45.0
  TA 108 45.4 58 49.2 50 41.7
  TT 27 11.3 11 9.3 16 13.3
  Total 238   118   120  
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c. Population 2* 
Total no ICS users ICS users

n % n % n %

rs1800629 GG 101 60.3 49 63.6 52 60.5
  GA 52 33.1 24 31.2 28 32.5
  AA 10 6.6 4 5.2 6 7.0
  Total 163   77   86  

rs1800630 CC 100 67.0 46 63.9 54 65.8
  AC 48 29.1 24 33.3 24 29.3
  AA 6 3.9 2 2.8 4 4.9
  Total 154   72   82  

rs1799964 TT 90 58.1 41 53.2 49 56.4
  CT 65 36.9 32 41.6 33 37.9
  CC 9 5.0 4 5.2 5 5.7
  Total 164   77   87  

rs2229094 TT 70 45.2 32 43.8 40 48.8
  CT 72 46.5 35 47.9 35 42.7
  CC 13 8.3 6 8.3 7 8.5
  Total 155   73   82  

rs909253 TT 65 38.3 31 40.3 34 40.5
  CT 70 44.6 35 45.5 35 41.6
  CC 26 17.1 11 14.3 15 17.9
  Total 161   77   84  

rs915654 AA 66 43.7 30 40.6 36 41.8
  TA 72 44.1 34 45.9 38 44.2
  TT 22 12.2 10 13.5 12 14.0
  Total 160   74   86  

DespoThesis.indd   157 1/27/2014   3:22:52 AM



158

Supplementary material

d. Population 3
Total no ICS users ICS users

n % n % n %

rs1800629 GG 181 59.7 35 58.3 146 60.3
  GA 106 35.3 21 35.0 85 35.1
  AA 15 5.0 4 6.7 11 4.6
  Total 302   60   242  

rs1800630 CC 224 74.3 48 80.0 176 72.7
  AC 72 23.7 11 18.3 61 25.2
  AA 6 2.0 1 1.7 5 2.1
  Total 302   60   242  

rs1799964 TT 196 65.0 40 66.7 156 64.5
  CT 95 31.4 19 31.6 76 31.4
  CC 11 3.6 1 1.7 10 4.1
  Total 302   60   242  

rs2229094 TT 169 56.1 33 55.0 136 56.2
  CT 107 35.3 23 38.3 84 34.7
  CC 26 8.6 4 6.7 22 9.1
  Total 302   60   242  

rs909253 TT 115 38.0 19 31.7 96 39.7
  CT 146 48.5 33 55.0 113 46.7
  CC 41 13.5 8 13.3 33 13.6
  Total 302   60   242  

rs915654 AA 147 48.8 30 50.0 117 48.3
  TA 133 43.8 27 45.0 106 43.8
  TT 22 7.3 3 5.0 19 7.9
  Total 302   60   242  

ICS: Inhaled corticosteroids; n: number of subjects
* Subgroup of population 2 included in the FEV1 decline analysis: Inclusion criteria required subjects having FEV1 
measurements before and after the introduction of ICS, with a minimum of three FEV1 measurements over a 
period of at least 2 years. Subjects who never used ICS were excluded.

Table E2: Associations of TNF genotypes with length of basement 
membrane covered with denuded epithelium (in μm) in population 1

Population 1 Denuded Epithelium (ln-scale) 

TNF SNPs
no ICS use ICS use SNP x ICS

B 95%CI P-value B 95%CI P-value B 95%CI P-value

rs1800629-A -0.4 -1.2 0.3 0.276 -0.7 -1.7 0.2 0.110 -0.3 -1.5 0.9 0.599

rs1800630-A 0.9 0.1 1.7 0.031 -0.5 -1.4 0.4 0.253 -1.4 -2.6 -0.2 0.022

rs1799964-C 1.1 0.3 1.8 0.005 -0.3 -1.2 0.6 0.514 -1.4 -2.5 -0.2 0.022

rs2229094-C 1.4 0.7 2.2 <0.001 0.1 -0.7 0.9 0.856 -1.4 -2.5 -0.3 0.016

rs909253-C -0.5 -1.3 0.3 0.200 -0.4 -1.2 0.5 0.396 0.1 -1.0 1.3 0.836

rs915654-T 0.6 -0.2 1.3 0.141 -0.3 -1.2 0.6 0.508 -0.9 -2.1 0.3 0.149

SNPs: single nucleotide polymorphisms, ICS: inhaled corticosteroids, B: regression coefficient, CI: confidence 
interval; SNP x ICS: interaction
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Table E3: Associations of TNF genotypes with epithelial E-cadherin 
expression in population 1

Population 1 % E-cadherin expression 

TNF SNPs
no ICS use ICS use

MD P-value MD P-value

rs1800629-A 16.0 0.024 -10.0 0.482

rs1800630-A -56.0 0.017 28.0 0.076

rs1799964-C -8.0 0.254 13.0 0.370

rs2229094-C -19.0 0.129 14.0 0.146

rs909253-C 19.0 0.092 -20.0 0.066

rs915654-T -14.0 0.203 2.0 0.951

MD: Median Difference; P- values are given by a Mann Whitney U test; SNPs: single nucleotide polymorphisms; 
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Table E5: Associations of TNF genotypes with number of vessels in the 
submucosal area in population 1

Population 1 number of vessels / 0.1mm2

TNF SNPs
no ICS use ICS use SNP x ICS

B 95%CI P-value B 95%CI P-value B 95%CI P-value
rs1800629-A 0.9 -2.8 4.6 0.636 -3.9 -8.4 0.5 0.084 -4.8 -10.7 1.1 0.107
rs1800630-A -5.1 -9.0 -1.2 0.011 -0.01 -4.3 4.3 0.995 5.1 -0.8 10.9 0.087
rs1799964-C -3.0 -6.6 0.6 0.098 0.8 -3.4 5.0 0.703 3.8 -1.7 9.3 0.177
rs2229094-C -3.0 -6.7 0.7 0.108 1.9 -2.4 6.1 0.390 4.9 -0.9 10.6 0.094
rs909253-C -0.4 -4.1 3.3 0.828 -4.3 -8.6 -0.04 0.048 -3.9 -9.6 1.8 0.177
rs915654-T -4.4 -8.0 -0.8 0.018 -1.7 -6.2 2.8 0.454 2.7 -3.1 8.5 0.356

SNPs: single nucleotide polymorphisms, ICS: inhaled corticosteroids, B: regression coefficient, CI: confidence 
interval; SNP x ICS: interaction

Table E6: Associations of TNF genotypes with basement membrane 
thickness (in μm) in population 1

Population 1 Basement membrane thickness in μm

TNF SNPs
no ICS use ICS use SNP x ICS

B 95%CI P-value B 95%CI P-value B 95%CI P-value

rs1800629-A -0.3 -1.0 0.4 0.349 -0.2 -1.0 0.7 0.684 0.2 -0.9 1.3 0.772

rs1800630-A -0.2 -0.9 0.6 0.629 -0.6 -1.4 0.2 0.129 -0.4 -1.5 0.7 0.428

rs1799964-C -0.4 -1.1 0.3 0.234 -0.5 -1.3 0.3 0.193 -0.1 -1.2 1.0 0.837

rs2229094-C -0.3 -1.0 0.4 0.423 -0.3 -1.1 0.5 0.445 -0.02 -1.1 1.0 0.969

rs909253-C 0.2 -0.5 0.8 0.628 0.3 -0.5 1.1 0.432 0.1 -0.9 1.2 0.788

rs915654-T 0.1 -0.6 0.7 0.849 -0.3 -1.1 0.5 0.510 -0.3 -1.4 0.7 0.531

SNPs: Single nucleotide polymorphisms, ICS: inhaled corticosteroids, B: regression coefficient, CI: confidence 
interval; SNP x ICS: interaction

Table E7: Associations of TNF genotypes with airway hyperresponsiveness: 
Meta-analysis of populations 2 and 3

Airway hyperresponsiveness (ln of slope)

TNF SNPs
no ICS use  ICS use SNP x ICS

I2 B# 95% CI p-value I2 B# 95% CI p-value I2 B# 95% CI p-value

rs1800629-A 0 -0.16 -0.6  0.3 0.503 0 0.01 -0.3  0.3 0.974 0 0.15 -0.4  0.7 0.602

rs1800630-A 0 0.01 -0.5  0.6 0.972 53 -0.24 -0.6  0.1 0.167 67 -0.34 -1.0  0.3 0.322 

rs1799964-C 46 0.15 -0.3  0.6 0.557 0 -0.16 -0.4  0.1 0.245 53 -0.30 -0.9  0.3 0.330

rs2229094-C 72* 0.07 -0.8  0.9 0.879 0 -0.14 -0.4  0.1 0.307 67 -0.29 -0.9  0.3 0.348

rs909253-C 0 -0.17 -0.6  0.3 0.463 0 0.03 -0.3  0.4 0.867 0 0.10 -0.5  0.7 0.744

rs915654-T 0 -0.14 -0.6  0.3 0.516 0 -0.04 -0.3  0.2 0.779 0 0.05 -0.5  0.6 0.863

SNPs: Single nucleotide polymorphism, ICS: inhaled corticosteroids, B: regression coefficient, CI: confidence interval; 
SNP x ICS: interaction. I2 : Index of heterogeneity (in percentages), * P-value of Cochran’s Q-test (of heterogeneity) is 
<0.07, # Fixed effects are used. When I2 is high (>70%) and/or Q-test has a p<0.07 random effects are used
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Figure E1: Analysis of the linkage disequilibrium patterns and correlation 
coefficients (r2) of 6 genotyped TNF gene single nucleotide polymorphisms in 
the 3 populations using Haploview software. The location of the SNPs is given 
by HapMap.
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SUPPLEMENTARY MATERIAL  - CHAPTER 4
Abbreviations used

AA1: mast cell tryptase
AMP: adenosine 5’-monophosphate 
BD: bronchodilation
BM: basement membrane
EPX: anti-eosinophilic peroxidase 
FEV1: forced respiratory volume in 1 second
ICS: inhaled corticosteroids  
LD: linkage disequilibrium
LME: Linear Mixed Effect models 
MAF: minor allele frequency
SNP(s): single nucleotide polymorphism(s)
TGFβ1: Transforming Growth Factor beta-1 
TGFB1: Transforming Growth Factor beta-1 gene
VC: vital capacity

METHODS

Subjects

All participants had doctor’s diagnosed asthma, were atopic and 
hyperresponsive at first clinical assessment, and originated from the northern 
region of The Netherlands. 

Population 1: 281 asthma patients who had entered a cohort study between 
1966 and 1975 were re-examined during the period 1991–1999.E1 Before testing, 
participants had to be in stable condition without any exacerbation in the last 6 
weeks and subjects were allowed to use maintenance medication before testing. 
Patients filled in a questionnaire on respiratory symptoms and underwent lung 
function testing, histamine challenge (30 seconds tidal breathing method) and 
skin prick tests. The clinical assessment was performed as previously published.
E2 The subjects’ medical records provided information on lung function and 
corticosteroid use during their annual routine check-ups. DNA samples have 
been collected from 243 subjects. 

Population 2: 138 asthma patients, previously investigated by our research 
groupE3-5 were re-examined during the period 2002-2006. Main inclusion criteria 
were: FEV1 ≥1.2 L, absence of bronchiectasis, upper respiratory tract infection 
(e.g. colds) and/or use of antibiotics or oral corticosteroids within the last 2 
months before inclusion. Only 36.8% (21/57) of subjects on ICS treatment had 
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stopped ICS medication for a minimum of four weeks before entering the study. 
Lung function testing and adenosine 5’-monophosphate (AMP) provocation 
test were performed followed 1-2 weeks later by a bronchoscopy. Subjects with 
a negative AMP provocation test (PC20 AMP > 320 mg/ml) were subjected to 
a histamine provocation test >3 weeks later.E6-8 DNA samples and bronchial 
biopsies were available in 137 subjects. Thirty two subjects of population 2 were 
derived from population 1.

The study was approved by the medical ethics committee of the University 
Medical Center Groningen, and all participants signed an informed consent.

Genotyping of Single Nucleotide Polymorphisms (SNPs)

We genotyped 5 haplotype tagging SNPs (rs10417924, rs7254679, rs4803455, 
rs1800470, rs1800469) in the TGFB1 gene (+/- 5kb) according to HapMap CEU 
genotype data (release 24/phase II Nov’08) (r2 < 0.8). The cutoff value used 
for minor allele frequency (MAF) was 10% but we forced included (MAF<10% 
according to HapMap) rs1800470, a functional variant on exon-1.E9 Rs6957 
found in previous studies to be associated with decreased lung function in 
children with asthmaE10 and with decreased TGFβ1 serum levelsE11 was not 
found in HapMap thus we included it based on its dbSNP (National Center for 
Biotechnology Information) location. SNPs were genotyped by K-Bioscience 
Ltd (Herts, Hoddesdon, UK) using their competitive allele specific PCR system 
(KASPar) (see Figure 1 for the genotyped SNPs).

Bronchial biopsies 

After local anesthesia, at least 5 bronchial biopsies were obtained from 
the subsegmental carinas from the left or right lower lobe using a flexible 
bronchoscope (Olympus BF P20 or BF XT20). Biopsies were fixed in 4% 
formalin, processed and embedded in paraffin and cut in 3μm thick sections. 
Macroscopically the best biopsy was selected for processing. Quantification 
was performed on the largest of three biopsy sections. Morphological features 
were determined on sections stained with hematoxylin and eosin (HE) and 
with periodic acid Schiff. Immunohistochemical stainings were performed 
using the DAKO autostainer (DAKO, Glostrup, Denmark). The slides were 
included in a random fashion in each run to avoid group-wise staining. 
Immunohistochemistry was performed using antibodies: anti-CD8 and anti-
CD-4 (DAKO) for T-lymphocytes, anti-CD68 (DAKO) for macrophages, anti-
mast cell tryptase (AA1, DAKO) for mast cells and anti-eosinophilic peroxidase 
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(EPX) antibody for eosinophils. In short, sections were deparaffinized and after 
antigen retrieval, incubated with the primary antibodies. These antibodies were 
detected with Envision™ Detection Kit (DAKO) and the chromogen NovaRED 
(Vector Labs, Burlingame, USA). EPX was detected via biotinylated anti-mouse 
IgG1 (Southern Biotech), alkaline phosphatase-labeled conjugate (DAKO) and 
permanent Red (DAKO). All stainings were quantified by a blinded observer 
using computer-assisted image analysis at a magnification of 200x (Qwin, 
Leica Microsystems Imaging Solutions, Cambridge, UK). Inflammatory cell 
numbers were quantified by counting the number of positively stained cells 
in the submucosal area, 100μm under the basement membrane (BM), in  
a total area of 0.1mm2 per biopsy sample. Goblet cell numbers were counted on 
PAS-stained biopsy sections and expressed per 1000 μm of BM. The length of 
basement membrane was variable among patients with a minimum of 973μm. 
The (median [min-max]) length of basement membrane covered with intact 
epithelium analyzed in each biopsy was 605 [0-3147] μm. BM thickness was 
calculated based on computer-assisted measurements of BM surface area and 
BM length. Reproducibility of the measurements was confirmed by a single 
observer performing repeated measurements in 10% of all cases.

Statistical Analysis

Normalization of the distribution of the variables was performed by 
natural logarithm transformation if necessary. Multiple linear regression 
models were used to test for associations with pre-/post-BD FEV1%predicted 
(corrected for smoking status and ICS use) FEV1/VC (corrected for age, gender, 
height, smoking status and ICS use), BM thickness and number of goblet and 
inflammatory cells (corrected for age, gender, smoking status and ICS use). 
Logistic regression models were used to assess the associations of SNPs with 
binary clinical outcomes:

1. Airway hyperresponsiveness: PC20_histamine < 16mg/ml (population 1) 
and PC20_AMP < 320mg/ml (population 2) (corrected for age, gender, smoking 
status and ICS use)

2. Complete asthma remission: former diagnosis of asthma, PC20_AMP > 
320mg/ml and PC20_histamine > 16mg/ml, post-BD FEV1%predicted > 90%, 
no asthma symptoms, no asthma medication (corrected for age, gender and 
smoking status)

3. Severe asthma: pre-BD FEV1%predicted < 80% and ICS use (corrected for 
age, gender, and smoking status)
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To assess whether there is an interaction of SNPs with smoking we 
stratified our analysis in 2 groups: never vs ever (ex/current) smokers.   
A common limitation for detecting gene by environment interactions is study 
power, therefore we decided a priori that we would only test for an interaction 
(genotype*ever-smokers) if the estimates of the SNPs showed a larger than 
40% difference between the strata. We used the estimates (beta-coefficient) 
and standard errors of the SNPs and their interactions with smoking to meta-
analyze associations with asthma clinical outcomes and lung function in 
the two populations. Fixed effects were used. When index of heterogeneity 
between studies (I2) was high (>70) and/or Cochran’s Q-test of heterogeneity 
was nearly significant (p<0.07) then random effects were used. All regression 
modeling was conducted with SPSS (version 18; SPSS Inc., Chicago, Illinois, 
USA). Because the number of subjects with the homozygote mutant genotype 
was relatively low in the 2 subgroups (n≈<10) (see table E1 online repository), 
only dominant (heterozygotes and homozygotes mutant pooled vs wild types) 
models were used.  Meta-analysis was done with R-programming language using 
the meta-package (R package 2.8.1. http://cran.r-project.org/bin/windows/
base/old/2.8.1/). P-values<0.05 were considered statistically significant and 
0.05≤ p-values ≤0.09 of borderline significance (tested 2-sided).

Lung function decline analysis 

FEV1 decline was analyzed with piecewise Linear Mixed Effect models 
(LME) as described before. E2 In summary, following the methodology described 
by Naumova et al,E12 time was defined as the time relative to the start of inhaled 
corticosteroid (ICS) treatment in years. Individual variations in the pre and 
post ICS-period declines and intercepts were accounted for by estimating the 
random effects for these variables. Sex was incorporated in the model by adding 
the interaction between time, ICS use, and sex. Other explanatory variables 
in the model were height (centered at 1.75 m), first available FEV1 after age 30 
(FEV1 centered at 2.8 L, called “FEV1 at age 30”), and their interaction with time, 
pack years of smoking, and oral corticosteroid use. The latter two variables were 
time varying. Only FEV1 measurements after the age of 30 years were included 
since this is the age where the lung function is in a plateau phase or decline 
begins in normal subjects. E13 

To assess whether the effect of the SNPs on the course of asthma is 
modified by cigarette smoking we initially stratified our analysis in 2 groups 
(ever vs never smokers). For the majority of the SNPs the frequency of the 
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homozygotes mutants per strata was low (<10) thus dominant (heterozygotes 
and homozygotes mutant pooled vs wild types) genetic models were used.  
A common limitation for detecting gene by environment interactions is study 
power therefore we decided a priori that we will only test for an interaction 
(genotype*ever-smoker*time) if the estimates of the SNPs show a more than 
40% difference between the strata. LME models were conducted in S-plus 7.0 
(Insightful Corp., Seattle, Washington, USA). P-values<0.05 were considered 
statistically significant and 0.05≤ p-values ≤0.09 of borderline significance 
(tested 2-sided).

Definitions for terms used in tables of the online repository

Strata: never and ever (ex/current)-smokers 
Interaction: genotype*ever-smokers 
Airway hyperresponsiveness: PC20 histamine < 16 mg/ml (population 1) and PC20 AMP < 
320 mg/ml (population 2)
Complete asthma remission: former diagnosis of asthma, PC20 AMP > 320 mg/ml and/
or PC20 histamine > 16 mg/ml, post-bronchodilation (BD) FEV1%predicted > 90%, no 
asthma symptoms, no asthma medication
Severe asthma: pre-BD FEV1%predicted < 80% and use of inhaled corticosteroids
The number of positively stained inflammatory cells was counted in a total area of 0.1 
mm2 in the submucosa, 100μm under the basement membrane
Goblet cell numbers were counted on PAS-stained biopsy sections and expressed per 
1000 μm of basement membrane 
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Table E1. Characteristics of populations 1 and 2
Population 1

N = 243
Population 2

N =137

Males 146 (60.1) 70 (51.1)

Age, years 51 (8.8) 47 (12.6)

Never/ex/current smokers 100/74/69(41/31/28) 61/47/29 (44/34/21)

Inhaled corticosteroid use 125 (51.4) 57 (41.6)

Airway hyperresponsiveness 163 (76.9) 72 (52.6)

Complete asthma remission 30 (12.3) 20 (15)

Severe asthma 100 (41.3) 17 (12.5)

FEV1% predicted 70.6 (23.8) 91.6 (18.0)

FEV1/ VC% 60.4 (14.3) 70.6 (11.5)

Data are expressed as numbers (%) or mean (SD)
Population 1: longitudinal clinical follow up. Population 2: cross-sectional clinical evaluation and airway wall biopsy 
collection.

Table E2a: Minor allele frequency

TGFB1 
tag SNPs Chr 19 position MAF (%) 

population 1
MAF (%) 

population 2 Major : Minor

rs6957 3’UTR 0.14 0.16 A:G

rs10417924 3’UTR 0.15 0.17 C:T

rs7254679 3’UTR 0.13 0.13 A:G

rs4803455 Intron 2 0.50 0.46 C:A

rs1800470# Exon 1 0.38 0.36 T:C

rs1800469* Promoter 0.30 0.30 C:T

#formerly known as rs1982073
* tags rs2241715, rs2317130, rs1982072 (TGFB1 genomic region +/- 5kb; MAF <0.1; HapMap.org) 
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Table E2b: Genotype distribution in populations 1 and 2

  Population 1 
(n=243)

Population 2 
(n=137)

TGFB1 
SNPs Genotype Total Never

smokers
Ever

smokers Total Never
smokers

Ever
smokers

rs6957 AA 178 78 100 92 43 49

  GA 60 21 39 40 17 23

  GG 3 1 2 1 0 1

rs10417924 CC 170 70 100 92 45 47

  TC 56 21 35 37 14 23

  TT 6 1 5 4 1 3

rs7254679 AA 179 77 102 99 46 53

  GA 61 20 41 36 15 21

  GG 1 1 0 0 0 0

rs4803455 CC 58 20 38 37 16 46

  CA 125 58 67 75 35 15

  AA 58 21 37 25 10 0

rs1800470 TT 93 38 55 59 30 29

  TC 110 50 60 57 25 32

  CC 37 9 28 20 6 14

rs1800469 CC 121 53 68 68 31 37

  CT 97 42 55 51 25 26

  TT 25 5 20 15 4 11

Table E3a-E3b: Associations with FEV1 decline in population 1

E3a FEV1 Decline (ml/year)

TGFB1 SNPs Genotype B 95%CI P-value

rs6957 AA reference      

  GA/GG -0.16 -8.24 7.93 0.97

rs10417924 CC reference      

  TC/TT -0.29 -8.32 7.73 0.94

rs1800469 CC reference  

  CT/TT 6.29 -0.36 12.95 0.06

rs1800470 TT reference      

  TC/CC 10.73 3.81 17.65 0.002

rs4803455 CC reference  

  CA/AA -11.37 -18.74 -4.01 0.003
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Table E4a-E4d: Associations with FEV1 % predicted in populations 1 and 2

E4a
FEV1% predicted pre bronchodilation

Population 1 Population 2

TGFB1 
SNPs Genotype B 95%CI P- 

value B 95%CI P- 
value

rs6957 AA reference       reference      

  GA/GG -6.60 -12.26 -0.93 0.02 -8.11 -14.66 -1.56 0.02

rs10417924 CC reference       reference      

  TC/TT -0.60 -6.53 5.34 0.84 8.29 1.66 14.92 0.02

rs1800469 CC reference       reference      

  CT/TT -1.60 -6.64 3.45 0.53 -4.45 -10.62 1.72 0.16

rs1800470 TT reference       reference      

  TC/CC -3.26 -8.45 1.92 0.22 -5.20 -11.20 0.80 0.09

rs4803455 CC reference       reference      

  CA/AA 2.24 -3.66 8.14 0.46 4.42 -2.38 11.22 0.20
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E4c
FEV1% predicted post bronchodilation

Population 1 Population 2

TGFB1 
SNPs Genotype B 95%CI P- 

value B 95%CI P- 
value

rs6957 AA reference       reference      

  GA/GG -5.58 -11.15 -0.02 0.049 -8.44 -14.60 -2.27 0.01

rs10417924 CC reference       reference      

  TC/TT -0.45 -6.28 5.39 0.88 7.75 1.40 14.09 0.02

rs1800469 CC reference       reference      

  CT/TT -2.56 -7.50 2.38 0.31 -2.47 -8.36 3.41 0.41

rs1800470 TT reference       reference      

  TC/CC -4.87 -9.93 0.19 0.059 -4.50 -10.23 1.23 0.12

rs4803455 CC reference       reference      

  CA/AA 2.51 -3.29 8.30 0.40 1.63 -4.85 8.11 0.62

DespoThesis.indd   180 1/27/2014   3:23:01 AM



C
H

A
P
T

ER
 4

181

Supplementary material

E4
d

FE
V

1%
 p

re
di

ct
ed

 p
os

t b
ro

nc
ho

di
la

ti
on

N
EV

ER
 S

M
O

K
ER

S
EV

ER
 S

M
O

K
ER

S
In

te
ra

ct
io

n

B
95

%
C

I
P-

va
lu

e
B

95
%

C
I

P-
va

lu
e

B
P-

va
lu

e

TG
FB

1 S
N

Ps
G

en
ot

yp
e

Po
pu

la
ti

on
 1

rs
69

57
A

A
re

fe
re

nc
e

 
 

 
re

fe
re

nc
e

 
 

 
re

fe
re

nc
e

 

 
G

A
/G

G
-2

.8
0

-1
1.3

5
5.

75
0.

52
-6

.8
1

-1
4.

08
0.

47
0.

07
-3

.4
5

0.
55

rs
10

41
79

24
CC

re
fe

re
nc

e
 

 
 

re
fe

re
nc

e
 

 
 

re
fe

re
nc

e
 

 
TC

/T
T

-3
.0

8
-1

1.9
9

5.
83

0.
49

0.
79

-6
.8

8
8.

42
0.

84
3.

60
0.

55

rs
18

00
46

9
CC

re
fe

re
nc

e
 

 
 

re
fe

re
nc

e
 

 
 

re
fe

re
nc

e
 

 
C

T/
TT

0.
10

-7
.0

1
7.

20
0.

98
-4

.6
6

-1
1.4

8
2.

15
0.

18
-4

.9
0

0.
34

rs
18

00
47

0
TT

re
fe

re
nc

e
 

 
 

re
fe

re
nc

e
 

 
 

re
fe

re
nc

e
 

 
TC

/C
C

-4
.10

-1
1.4

7
3.

26
0.

27
-5

.8
2

-1
2.

77
1.1

3
0.

10
N

T
N

T

rs
48

03
45

5
CC

re
fe

re
nc

e
 

 
 

re
fe

re
nc

e
 

 
 

re
fe

re
nc

e
 

 
C

A
/A

A
0.

34
-8

.5
7

9.
25

0.
94

3.
72

-3
.9

3
11.

36
0.

34
3.

65
0.

55

Po
pu

la
ti

on
 2

rs
69

57
A

A
re

fe
re

nc
e

 
 

 
re

fe
re

nc
e

 
 

 
re

fe
re

nc
e

 

 
G

A
/G

G
-7

.2
3

-1
4.

84
0.

37
0.

06
-9

.9
8

-1
9.

35
-0

.6
1

0.
04

N
T

N
T

rs
10

41
79

24
CC

re
fe

re
nc

e
 

 
 

re
fe

re
nc

e
 

 
 

re
fe

re
nc

e
 

 
TC

/T
T

4.
86

-2
.9

7
12

.6
9

0.
22

9.
55

0.
17

18
.9

3
0.

04
6

3.
75

0.
56

rs
18

00
46

9
CC

re
fe

re
nc

e
 

 
 

re
fe

re
nc

e
 

 
 

re
fe

re
nc

e
 

 
C

T/
TT

2.
40

-4
.6

6
9.

46
0.

50
-6

.6
4

-1
5.

55
2.

26
0.

14
-9

.7
1

0.
10

rs
18

00
47

0
TT

re
fe

re
nc

e
 

 
 

re
fe

re
nc

e
 

 
 

re
fe

re
nc

e
 

 
TC

/C
C

0.
30

-6
.6

4
7.

24
0.

93
-8

.8
4

-1
7.

57
-0

.10
0.

04
7

-9
.7

6
0.

09

rs
48

03
45

5
CC

re
fe

re
nc

e
 

 
 

re
fe

re
nc

e
 

 
 

re
fe

re
nc

e
 

 
C

A
/A

A
2.

08
-5

.7
6

9.
92

0.
60

1.9
1

-7
.8

6
11.

68
0.

70
N

T
N

T

DespoThesis.indd   181 1/27/2014   3:23:02 AM



182

Supplementary material

Table E5a-E5d: Associations with FEV1/VC in populations 1 and 2

E5a
FEV1/VC pre bronchodilation

Population 1 Population 2

TGFB1 
SNPs Genotype B 95%CI P- 

value B 95%CI P- 
value

rs6957 AA reference       reference      

  GA/GG 0.20 -3.24 3.63 0.91 -1.20 -4.61 2.21 0.49

rs10417924 CC reference       reference      

  TC/TT -0.32 -3.85 3.22 0.86 2.00 -1.40 5.41 0.25

rs1800469 CC reference       reference      

  CT/TT -0.72 -3.72 2.28 0.64 -1.59 -4.73 1.55 0.32

rs1800470 TT reference       reference      

  TC/CC -0.95 -4.07 2.17 0.55 -1.95 -5.03 1.13 0.21

rs4803455 CC reference       reference      

  CA/AA 0.71 -2.77 4.20 0.69 3.32 -0.08 6.72 0.056
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E5c
FEV1/VC post bronchodilation

Population 1 Population 2

TGFB1 
SNPs Genotype B 95%CI P- 

value B 95%CI P- 
value

rs6957 AA reference       reference      

  GA/GG -0.45 -3.58 2.69 0.78 -1.54 -4.81 1.72 0.35

rs10417924 CC reference       reference      

  TC/TT -0.24 -3.47 3.00 0.89 3.09 -0.18 6.36 0.06

rs1800469 CC reference       reference      

  CT/TT -1.86 -4.58 0.87 0.18 -0.85 -3.87 2.17 0.58

rs1800470 TT reference       reference      

  TC/CC -1.90 -4.74 0.94 0.19 -2.13 -5.11 0.86 0.16

rs4803455 CC reference       reference      

  CA/AA 0.82 -2.38 4.02 0.61 2.37 -0.93 5.67 0.16
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Table E7a-b: Associations with severity of airway hyperresponsiveness in 
populations 1 and 2

E7a
Airway hyperresponsiveness

Population 1 Population 2

TGFB1 SNPs Genotype OR 95%CI P- 
value OR 95%CI P- 

value

rs6957 AA reference       reference      

  GA/GG 3.31 1.34 8.18 0.009 1.18 0.53 2.61 0.68

rs10417924 CC reference       reference      

  TC/TT 0.69 0.32 1.47 0.33 0.63 0.28 1.40 0.26

rs1800469 CC reference       reference      

  CT/TT 0.81 0.41 1.58 0.53 1.23 0.60 2.55 0.57

rs1800470 TT reference       reference      

  TC/CC 0.66 0.32 1.35 0.25 1.08 0.53 2.22 0.84

rs4803455 CC reference       reference      

  CA/AA 1.01 0.46 2.20 0.99 0.71 0.31 1.59 0.40
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Table E14a-b: Associations with airway wall remodeling in population 2

 E14a Basement membrane thickness 
(um)

Number of goblet cells per 
1000um BM (ln)

TGFB1 SNPs Genotype B 95%CI P- 
value B 95%CI P- 

value

rs6957 AA reference     reference      

  GA/GG 0.39 -0.17 0.95 0.17 -0.08 -0.32 0.16 0.52

rs10417924 CC reference     reference      

  TC/TT 0.00 -0.57 0.57 1.00 0.06 -0.17 0.30 0.58

rs1800469 CC reference     reference      

  CT/TT 0.22 -0.28 0.71 0.39 0.23 0.03 0.43 0.03

rs1800470 TT reference       reference      

  TC/CC 0.01 -0.50 0.53 0.96 0.07 -0.14 0.28 0.50

rs4803455 CC reference     reference      

  CA/AA 0.06 -0.52 0.63 0.85 -0.16 -0.39 0.07 0.18

DespoThesis.indd   197 1/27/2014   3:23:08 AM



198

Supplementary material

E1
4b

B
as

em
en

t m
em

br
an

e 
th

ic
kn

es
s 

(u
m

)

N
EV

ER
 S

M
O

K
ER

S
EV

ER
 S

M
O

K
ER

S
In

te
ra

ct
io

n

TG
FB

1 S
N

Ps
G

en
ot

yp
e

B
95

%
C

I
P-

 
va

lu
e

B
95

%
C

I
P-

 
va

lu
e

B
P-

 
va

lu
e 

rs
69

57
A

A
re

fe
re

nc
e

 
 

 
re

fe
re

nc
e

 
 

 
re

fe
re

nc
e

 

 
G

A
/G

G
-0

.18
-1

.11
0.

75
0.

70
0.

76
0.

03
1.4

9
0.

04
0.

86
0.

13

rs
10

41
79

24
CC

re
fe

re
nc

e
 

 
 

re
fe

re
nc

e
 

 
 

re
fe

re
nc

e
 

 
TC

/T
T

0.
40

-0
.5

0
1.3

1
0.

37
-0

.3
2

-1
.0

6
0.

43
0.

40
-0

.7
2

0.
22

rs
18

00
46

9
CC

re
fe

re
nc

e
 

 
 

re
fe

re
nc

e
 

 
 

re
fe

re
nc

e
 

 
C

T/
TT

0.
67

-0
.0

3
1.3

6
0.

06
-0

.10
-0

.8
1

0.
60

0.
77

-0
.8

2
0.

10

rs
18

00
47

0
TT

re
fe

re
nc

e
 

 
 

re
fe

re
nc

e
 

 
 

re
fe

re
nc

e
 

 
TC

/C
C

0.
47

-0
.3

0
1.2

4
0.

22
-0

.3
8

-1
.0

9
0.

34
0.

30
-0

.9
0

0.
10

rs
48

03
45

5
CC

re
fe

re
nc

e
 

 
 

re
fe

re
nc

e
 

 
 

re
fe

re
nc

e
 

 
C

A
/A

A
0.

18
-0

.7
1

1.0
7

0.
69

0.
04

-0
.7

2
0.

81
0.

91
-0

.15
0.

80

 
 

N
um

be
r o

f g
ob

le
t c

el
ls

 p
er

 10
00

um
 B

M
 (l

n)

rs
69

57
A

A
re

fe
re

nc
e

 
 

 
re

fe
re

nc
e

 
 

 
re

fe
re

nc
e

 

 
G

A
/G

G
-0

.2
1

-0
.6

4
0.

22
0.

33
0.

07
-0

.3
1

0.
44

0.
72

0.
27

0.
33

rs
10

41
79

24
CC

re
fe

re
nc

e
 

 
 

re
fe

re
nc

e
 

 
 

re
fe

re
nc

e
 

 
TC

/T
T

0.
26

-0
.12

0.
63

0.
17

-0
.14

-0
.4

8
0.

20
0.

42
-0

.3
8

0.
13

rs
18

00
46

9
CC

re
fe

re
nc

e
 

 
 

re
fe

re
nc

e
 

 
 

re
fe

re
nc

e
 

 
C

T/
TT

0.
29

-0
.0

4
0.

62
0.

08
0.

27
-0

.0
4

0.
57

0.
08

N
T

N
T

rs
18

00
47

0
TT

re
fe

re
nc

e
 

 
 

re
fe

re
nc

e
 

 
 

re
fe

re
nc

e
 

 
TC

/C
C

0.
12

-0
.2

1
0.

45
0.

47
0.

08
0.

16
-0

.2
5

0.
40

N
T

N
T

rs
48

03
45

5
CC

re
fe

re
nc

e
 

 
 

re
fe

re
nc

e
 

 
 

re
fe

re
nc

e
 

 
C

A
/A

A
-0

.16
-0

.5
3

0.
21

0.
39

-0
.0

4
-0

.3
9

0.
31

0.
81

0.
08

0.
74

DespoThesis.indd   198 1/27/2014   3:23:09 AM



C
H

A
P
T

ER
 4

199

Supplementary material

Figure E1: Analysis of the linkage disequilibrium patterns and correlation coefficients 
(r2) of 6 genotyped TGFB1 gene single nucleotide polymorphisms in the two populations 
using Haploview software. The location of the SNPs is given by HapMap or dbSNP

Figure E2 Associations between subepithelial CD8+T-cell counts and (a) smoking 
status, (b) rs10417924, rs10417924 in never (c) and in ever (d) smokers of population 2.
Associations between airway hyperresponsiveness and (e) smoking status, (f) 
rs10417924, rs10417924 in never (g) and in ever (h) smokers
Odds ratios (95%CI) are given by multiple logistic regression models adjusted for 
gender, age and inhaled corticosteroids use 
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Figure E3 Mean (95%CI) FEV1 decline (ml/year) per genotype of TGFB1 SNPs in never 
and in ever smokers of population 1.
Piecewise linear mixed effect models were used to test the association between TGFB1 
SNPs and FEV1 decline. Regression Coefficient (beta) and p-value are indicated. 

*significance level at 0.05; ** significant smoking by SNP interaction 
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SUPPLEMENTARY MATERIAL  - CHAPTER 5
MATERIALS AND METHODS

The Childhood Asthma Management Program (CAMP): is a multi-
center, double-blinded clinical trial involving eight clinical centers in 
North America (Albuquerque, New Mexico; Baltimore, Maryland; Boston, 
Massachusetts; Denver, Colorado; San Diego, California; Seattle, Washington; 
St. Louis, Missouri; and Toronto-Ontario, Canada). Its main goal was to evaluate 
the long-term effectiveness and safety of daily inhaled anti-inflammatory 
medication in children diagnosed with asthma. Details of the CAMP study 
design and methods have been described elsewhere.E1 In summary, children 
enrolled in CAMP were 5–12 years of age at the initial interview, and completed 
a 5-16 week pre-randomization screening period (1993-1995).  All participants 
had mild-to-moderate asthma with increased airway responsiveness to 
methacholine (a provocation concentration causing a 20% reduction in FEV1 
[PC20] ≤ 12.5 mg/ml) at study entry. 1,041 Children entered the randomization 
phase and 311, 312, 418 children received budesonide, nedocromil, and placebo, 
respectively. All subjects were treated and followed for four years with follow-
up visits at CAMP centers at two and four months after randomization and at 
four-month intervals thereafter. Each parent or guardian signed a consent form 
and participants of 7 years of age and older signed an assent form approved by 
each clinical center’s institutional review board.

Outcomes Measures

Spirometry, before and after the administration of two puffs of albuterol, 
was conducted at randomization (RZ) and at follow up visits (n=13) according 
to the American Thoracic Society Standards. The focus of the trial on long-
term effects of the treatments on lung function was reflected in the choice of 
post-bronchodilator FEV1 percentage of predicted (post-BD FEV1 % predicted) 
as the primary outcome measure.E2 Use of post-BD FEV1 rather than the pre-
BD measure minimized fluctuations caused by diurnal variation and day-to-
day variability of airway tone.  However, we considered both pre- and post-BD 
FEV1 and FVC as outcomes in this current analysis as we intended to investigate 
short- and long-term effects of air pollution. Additionally, the FEV1/FVC ratio 
was used as another measure of airflow obstruction.

Using the Wright nebulizer-tidal breathing technique a methacholine 
challenge was performed annually during the treatment phase, at least 4 hours 
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after the last use of a short-acting bronchodilator and at least 24 hours after the 
last use of a long-acting bronchodilator. After a control diluent challenge, nine 
doubling doses of methacholine were nebulized for 2 minutes each at 5-minute 
intervals. Spirometry was performed 90 seconds after each challenge until FEV1 
had fallen by 20% or more. Methacholine challenge was not performed within 
28 days of an upper respiratory tract infection or the use of prednisone for 
exacerbations of asthma. 

Air Pollution Exposure Assessment

Data on concentrations of 4 gaseous pollutants (ozone, carbon monoxide, 
nitrogen dioxide, and sulfur dioxide) were obtained from the Aerometric 
Information Retrieval System (www.epa.gov/air/data/index.html) for US 
cities and from the Ontario Ministry of the Environment (www.ene.gov.on.ca/
environment; Air Quality Assessment and Reporting Unit) for Toronto. For each 
metropolitan area, multiple monitors were used to measure ambient pollution 
concentrations. Monitor-specific concentrations were 24-hour averages for 
ozone, carbon monoxide, nitrogen dioxide, and sulfur dioxide. In most cases, 
for US participants we were able to link ZIP codes of their address at study 
entry to US Census 2000 ZIP Code Tabulation Areas to identify the latitudes 
and longitudes of the centroids of those areas. In a few cases ZIP Code centroid 
coordinates were obtained from www.zip-codes.com. Coordinates for Canadian 
postal codes were obtained from www.batchgeo.com.  The ZIP or postal code 
centroid coordinates were used to link participants to daily concentrations 
from the nearest monitor within 50 km that did not have missing data on 
that day (December 1993 through June 1999). If none of the monitors within  
50 km radius was operating the air pollution concentration of that day was set 
as missing. 

Exclusion criteria

Participants were excluded if we were unable to assign their ZIP or postal 
codes to latitudes and longitudes or if we verified that the centroid of the ZIP 
or postal code in which they lived was greater than 50 km from the nearest 
pollutant monitor. For the Canadian participants, a few monitors northwest of 
Toronto became operational after 2000 and subjects living in postal codes near 
those monitors were excluded. In total 38 subjects of the 1041 trial participants 
(3.7%) were excluded.
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Statistical Analysis

We examined the relation of level of lung function (FEV1 and FVC % predicted 
and FEV1/FVC ratio) and (log-transformed) PC20 with ZIP-code level measures 
of concentrations of ozone (ppb), carbon monoxide (ppmx10), nitrogen dioxide 
(ppb) and sulfur dioxide (ppb). To estimate associations across all cities, we 
constructed a model including city as a covariate, but also compared estimates 
of this model with study-wide estimates from meta-analyzing city stratified 
models.E3 We examined the associations of our outcomes with same day, 1-week 
and 4-month moving averages of pollution, to assess associations of short-
term and longer-term estimated pollution exposures with our 4-monthly (or 
for PC20, annually) measured outcomes. The moving averages were created by 
averaging the daily pollution concentrations for the periods of interest on and 
preceding the clinic visit for lung function and/or PC20 measurement. For any 
given averaging period, we required that 75% of the daily pollution data were 
available. One and two-pollutant models (ozone –nitrogen dioxide; ozone-
carbon monoxide; and carbon monoxide-nitrogen dioxide) were performed. 

We fit a linear mixed model - with random intercepts for each subject - 
to estimate the associations between pulmonary outcomes and ambient air 
pollutant concentrations. Number of days from randomization was used as the 
time trend in the model. Potential for confounding by a number of factors was 
considered carefully, basing choice of covariates on prior CAMP experienceE4,E5: 
For lung function, we controlled for gender, ethnicity, in utero smoking exposure, 
annual family income (dichotomized at $15K per annum), treatment group and 
treatment by time interaction, and for PC20, in addition, we controlled for IgE 
levels, height and history of parental asthma. We ran the model for PC20 with 
and without adjusting for pre-BD FEV1.

Confounding due to seasonal factors is a primary consideration in air 
pollution epidemiology, and we adjusted for “season” by using sine and 
cosine functions of timeE6 and their interactions with city. In addition, we 
decomposed daily ambient pollution concentrations into between- and within-
subject exposures. Specifically, subject i’s exposure to pollutant x1 on day t was 
decomposed as follows: The between-subject component, is subject i’s average 
exposure during the time in which he or she was observed, and the within-
subject component, is the deviation from the average on day t. Within-subject 
effects are likely to be far less confounded by season or by covariates that vary 
primarily across individual (e.g. in utero smoking exposure, etc) than between-
subject effects,E7 and they are more comparable to the parameters estimated 
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in a traditional panel study, where all subjects are observed over a single time 
period. For further discussion regarding the decomposition of time-varying 
exposures into between- and within-subject components, see the papers by 
SheppardE7 and Neuhaus and Kalbfleisch.E8 We report estimates of within-
subject exposure effects. 

To assess potential effect modification of the pollution-asthma outcomes 
associations by treatment we included an interaction term, i.e., pollutant 
concentration by treatment into the models while excluding the baseline 
(RZ) measurements. To compare the magnitude of effects across different 
pollutants, effect estimates were scaled to interquartile range IQR increases 
in within-subject pollutant concentrations determined from the distribution 
of all measurements. Two tailed p-values of <0.05 were considered statistically 
significant and p-values between 0.05 and 0.09 of borderline significance.

We used SAS® software (version 9.2; SAS Institute Inc. 2008, Cary, NC 
USA) and IBM SPSS statistics (version 20; Armonk, NY USA: IBM Corp 2011) 
to manage all data. Statistical analysis was performed in IBM SPSS and R 
programming language (version 2.15.1; 2012-06-22).
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Table E1. City-specific correlations of 24-hour mean pollution 
concentrations 

CITY CENTER NO2 O3 SO2 CO

ALB Spearman’s rho

NO2 1.000 -,488* NA ,446*

O3 -,488* 1.000 NA -,473*

SO2 NA NA NA NA

CO ,446* -,473* NA 1.000

BAL Spearman’s rho

NO2 1.000 -,160* ,379* ,387*

O3 -,160* 1.000 -,311* -,352*

SO2 ,379* -,311* 1.000 ,295*

CO ,387* -,352* ,295* 1.000

BOSTON Spearman’s rho

NO2 1.000 -,218* ,378* ,346*

O3 -,218* 1.000 -,414* -,315*

SO2 ,378* -,414* 1.000 ,273*

CO ,346* -,315* ,273* 1.000

DEN Spearman’s rho

NO2 1.000 -,301* ,469* ,416*

O3 -,301* 1.000 -,187* -,512*

SO2 ,469* -,187* 1.000 ,343*

CO ,416* -,512* ,343* 1.000

SD Spearman’s rho

NO2 1.000 -,527* ,150* ,743*

O3 -,527* 1.000 -,092* -,446*

SO2 ,150* -,092* 1.000 ,188*

CO ,743* -,446* ,188* 1.000

SEA Spearman’s rho

NO2 1.000 -,170* ,321* ,512*

O3 -,170* 1.000 -.053 -,284*

SO2 ,321* -.053 1.000 ,203*

CO ,512* -,284* ,203* 1.000

STL Spearman’s rho

NO2 1.000 -,247* ,532* ,535*

O3 -,247* 1.000 -,145* -,223*

SO2 ,532* -,145* 1.000 ,302*

CO ,535* -,223* ,302* 1.000

TOR Spearman’s rho

NO2 1.000 -,339* ,462* ,533*

O3 -,339* 1.000 -,208* -,296*

SO2 ,462* -,208* 1.000 ,324*

CO ,533* -,296* ,324* 1.000

ALB: Albuquerque, BAL: Baltimore, BOS: Boston, DEN: Denver, SD: San Diego, SEA: Seattle, STL: Saint Louis, 
TOR: Toronto, O3: ozone (ppb); CO: carbon monoxide (ppm x 10); NO2: nitrogen dioxide (ppb); SO2: sulfur dioxide 
(ppb); ppb: part per billion; ppm: parts per million
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E6. Association of within-subject pollution with metacholine 
concentration causing a 20% reduction in FEV1

PC20

Within-subject N IQR %Change 95%CI

O3 same day 2880 15 -1.5 -7.7 5.2

O3 1-week m.a 2878 14 -3.8 -12.8 6.1

O3 4-month m.a 2809 11 3.6 -11.7 21.7

CO same day 3039 5 -1.8 -5.3 1.7

CO 1-week m.a 3040 4 -4.0* -8.1 0.3

CO 4-month m.a 3040 3 -4.1 -9.5 1.6

NO2 same day 2959 10 -1.0 -4.9 3.2

NO2 1-week m.a 2946 7 -1.2 -5.3 3.0

NO2 4-month m.a 2955 4 -0.9 -5.2 3.7

SO2 same day 2660 4 -2.1 -5.2 1.1

SO2 1-week m.a 2661 3 -3.4 -7.3 0.7

SO2 4-month m.a 2661 2 -6.0* -10.9 -1.5

O3: ozone (ppb); carbon monoxide (ppm x 10); NO2: nitrogen dioxide (ppb); SO2: sulfur dioxide (ppb);  m.a: moving 
average; N: number of observations; IQR: Interquartile range, ppm: parts per million; PC20: Metacholine provocation 
concentration (mg/dl) causing a 20% reduction in FEV1; bronchodilator; CI: confidence interval

* p<0.05 *  0.05<=p<0.1

E7. Treatment group modification of within-subject pollution effect on  
metacholine concentration causing a 20% reduction in FEV1

      Placebo Budesonide Nedocromil
Within-subject N IQR %Change 95%CI %Change 95%CI %Change 95%CI

O3 same day 2880 15 -6.9 -15.5 2.5 0.6 -9.8 12.2 3.2 -7.0 14.5

O3 1-week m.a 2878 14 -7.3 -18.9 6.0 5.0 -8.9 21.0 -8.7 -21.0 5.6

O3 4-month m.a 2809 11 -3.3 -20.4 17.5 4.7 -14.6 28.5 11.3 -9.3 36.6

CO same day 3039 5 4.3 -1.2 10.1 -4.6* -10.7 2.2 -7.0* -12.6 -1.2

CO 1-week m.a 3040 4 3.0 -3.7 10.0 -7.2* -14.2 0.2 -10.0* -16.2 -2.5

CO 4-month m.a 3040 3 1.8 -6.6 11.1 -6.2 -15.3 3.9 -9.0* -16.8 -0.1

NO2 same day 2959 10 2.2 -4.3 9.1 -3.2 -10.1 4.3 -2.6 -9.4 4.7

NO2 1-week m.a 2946 7 3.9 -2.6 10.9 -5.1* -12 2.4 -4.1 -11.1 3.4

NO2 4-month m.a 2955 4 2.6 -4.1 9.6 -3.6 -11.0 4.4 -2.8 -9.9 4.9

SO2 same day 2660 4 0.1 -4.8 5.2 -2.0 -7.6 3.8 -5.3 -10.8 0.5

SO2 1-week m.a 2661 3 -1.6 -7.5 4.7 -1.4 -8.2 5.9 -7.9 -14.4 -0.9

SO2 4-month m.a 2661 2 -6.9 -13.1 -0.2 -5.1 -13.1 3.7 -6.7 -14.4 1.8

O3: ozone (ppb); carbon monoxide (ppm x 10); NO2: nitrogen dioxide (ppb); SO2: sulfur dioxide (ppb); m.a: moving average; 
N: number of observations; IQR: Interquartile range, ppm: parts per million; PC20: Metacholine dose Metacholine 
provocation concentration (mg/dl) causing a 20% reduction in FEV1; BD: bronchodilator; CI: confidence interval

* P-value for placebo vs budesonide or placebo vs nedocromil <0.10
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E8a-c. Associations of warm-months (May-September) within-subject 
Ozone with lung function and PC20:

 8a.   Pre-BD FEV1 %predicted Post-BD FEV1 %predicted

Within-subject IQR (ppb) N Change 95%CI N Change 95%CI

O3 same day 13 5199 -0.036 -0.341 0.270 4036 -0.016 -0.298 0.266

O3 1-day lag 13 5199 -0.030 -0.343 0.284 4036 0.011 -0.282 0.305

O3 1-week m.a 9 5197 -0.021 -0.393 0.351 4035 0.035 -0.311 0.381

 8b.   Pre-BD FVC %predicted Post-BD FVC %predicted

Within-subject IQR (ppb) N Change 95%CI N Change 95%CI

O3 same day 13 5199 0.046 -0.198 0.291 4036 0.040 -0.205 0.285

O3 1-day lag 13 5199 -0.007 -0.258 0.243 4036 -0.034 -0.289 0.221

O3 1-week m.a 9 5197 0.061 -0.237 0.358 4035 -0.002 -0.302 0.299

8c. PC20

Within-subject IQR (ppb) N %Change 95%CI

O3 same day 13 1067 0.959 0.887 1.036

O3 1-day lag 13 1067 0.997 0.921 1.080

O3 1-week m.a 9 1067 0.965 0.878 1.061

O3: ozone (ppb); m.a: moving average; N: number of observations; IQR: Interquartile range, ppm: parts per 
million; FEV1 : forced expiratory volume in 1 second; FVC : forced vital capacity; PC20: Metacholine dose (mg/ml) at 
which 20% drop in forced expiratory volume in 1 second is achieved; BD: bronchodilator; CI: confidence interval

* P interaction<0.05
*  0.05<= P interaction<0.1
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Table E9. Comparison of between one-  and two-pollutant model analysis 
of associations of 4-month average pollution with asthma outcomes

One-pollutant model Two-pollutant model

4-month average change per IQR p value change per IQR p value

FEV1 % predicted post BD ozone -0.49 0.18 -0.50 0.17

  nitrogen dioxide -0.20 0.06 -0.23 0.04

FEV1 % predicted post BD carbon monoxide -0.42 0.002 -0.40 0.004

  nitrogen dioxide -0.20 0.06 -0.17 0.13

FEV1 % predicted post BD carbon monoxide -0.42 0.002 -0.52 <0.001

  ozone -0.49 0.18 -0.71 0.05

FVC % predicted post BD ozone -0.08 0.80 -0.14 0.66

  nitrogen dioxide -0.24 0.01 -0.23 0.01

FVC % predicted post BD carbon monoxide -0.21 0.06 -0.28 0.02

  ozone -0.08 0.80 -0.20 0.53

FVC % predicted post BD carbon monoxide -0.21 0.06 -0.21 0.09

  nitrogen dioxide -0.24 0.01 -0.22 0.02

PC20 (%change) ozone 3.65 0.66 2.73 0.74

  nitrogen dioxide -0.85 0.71 -0.77 0.74

PC20 (%change) carbon monoxide -4.11 0.16 -3.01 0.23

  ozone 3.65 0.66 2.15 0.79

PC20 (%change) carbon monoxide -4.11 0.16 -3.01 0.26

  nitrogen dioxide -0.85 0.71 -0.46 0.84

IQR: Interquartile range, ppm: parts per million; FEV1 : forced expiratory volume in 1 second; FVC : forced vital 
capacity; PC20: Metacholine dose (mg/ml) at which 20% drop in forced expiratory volume in 1 second is achieved; 
BD: bronchodilator; CI: confidence interval
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SUPPLEMENTARY MATERIAL  - CHAPTER 6
MATERIALS AND METHODS

The Childhood Asthma Management Program (CAMP): is a multi-
center, double-blinded clinical trial involving eight clinical centers in 
North America (Albuquerque, New Mexico; Baltimore, Maryland; Boston, 
Massachusetts; Denver, Colorado; San Diego, California; Seattle, Washington; 
St. Louis, Missouri; and Toronto-Ontario, Canada). Its main goal was to evaluate 
the long-term effectiveness and safety of daily inhaled anti-inflammatory 
medication in children diagnosed with asthma. Details of the CAMP study 
design and methods have been described elsewhere.E1 In summary, children 
enrolled in CAMP were 5–12 years of age at the initial interview, and completed 
a 5-16 week pre-randomization screening period (1993-1995).  All participants 
had mild-to-moderate asthma with increased airway responsiveness to 
methacholine (a provocation concentration causing a 20% reduction in FEV1 
[PC20] ≤ 12.5 mg/ml) at study entry. 1,041 Children entered the randomization 
phase and 311, 312, 418 children received budesonide, nedocromil, and placebo, 
respectively. All subjects were treated and followed for four years with follow-
up visits at CAMP centers at two and four months after randomization and at 
four-month intervals thereafter. Each parent or guardian signed a consent form 
and participants of 7 years of age and older signed an assent form approved by 
each clinical center’s institutional review board.

Outcomes Measures

Spirometry, before and after the administration of two puffs of albuterol, 
was conducted at randomization (RZ) and at follow up visits (n=13) according 
to the American Thoracic Society Standards.E2 The focus of the trial on long-
term effects of the treatments on lung function was reflected in the choice of 
post-bronchodilator FEV1 percentage of predicted (post-BD FEV1 % predicted) 
as the primary outcome measure.E3 Use of post-BD FEV1 rather than the pre-BD 
measure minimized fluctuations caused by diurnal variation and day-to-day 
variability of airway tone.  

Air Pollution Exposure Assessment

Data on concentrations of 2 gaseous pollutants (carbon monoxide and 
nitrogen dioxide,) were obtained from the Aerometric Information Retrieval 
System (www.epa.gov/air/data/index.html) for US cities and from the Ontario 
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Ministry of the Environment (www.ene.gov.on.ca/environment; Air Quality 
Assessment and Reporting Unit) for Toronto. For each metropolitan area, 
multiple monitors were used to measure ambient pollution concentrations. 
Monitor-specific concentrations were 24-hour averages for carbon monoxide 
and nitrogen dioxide. In most cases, for US participants we were able to link ZIP 
codes of their address at study entry to US Census 2000 ZIP Code Tabulation 
Areas to identify the latitudes and longitudes of the centroids of those areas. 
In a few cases ZIP Code centroid coordinates were obtained from www.zip-
codes.com. Coordinates for Canadian postal codes were obtained from www.
batchgeo.com.  The ZIP or postal code centroid coordinates were used to link 
participants to daily concentrations from the nearest monitor within 50 km 
that did not have missing data on that day (December 1993 through June 1999). 
If none of the monitors within 50 km radius was operating the air pollution 
concentration of that day was set as missing. 

Exclusion criteria

Participants were excluded if we were unable to assign their ZIP or postal 
codes to latitudes and longitudes or if we verified that the centroid of the ZIP 
or postal code in which they lived was greater than 50 km from the nearest 
pollutant monitor. For the Canadian participants, a few monitors northwest of 
Toronto became operational after 2000 and subjects living in postal codes near 
those monitors were excluded. In total 38 subjects of the 1041 trial participants 
(3.7%) were excluded.

Genotyping and Quality Control

Genome-wide single nucleotide polymorphisms (SNP) genotyping for 
CAMP subjects was performed on Illumina’s HumanHap550 Genotyping 
BeadChip (Illumina, Inc., San Diego, CA). CAMP samples and markers passed 
stringent quality-control standards; 6,257 markers were removed as a result 
of low clustering scores. Markers whose flanking sequences did not map to 
a unique position on the HG17 reference genome sequence were removed  
(n = 1,329). Further quality control was performed with PLINK (version 1.07; 
2009-09-10). The average completion rate for each marker was more than 99%. 
Monomorphic markers (n = 3,790) and those with five or more Mendel errors 
(n = 2,445) were removed. The average genotyping completion rate for each 
subject was 99.75%
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The practical application of the conditional two-step approach is to be 
used as a LMM surrogate, hence we performed the genome-wide scan for 
hundreds of thousands SNPs in a fast manner, combining high accuracy and 
the shortest central processing unit (CPU) time.E4 In the first step, we estimated 
the subject-specific slope (with at least two available observations) from a LMM 
with a subject-specific (random) intercept and slope of pollutant exposure, 
adjusting for potential confounders. In this step, all SNP terms (main effect and 
interaction with pollutant) are omitted from the model. In the second step, the 
estimates of the random slopes of pollution exposure computed by the LMM 
were used as the outcome in a GWAS. Using PLNIK software (version 1.07; 
2009-09-10; Shaun Purcell; http://pngu.mgh.harvard.edu/purcell/plink/),E5 
with simple linear regression we fitted the subject-specific pollutant slopes to 
SNPs. Thus the beta coefficient and P-value of each SNP represent the effect 
and significance of the interaction of the SNP(s) with the pollutant, respectively. 

Step 1: Linear Mixed Models

We examined the relation between the level of post-BD FEV1 %predicted 
and ZIP-code level 4-month moving average concentrations of carbon monoxide 
and nitrogen dioxide. The moving averages were created by averaging the daily 
pollution concentrations for the 4-month intervals between the clinic visits for 
lung function measurement. For any given averaging period, we required that 
75% of the daily pollution data were available. 

We fitted a LMM, with random intercepts and random slope for pollutant 
for each subject, to estimate the longitudinal relation between FEV1 and ambient 
air pollutant concentrations. The number of days from randomization was 
used as the time trend in the model. To estimate associations across all cities, 
we constructed a model including city as a covariate. Potential for confounding 
by a number of factors was considered carefully, basing choice of covariates on 
prior CAMP experienceE6: we controlled for gender, ethnicity, in utero smoking 
exposure, annual family income (dichotomized at $15K per annum), treatment 
group and treatment by time interaction. Confounding due to seasonal factors is a 
primary consideration in air pollution epidemiology, and we adjusted for “season” 
by using sine and cosine functions of timeE7 and their interactions with city.  
In addition, we decomposed daily ambient pollution concentrations into between- 
and within-subject exposures. Specifically, subject i’s exposure to pollutant x1 on 
day t was decomposed as follows: The between-subject component, is subject i’s 
average exposure during the time in which he or she was observed, and the within-
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subject component, is the deviation from the average on day t. Within-subject 
effects are likely to be far less confounded by season or by covariates that vary 
primarily across individual (e.g. in utero smoking exposure, etc) than between-
subject effects,E8 and they are more comparable to the parameters estimated in a 
traditional panel study, where all subjects are observed over a single time period. 
For further discussion regarding the decomposition of time-varying exposures 
into between- and within-subject components, see the papers by SheppardE8 and 
Neuhaus and Kalbfleisch.E9 We used estimates of within-subject exposure effects. 

We used SAS® software (version 9.2; SAS Institute Inc. 2008, Cary, NC USA) 
and IBM SPSS statistics (version 20; Armonk, NY USA: IBM Corp 2011) to manage 
all data. Statistical analysis was performed in IBM SPSS and R programming 
language (version 2.15.1; 2012-06-22). 

Pathway-level analysis for the genome-wide SNP by pollutant interaction 
analysis

With the i-GSEA4GWAS methodE10 the maximum –log (P-value) of all SNPs 
mapped to (and around) a gene is used to represent the gene. Then, all genome-
wide represented genes are ranked by decreasing values and their distribution is 
compared to the distribution of genes sharing a biochemical or cellular function. 
Kolmogorov-Smirnov like statistics gives to each gene set an enrichment score 
that reflects the trend that genes of a gene set tend to be located at the top of 
the entire genome-wide gene list. Then, i-GSEA4GWAS performs SNP-label 
permutations to assess the significance of the pathway-based enrichment 
score and to give the false discovery rate (FDR) for multiple testing correction. 
Pathways/gene-sets with FDR < 0.25 were regarded as mild confidence that the 
genes interacting with pollutants were enriched in a pathway/gene-set; FDR < 
0.05 were regarded as high confidence that the genes modifying pollution effects 
were enriched in a gene-set/ pathway. i-GSEA4GWAS focuses on the pathways 
or gene-sets with the highest proportions of significant genes instead of relying 
solely on the total significance generated from either a few or many significant 
genes, thus improving the sensitivity to identify pathways/gene sets that represent 
the combined effects of all possibly modest SNPs/genes.E10 

Discussion of the pathway analysis of NO2 effect modification by gene 
variants

The lung is rich in nitric oxide synthases (iNOS), and NO is normally present 
in the exhaled air (FeNO). Nitrogen dioxide is a pollutant tightly linked with 
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increased exhaled nitric oxide in children with asthma and is considered as a pro-
inflammatory mediator associated with airway inflammation and reduced lung 
function.E11,E12 Nitrogen dioxide has long been found to injure the airway epithelial 
lining, leading to decrements in barrier and active ion transport properties,E13-

E15and findings indicate a role for the iNOS/NO pathway in nitrogen dioxide-
mediated cytotoxicity characterized by interruption of tight junctions/adhesion 
moleculesE14,E16,E17 and increased cytokine and ICAM-1 production with influx 
of inflammatory cellsE16,E18and late phase apoptosis.E17 Oxidative stress, through 
production of reactive oxygen species, triggers disturbance in intracellular 
calcium homeostasis, which has been identified as an important factor in the 
tight junction defects and the pathogenesis of inflammatory diseases.E19-E21 

In turn, interluekin-10 is an anti-inflammatory cytokine induced by nitrogen 
dioxide exposureE18 found to alleviate the mucosal injuryE22 probably via p38/
MAPK activation of the heme oxygenase-1 (HO-1) pathway.E17,E23,E24 HO-1 catalyzes 
the oxidation of heme to carbon monoxide (CO) and biliverdin, which play  
a concerted action in cytoprotection against oxidative stress and in the modulation 
of cell proliferation and differentiation dependent on the modulation of the p38/
MAPK-signaling pathway.E25 Ryter, Alam and Choi extensively review the HO-1/
CO (heme oxygenase/carbon monoxide) system and reported that among other, 
glucose and lipids metabolism, agents promoting ROS generation, Angiotensine 
II, hypoxia, hyperthermia, heat shock proteins and a number of cytokines 
including IL10 induce HO-1/CO production for protection in oxidative tissue 
injury such as lung injury models.E25,E26 The HO-1 pathway has also been found to 
interact with the iNOS pathway in the control of cellular homeostasis.E27 
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Table E1. Interquartile ranges (25th to 75th percentile) of pollution 
concentrations

IQR 4-month average Overall Within-subject

Carbon Monoxide (10 x ppm) 5 3

Nitrogen Dioxide (ppb) 8 4

IQR: interquartile range, ppb: part per billion; ppm: parts per million

Table E2: Top signals of genome-wide SNP by carbon monoxide 
interactions and post-BD FEV1 %predicted in Caucasian CAMP subjects

Carbon monoxide by SNP_minor allele 2-Step approach 
P value

LMM
 P value 

LMM 
Change per IQR$

rs13121814_G 1.28E-05 7.23E-07 -0.92

rs6569651_C 9.23E-06 9.69E-07 0.88

rs883398_A 2.04E-06 2.11E-06 -0.98

rs2237113_A 2.66E-05 2.22E-06 0.83

rs5742743_A 1.19E-05 3.76E-06 1.22

rs6545694_G 1.01E-05 4.17E-06 0.83

rs1861415_A 8.88E-06 4.41E-06 0.82

rs1770011_G 1.42E-05 4.48E-06 1.00

rs6446330_G 5.50E-05 4.70E-06 -0.92

rs1507559_T 1.37E-05 5.13E-06 0.85

rs4915866_G 5.63E-06 5.16E-06 -0.94

rs12130070_A 1.64E-05 5.20E-06 1.00

rs2878079_G 1.64E-05 5.20E-06 1.00

rs9388766_T 4.07E-05 7.50E-06 0.83

rs6899976_G 5.41E-05 1.06E-05 0.81

rs6679072_G 2.84E-05 1.10E-05 1.09

rs2403547_A 5.87E-06 1.17E-05 0.79

rs1986254_G 7.65E-06 1.26E-05 0.83

rs9317963_A 2.51E-05 1.33E-05 -0.76

rs2041813_A 9.78E-05 1.46E-05 -0.87

rs2518023_T 3.86E-05 1.46E-05 -1.36

rs9388769_G 9.41E-05 1.48E-05 0.79

rs1476162_G 5.24E-05 1.52E-05 -1.33

rs10174379_T 9.71E-05 1.55E-05 -1.07

rs576874_C 5.47E-05 1.71E-05 -0.80

rs2720625_A 4.21E-05 2.72E-05 0.84

rs11078734_T 6.69E-05 2.86E-05 -1.21
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rs1605461_G 6.97E-05 3.46E-05 0.75

rs2039056_T 6.49E-05 3.63E-05 -0.73

rs4388690_C 5.95E-05 3.85E-05 0.77

rs9811139_C 7.17E-05 4.05E-05 1.09

rs13413446_C 9.02E-05 4.28E-05 1.00

rs10204566_G 2.56E-05 4.65E-05 0.74

rs3848726_T 6.09E-05 4.77E-05 -0.73

rs11904039_G 6.17E-05 4.80E-05 0.90

rs7519097_A 4.92E-05 5.00E-05 -0.91

rs4677169_A 9.96E-05 5.27E-05 0.83

rs799974_C 4.18E-05 6.38E-05 0.78

rs1470148_A 6.98E-05 6.47E-05 -1.09

rs11126981_A 8.74E-05 7.52E-05 0.76

rs6759519_A 8.06E-05 9.18E-05 0.72

rs6660832_A 8.93E-05 9.92E-05 -0.78

rs2194654_A 8.85E-05 1.21E-04 0.73

rs7600221_A 6.29E-05 1.42E-04 0.69

rs10241629_G 6.59E-05 2.00E-04 0.70

rs10491310_C 7.83E-05 4.66E-04 -0.94

rs11621122_T 8.50E-05 2.57E-03 0.72

SNP: single nucleotide polymorphisms, LMM: linear mixed model FEV1= bo + b1 between-subject pollution + b2 
within-subject pollution + b3 SNP(additive) + b4 SNP x pollutant + b5 covariates + e | subject-specific (random) 
intercept, IQR: interquartile range of 4-month average carbon monoxide concentration (0.3 parts per million)
$direction of association same as in 2-step approach

Table E3: Top signals of genome-wide SNP by nitrogen dioxide 
interactions and post-BD FEV1 %predicted in Caucasian CAMP subjects

Nitrogen dioxide by SNP_minor allele 2-Step 
P values

LMM
 P value 

LMM 
Change per IQR$

rs13090972_T 1.37E-06 1.33E-08 -1.33

rs958144_T 4.81E-06 2.94E-08 -1.28

rs7041938_G 7.35E-06 1.04E-07 1.14

rs4571247_G 6.31E-06 1.08E-07 -1.25

rs1875137_G 1.85E-05 1.13E-07 0.91

rs11656155_T 6.35E-06 1.66E-07 0.91

rs4704701_G 4.43E-05 2.29E-07 1.02

rs4378142_A 2.35E-05 2.82E-07 0.70

rs12684188_T 3.01E-05 3.88E-07 1.20

rs1205047_A 8.08E-05 3.98E-07 -0.97

rs11159689_T 2.67E-05 7.33E-07 0.84

DespoThesis.indd   221 1/27/2014   3:23:19 AM



222

Supplementary material

rs6733550_G 4.14E-05 1.09E-06 0.81

rs10782467_C 3.73E-05 1.17E-06 0.82

rs1510646_T 6.57E-05 1.23E-06 1.19

rs2621949_A 3.61E-05 2.52E-06 1.49

rs711173_C 1.97E-05 2.63E-06 0.79

rs4875101_A 7.17E-05 3.08E-06 -0.79

rs12566794_G 5.98E-05 3.38E-06 -0.72

rs4896716_T 5.62E-05 4.05E-06 1.05

rs8039508_T 8.58E-05 5.01E-06 0.71

rs3769767_A 5.19E-05 5.38E-06 0.91

rs17780310_T 9.73E-05 5.72E-06 -0.73

rs1844723_G 4.71E-05 5.74E-06 -0.85

rs2142301_T 6.64E-05 5.97E-06 -0.73

rs2490591_G 9.10E-05 6.95E-06 0.84

rs7356801_G 9.90E-05 7.02E-06 1.00

rs7642606_T 4.81E-05 8.20E-06 -1.16

rs939590_A 8.45E-05 8.46E-06 -0.78

rs13157529_T 5.54E-06 8.46E-06 -1.08

rs10984545_A 5.17E-05 8.73E-06 -1.20

rs12486049_G 6.45E-05 1.39E-05 -1.13

rs12119540_C 6.17E-05 1.42E-05 0.73

rs10512256_G 9.91E-05 1.52E-05 -1.16

rs1059003_G 9.91E-05 1.52E-05 -1.16

rs10984516_T 9.91E-05 1.52E-05 -1.16

rs4742708_A 9.91E-05 1.52E-05 -1.16

rs10058249_A 1.26E-05 1.57E-05 -1.05

rs3793490_G 9.44E-05 1.64E-05 1.12

rs9323351_G 6.01E-05 1.65E-05 -1.03

rs2157401_C 9.53E-05 1.84E-05 0.53

rs4672884_A 6.20E-05 1.98E-05 0.68

rs897877_A 7.85E-05 2.42E-05 0.67

rs6009565_A 9.42E-05 3.43E-05 0.99

rs831208_T 7.34E-05 6.78E-05 -0.61

rs9528794_C 6.24E-05 7.62E-05 0.81

rs12943384_G 8.62E-05 9.50E-05 -0.80

rs9988260_T 8.38E-05 2.87E-04 -0.83

rs10485399_T 9.69E-05 6.59E-04 -1.03

SNP: single nucleotide polymorphisms, LMM: linear mixed model: FEV1=bo + b1 between-subject pollution + b2 within-
subject pollution + b3 SNP(additive) + b4 SNP x pollutant + b5 covariates + e | subject-specific (random) intercept

, IQR: interquartile range of 4-month average nitrogen dioxide concentration (0.004 parts per million)
$direction of association same as in  the 2-step approach
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Table E5: Pathway analysis top SNPs and effect modification of the 
long-term effects of carbon monoxide on post-BD FEV1 %predicted in 
Caucasian CAMP subjects

Top SNPs _minor allele Change per IQR$ P-value$

rs11130199_C -0.55 0.002

rs17515291_G -0.64 0.001

rs3768405_A 0.66 0.001

rs7035689_A 0.45 0.022

Caucasian Childhood Asthma Management Program subjects (n=522); $ Linear mixed model: FEV1=bo + b1 between-
subject pollution + b2 within-subject pollution + b3 SNP(additive) + b4 SNP x pollutant + b5 covariates + e | subject-
specific (random) intercept
IQR: interquartile range of 4-month average carbon monoxide concentration = 0.3 parts per million

Table E6: Pathway analysis top SNPs and effect modification of the 
long-term effects of nitrogen dioxide on post-BD FEV1 %predicted in 
Caucasian subjects

Top SNP_minor allele Change per IQR$ P-value SNP by nitrogen dioxide$

rs1521481_C 0.78 2.32E-06

rs3755377_G -0.74 3.61E-06

rs12119540_C 0.73 1.42E-05

rs7304453_T 0.71 1.64E-05

rs13219957_A 0.90 2.02E-05

rs13077495_C -1.27 3.62E-05

rs10151613_C 0.67 4.86E-05

rs1800896_C 0.66 5.29E-05

rs11820322_T 1.77 1.13E-04

rs8_T -0.73 1.16E-04

rs717099_A -0.60 1.18E-04

rs4899406_T -1.04 1.59E-04

rs3087474_T -1.12 1.61E-04

rs17409602_C 0.67 1.67E-04

rs4952447_C 0.57 1.70E-04

rs1732664_T 0.62 2.15E-04

rs1200138_C 0.64 2.19E-04

rs6904263_T -0.74 2.21E-04

rs12144820_A -0.57 2.45E-04

rs7178_G -1.01 2.46E-04

rs1868289_G 0.63 2.86E-04

rs1025298_C -0.61 2.90E-04
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rs1642763_A 0.66 3.10E-04

rs658132_G 0.66 3.97E-04

rs4899329_C -0.57 4.41E-04

rs13164785_G 0.67 4.41E-04

rs1981429_G -0.58 4.54E-04

rs199933_A -0.65 4.57E-04

rs8102695_A -0.68 4.88E-04

rs1805352_C 0.59 5.07E-04

rs3774463_T 1.12 5.16E-04

rs478839_G -0.58 5.30E-04

rs6956460_G 1.05 5.43E-04

rs2581_T 0.54 5.43E-04

rs2025818_T -0.54 5.79E-04

rs9300729_C -0.82 5.81E-04

rs1131857_G 0.76 6.42E-04

rs4678009_T 0.60 7.00E-04

rs12695902_G 0.88 7.15E-04

rs3830180_G 0.59 7.91E-04

rs181997_A -0.57 9.48E-04

rs13229270_A -0.53 1.01E-03

rs8036393_T -0.51 1.03E-03

rs2850971_T -0.58 1.18E-03

rs165979_G -0.52 1.20E-03

rs2849380_T -0.63 1.22E-03

rs3790112_T 0.55 1.30E-03

rs17676564_A -1.01 1.31E-03

rs4254322_G 0.59 1.40E-03

rs629079_C 0.57 1.46E-03

rs4724420_T -0.52 1.47E-03

rs2236561_G 0.52 1.49E-03

rs797999_T -0.59 1.51E-03

rs12026958_C -0.84 1.61E-03

rs11198973_G 0.52 1.63E-03

rs1485237_C -0.52 1.64E-03

rs9842138_G 0.68 1.68E-03

rs2443502_G -0.48 1.71E-03

rs10259426_C -0.65 1.72E-03

rs17041884_T -0.57 1.80E-03

rs10515521_A 0.65 1.83E-03

rs1489024_G -0.51 1.98E-03
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rs4783446_G -0.99 2.06E-03

rs2835370_C 0.84 2.10E-03

rs733299_T -0.52 2.15E-03

rs2281390_T -0.59 2.17E-03

rs3767248_G 0.48 2.21E-03

rs454006_C 0.60 2.25E-03

rs13422838_C -0.83 2.27E-03

rs12086956_G -1.55 2.30E-03

rs12423712_A 0.95 2.52E-03

rs3806206_T 0.74 2.77E-03

rs12589478_A -0.53 2.84E-03

rs11258248_A -0.90 2.84E-03

rs7306482_A -0.48 2.91E-03

rs173681_T -0.59 2.94E-03

rs16916456_T 0.92 2.97E-03

rs2575710_C 0.46 3.03E-03

rs2292719_A -0.53 3.13E-03

rs4405588_C 0.46 3.22E-03

rs2531992_A 0.58 3.30E-03

rs6743452_C -0.46 3.32E-03

rs10066754_T -0.77 3.32E-03

rs3897583_C 0.48 3.32E-03

rs7623208_T -0.82 3.39E-03

rs6797758_G -0.59 3.41E-03

rs7255066_C 0.52 3.55E-03

rs12626592_A -0.98 3.64E-03

rs744143_A 0.72 3.68E-03

rs3783834_A -0.49 3.69E-03

rs17172446_A 0.56 3.69E-03

rs3785905_A -0.73 3.70E-03

rs1819741_C -0.56 3.86E-03

rs10423648_G 0.90 3.95E-03

rs11122574_T -1.05 3.98E-03

rs10042299_G -0.44 4.01E-03

rs12471357_T 0.45 4.12E-03

rs11216689_A 0.98 4.14E-03

rs558190_T 0.52 4.14E-03

rs2104977_A 0.60 4.17E-03

rs3766074_A 0.70 4.19E-03

rs4670185_G 0.88 4.41E-03
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rs7623610_A -0.44 4.51E-03

rs4339559_T -0.68 4.61E-03

rs2859228_G -0.47 4.67E-03

rs252649_C -0.91 4.79E-03

rs260849_G -0.56 4.83E-03

rs944260_G -0.52 4.83E-03

rs11666282_T 0.51 4.93E-03

rs2049050_T -0.48 4.97E-03

rs730005_C -0.57 5.07E-03

rs16909222_G -0.79 5.13E-03

rs7515374_C 0.46 5.21E-03

rs17407577_C -1.04 5.34E-03

rs869789_A -0.64 5.43E-03

rs2075067_A -0.74 5.45E-03

rs237484_A 0.44 5.50E-03

rs16923198_A -0.56 5.73E-03

rs4665716_G 0.87 5.85E-03

rs8068961_C -0.46 5.88E-03

rs11927393_G -0.77 5.97E-03

rs982804_C -0.45 6.06E-03

rs2517912_T 0.45 6.06E-03

rs9904113_A 0.46 6.25E-03

rs352165_A 0.45 6.34E-03

rs6891913_T -0.47 6.36E-03

rs10487841_C 0.92 6.53E-03

rs16875961_G -0.66 6.57E-03

rs2876981_C 0.43 6.67E-03

rs6425689_C -0.47 6.76E-03

rs6885505_G 0.46 6.90E-03

rs3773729_C 0.43 6.98E-03

rs6709175_C 0.52 7.01E-03

rs2393374_T -0.46 7.22E-03

rs7886134_C -0.35 7.52E-03

rs1033908_C 0.53 7.66E-03

rs7298903_C 0.61 7.84E-03

rs6804441_G 0.54 7.95E-03

rs1886700_T 0.59 8.12E-03

rs893952_T 0.45 8.27E-03

rs3760055_A -0.48 8.34E-03

rs9526475_T -0.47 8.35E-03
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rs4072067_G -0.54 8.42E-03

rs4316697_A 0.44 8.74E-03

rs2007044_G -0.44 8.75E-03

rs1009897_A 0.43 8.86E-03

rs6092704_C 0.70 9.07E-03

rs999297_A -0.47 9.13E-03

rs10025791_C 0.42 9.71E-03

rs10032688_A 0.60 9.77E-03

rs1956918_A 0.41 9.81E-03

rs10413199_A 0.55 9.86E-03

rs11636875_G -0.42 1.01E-02

rs17208112_A -0.45 1.02E-02

rs733018_G -0.47 1.04E-02

rs651084_G 0.50 1.04E-02

rs10796316_A 2.63 1.04E-02

rs10799902_A 0.42 1.04E-02

rs583720_A 0.51 1.05E-02

rs6982126_T 0.44 1.05E-02

rs2475193_A 0.52 1.08E-02

rs1784304_A -0.49 1.09E-02

rs2352865_C 0.50 1.10E-02

rs1619379_T -0.43 1.10E-02

rs10491087_T -0.72 1.11E-02

rs12125947_C -0.41 1.12E-02

rs11247963_A -0.50 1.13E-02

rs1367728_A -0.54 1.14E-02

rs527834_A 0.80 1.17E-02

rs2289059_G 0.84 1.20E-02

rs367689_A -0.74 1.20E-02

rs739999_G -0.70 1.21E-02

rs12477594_A 1.18 1.29E-02

rs10820938_A 0.74 1.33E-02

rs263238_A -0.53 1.34E-02

rs4698804_C -2.14 1.34E-02

rs7066678_A -0.34 1.41E-02

rs8091758_T -1.03 1.42E-02

rs919699_A -0.63 1.43E-02

rs12982646_A -0.41 1.45E-02

rs932757_A -0.37 1.47E-02

rs2271026_C -0.89 1.48E-02
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rs899480_G -0.81 1.48E-02

rs477549_C -0.61 1.48E-02

rs3767498_A -0.41 1.49E-02

rs11861415_G -0.41 1.50E-02

rs7111082_A 0.39 1.52E-02

rs578130_A 0.41 1.52E-02

rs715849_A -0.41 1.52E-02

rs3002208_G 0.48 1.53E-02

rs1122356_G -0.43 1.53E-02

rs2922666_T -0.51 1.58E-02

rs13191198_G 0.38 1.62E-02

rs2524005_A -0.50 1.69E-02

rs4855074_T -0.52 1.75E-02

rs10496444_G 0.40 1.75E-02

rs2993577_G 1.79 1.84E-02

rs7167430_C 0.54 1.85E-02

rs742403_G 0.37 1.86E-02

rs9958503_A -0.64 1.87E-02

rs10823343_G -0.41 1.89E-02

rs745966_C -0.61 1.92E-02

rs206187_A -0.60 1.94E-02

rs1956908_A 0.38 1.97E-02

rs3170368_G 0.55 2.01E-02

rs1693892_G 0.39 2.01E-02

rs715643_T -0.71 2.14E-02

rs2665742_G 0.36 2.16E-02

rs6429206_T -0.37 2.24E-02

rs17126224_G -0.80 2.29E-02

rs7207345_C -0.39 2.29E-02

rs785520_C -0.35 2.50E-02

rs197770_G -0.56 2.59E-02

rs3730064_A -0.62 2.60E-02

rs3746821_T -0.57 2.67E-02

rs1014982_T 0.28 2.76E-02

rs1572057_T 0.47 2.86E-02

rs4925479_C 0.39 2.89E-02

rs2652423_T -0.39 2.93E-02

rs7277902_T 0.54 2.94E-02

rs1398259_C -0.35 2.96E-02

rs7550839_T -0.46 2.96E-02
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rs10489612_A -0.54 3.03E-02

rs263955_T -0.35 3.05E-02

rs9616802_T -0.34 3.20E-02

rs900781_T 0.56 3.26E-02

rs7255050_A -0.33 3.31E-02

rs2307373_T -0.34 3.34E-02

rs7776857_G 0.34 3.38E-02

rs2273814_G -0.34 3.51E-02

rs6790988_A -0.35 3.66E-02

rs16833157_A 0.81 3.87E-02

rs2826877_T -0.32 4.05E-02

rs5030390_A -0.56 4.07E-02

rs7401414_A 0.47 4.09E-02

rs6949887_A -0.72 4.64E-02

rs11179589_C -0.55 4.69E-02

rs270_A 0.41 4.95E-02

rs2494738_A 0.59 5.34E-02

rs12820100_C -0.32 5.43E-02

rs13323993_A 0.33 5.56E-02

rs1443237_A -0.35 5.68E-02

rs679305_T -0.56 6.20E-02

rs1449264_C 0.30 6.66E-02

$ Linear mixed model: FEV1=bo + b1 between-subject pollution + b2 within-subject pollution + b3 SNP(additive) + 
b4 SNP x pollutant + b5 covariates + e | subject-specific (random) intercept
IQR: interquartile range of 4-month average nitrogen dioxide concentration = 0.004 parts per million
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Figure E1: The quantile-quantile (QQ) plot of the genome-wide SNP by 
carbon monoxide interaction analysis in Caucasian CAMP subjects

Figure E2: The quantile-quantile (QQ) plot of the genome-wide SNP by 
nitrogen dioxide interaction analysis in Caucasian CAMP subjects
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Thesis summary

Asthma is a chronic inflammatory disorder of the airways that affects 
children and adults of all ages. The World Health Organisation has estimated 
that 300 million individuals have asthma worldwide, and that this will 
reach 400 million by 2025 with current rising trends. Patients with asthma 
typically experience recurrent episodes of wheezing, breathlessness, chest 
tightness and coughing, particularly at night or in the early morning. Asthma 
attacks are generally triggered by allergens, viral respiratory infections and 
airborne irritants such as tobacco smoke and air pollution. In asthma, the 
airways narrow in an exaggerated fashion after being exposed to a trigger  
(a phenomenon called airway hyperresponsiveness) and asthmatics indicate 
variable airflow obstruction which is often reversible either spontaneously 
or following treatment, while some patients outgrow their asthma over time. 
Inhaled corticosteroids constitute the cornerstone of regular asthma treatment.  
The clinical severity of asthma is associated with airway wall inflammation 
and structural changes named airway wall remodeling. Inhaled corticosteroids 
have been associated with suppression of inflammation and asthma symptoms.

Recent advances in understanding the pathophysiology of asthma 
development and severity have pointed towards a prominent role of the 
airway epithelium. A relative new hypothesis is that the airway epithelium in 
asthma is more susceptible to damage allowing greater access of environmental 
allergens, microorganisms, and toxicants to the airway tissue and/or has an 
altered response to injury by environmental stimuli, with a pro-inflammatory 
response of the epithelium contributing to local allergen sensitization, chronic 
and persistent inflammation and airway wall remodeling.

Nevertheless, not all asthmatics respond to environmental exposures 
in the same way and there is heterogeneity in clinical and pathological 
expression of disease among individuals, both in children and adults with 
asthma. The individual variation in asthma severity is influenced by genetic 
and environmental factors, and gene-environment interactions add to the 
complexity of the disease. Similarly, genetics play a role in the individual 
response to anti-inflammatory treatment.

Studies directed towards determining the mechanisms by which genetic 
and environmental factors and their interactions affect clinicopathological 
outcomes in asthma and whether such effects can be modified by anti-
inflammatory treatment are needed. Although many studies have investigated 
the genetic and environmental determinants of asthma susceptibility and 
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severity, longitudinal genetic studies seeking associations with the natural 
course and asthma outcome are scarce. Similarly, the genetic background of 
airway pathology is not well documented. 

In this doctoral thesis we investigated the role of genes encoding proteins 
involved in epithelial barrier integrity, chronic airway inflammation and airway 
wall remodeling in asthma and showed that genetic variation determines 
epithelial integrity, the extent of the airway wall inflammation and remodeling, 
as well as the subsequent clinical severity (i.e. airway hyperresponsiveness, lung 
function level and decline over time, asthma remission) of adult individuals 
with asthma. We showed that gene by inhaled corticosteroids and gene by 
smoking interactions also play a role in the clinical and pathological expression 
of the disease.

We further focused on the susceptibility of asthmatic children to ambient 
air pollution, an unavoidable environmental exposure of the modern world. 
We showed associations of long-term air pollution (carbon monoxide and 
nitrogen dioxide) exposure with severity of airflow obstruction and airway 
hyperresponsiveness in children with asthma. We did not find strong evidence 
of modification of pollution effects by controller medication used in a clinical 
trial. However, we showed that genetics play a role in the respiratory response 
of asthmatic children to air pollution by potentially regulating oxidant/anti-
oxidant cellular mechanisms and inflammation.

With this thesis we aimed to understand better the underlying mechanisms 
of asthma severity and we added to the current knowledge of asthma 
pathophysiology. This may ultimately offer better targets for drug development 
for either prevention or cure of asthma. Collaboration between the different 
scientific disciplines using epidemiologic, genomic, proteomic and other 
molecular information is the key to a network-based approach to human 
disease that will help discover better and more accurate biomarkers, improve 
disease classification, and channel personalized therapies and treatment.
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Astma is een chronische inflammatoire aandoening van de luchtwegen, die 
kinderen en volwassenen van alle leeftijden treft. De WHO schat dat wereldwijd 
300 miljoen mensen astma hebben en dat dit, met de huidige stijgende trend, zal 
oplopen tot 400 miljoen patiënten in 2025. Astmapatiënten ervaren meestal 
terugkerende aanvallen van piepen, kortademigheid, beklemming op de borst 
en hoesten, vooral ‘s nachts of in de vroege ochtend. Astma-aanvallen worden 
over het algemeen veroorzaakt door allergenen, virale infecties van de luchtwegen 
en luchtweg irriterende stoffen, zoals tabaksrook en luchtvervuiling. Bij astma 
vernauwen de luchtwegen zich na blootstelling aan een prikkel (een fenomeen dat 
luchtweg hyperreactiviteit wordt genoemd). Personen met astma geven aan dat de 
mate van benauwdheid varieert, en dat die spontaan of na een behandeling kan 
verdwijnen. Sommige patiënten groeien over hun astma heen. De klinische ernst 
van astma is geassocieerd met ontsteking van de luchtwegwand en met structurele 
veranderingen van de luchtwegwand, zogenaamde luchtwegwand-remodellering. 
Inhalatiecorticosteroïden vormen de basis van de behandeling van astma. De 
therapie met inhalatiecorticosteroïden leidt tot onderdrukking van ontsteking in de 
luchtwegen en vermindering van de astmasymptomen.

Recente inzichten in de pathofysiologie van de ontwikkeling en de ernst van astma 
laten zien dat luchtwegepitheel een belangrijke rol speelt. Met luchtwegepitheel 
bedoelen we de cellen, die de binnenkant van de luchtwegen bekleden. Een nieuwe 
hypothese is dat het luchtwegepitheel bij patiënten met astma gevoeliger is voor 
schade die ontstaat o.a. door het inhaleren van allergenen, micro-organismen 
en toxische stoffen. Deze schade leidt tot een verhoogde doorlaatbaarheid van 
het epitheel en een veranderde reactie op deze prikkels uit de omgeving. Hierbij 
stimuleert het epitheel inflammatie, wat op zich weer bijdraagt aan de lokale reactie 
op allergenen en chronische en blijvende ontstekingsprocessen en remodellering 
van de luchtwegwand.

Toch reageren niet alle astmapatiënten op dezelfde manier op de blootstelling 
aan omgevingsprikkels en bestaat er variatie in zowel de klinische als de pathologische 
uiting van de ziekte, zowel bij kinderen als bij volwassenen met astma. Deze variatie 
betreft de ernst van de ziekte wordt beïnvloed door genetische en omgevingsfactoren. 
En de interactie tussen deze genetische en omgevingsfactoren leidt tot een grote 
complexiteit en variatie van astma. Daarnaast spelen genetische factoren een rol bij de 
individuele reactie op de ontstekingsremmende behandeling met inhalatiesteroïden. 

Om deze complexiteit te ontrafelen zijn studies nodig naar de mechanismen 
van genetische en omgevingsfactoren en hun interactie. Daarnaast moet 
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onderzocht worden welke kenmerken van astma beïnvloed kunnen worden door 
ontstekingsremmende behandeling. Hoewel veel studies tot nu toe de genetische en 
de omgevingsfactoren hebben onderzocht voor wat betreft de ontwikkeling en ernst 
van astma, zijn er nauwelijks studies die deze effecten over de tijd hebben uitgezocht en 
het natuurlijk beloop van astma hebben bestudeerd. Ook is de genetische achtergrond 
van de pathologische veranderingen in de luchtwegen niet goed gedocumenteerd. 
In dit proefschrift onderzochten wij de rol van genen die eiwitten coderen die 
betrokken zijn bij de integriteit van de epitheliale barrière van de luchtwegwand en 
de chronische luchtwegontsteking en remodellering van de luchtwegwand bij astma. 
Wij toonden aan dat genetische variatie mede de epitheliale integriteit bepaalt en 
ook de uitgebreidheid van de luchtwegwandontsteking en remodellering en  daarop 
volgend de klinische ernst van astma ( b.v. luchtweg hyperreactiviteit, het niveau van 
de longfunctie,  de achteruitgang van de longfunctie in de tijd en astma remissie). 
Wij onderzochten dit bij volwassen personen met astma. We toonden daarnaast aan 
dat een interactie tussen bepaalde genen en inhalatiesteroïden, en  tussen bepaalde 
genen en roken, een rol speelt bij de klinische en pathologische expressie van astma. 

Naast het onderzoek bij volwassenen hebben we ons gericht op de gevoeligheid 
van kinderen met astma voor luchtverontreiniging, een onvermijdelijke 
omgevingsblootstelling  in de huidige moderne wereld. We toonden aan dat er 
een verband bestaat tussen langdurige blootstelling aan luchtverontreiniging 
(koolmonoxide en stikstofdioxide ) en de ernst van luchtwegobstructie en 
hyperreactiviteit bij kinderen met astma. We vonden geen sterk bewijs dat de 
ontstekingsremmende medicatie, die in deze trial werd onderzocht, de effecten van 
luchtverontreiniging kon veranderen. Daarentegen vonden we wel dat de genetische 
factoren een rol spelen bij de respons van kinderen met astma op luchtverontreiniging 
doordat deze genen mogelijk de oxidant/anti-oxidant mechanismen en ontsteking 
konden beïnvloeden. 

Met dit proefschrift hebben we geprobeerd een beter inzicht te krijgen in de 
onderliggende mechanismen van de ernst van astma en hierbij hebben we nieuwe 
kennis toegevoegd aan de bestaande inzichten in de oorzakelijke mechanismen 
van astma. Dit onderzoek kan uiteindelijk bijdragen aan een betere ontwikkeling 
van geneesmiddelen voor preventie of genezing van astma. Samenwerking tussen 
verschillende wetenschappelijke disciplines zoals epidemiologische, klinische, 
genomische, proteomische en andere moleculaire informatie is de sleutel tot een 
geïntegreerde benadering van ziektes bij de mens. Deze samenwerking zal helpen 
om betere en nauwkeurigere biomarkers te ontdekken, en zal ook de classificatie 
van de diversiteit in astma helpen te verbeteren. Dit moet uiteindelijk leiden tot 
individueel aangepaste therapie en behandeling van astma. 
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Περίληψη

Το άσθμα είναι μια χρόνια φλεγμονώδης διαταραχή των αεραγωγών που 
επηρεάζει παιδιά και ενήλικες όλων των ηλικιών. Ο Παγκόσμιος Οργάνισμός 
Υγείας εκτιμά ότι τριακόσια εκατομμύρια άτομα παγκοσμίως έχουν άσθμα, 
αριθμός που υπολογίζεται μέχρι το 2025 να φτάσει με τις τρέχουσες αυξανόμενες 
τάσεις τα τετρακόσια εκατομμύρια. Ασθενείς με άσθμα συνήθως βιώνουν 
επαναλαμβανόμενα επεισόδια συριγμού και δύσπνοιας, νιώθουν ένα σφίξιμο 
στο στήθος και έχουν συχνά βήχα, ιδιαίτερα τη νύχτα ή νωρίς το πρωί. Οι κρίσεις 
άσθματος συνήθως προκαλούνται από αλλεργιογόνα, ιογενείς λοιμώξεις του 
αναπνευστικού συστήματος και  αερομεταφερόμενες ερεθιστικές ουσίες όπως 
ο καπνός του τσιγάρου και η ρύπανση του αέρα. Στην ουσία πρόκειται για μία 
υπεραντίδραση των αεραγωγών στους διάφορους παράγοντες, με αποτέλεσμα 
οι μυϊκές ίνες να συσπώνται (βρογχόσπασμος) προκαλώντας στένωση του 
αυλού των αεραγωγών. Ως εκ τούτου, οι ασθματικοί παρουσιάζουν  απόφραξη 
των αεραγωγών η οποία είναι συχνά αναστρέψιμη είτε αυθόρμητα ή μετά από 
θεραπεία, ενώ μερικοί ασθενείς  μπορούν να απαλλαχτούν από το άσθμα με την 
πάροδο του χρόνου. Η κλινική βαρύτητα του άσθματος συνδέεται με φλεγμονή 
και ιστολογικές αλλοιώσεις /αναδιαμόρφωση του τοιχώματος των αεραγωγών 
(airway remodeling). Τα εισπνεόμενα κορτικοστεροειδή έχουν συσχετιστεί 
με την καταστολή της φλεγμονής και των συμπτωμάτων του άσθματος, και 
αποτελούν τον ακρογωνιαίο λίθο της τακτική θεραπείας της νόσου. 

Πρόσφατες πρόοδοι στην κατανόηση της παθοφυσιολογίας της ανάπτυξης 
και της βαρύτητας του άσθματος έχουν επισημάνει  έναν εξέχοντα ρόλο 
του επιθηλίου των αεραγωγών,  το οποίο είναι η πρώτη γραμμή άμυνας σε 
ότι εισβάλλει μέσω του εισπνεόμενου αέρα. Μια σχετικά νέα υπόθεση είναι 
ότι το επιθήλιο της αναπνευστικής οδού των ασθενών με άσθμα είναι πιο 
επιρρεπές σε βλάβες, επιτρέποντας μεγαλύτερη πρόσβαση σε αλλεργιογόνα, 
μικροοργανισμούς και τοξικές ουσίες, και/ή έχει μια τροποποιημένη απόκριση 
στον τραυματισμό από περιβαλλοντικά ερεθίσματα που οδηγούν σε με 
μια προ-φλεγμονώδη απόκριση του επιθηλίου που συμβάλλει στην τοπική 
ευαισθητοποίηση σε αλλεργιογόνα, στην χρόνια και επίμονη φλεγμονή και 
αναδιαμόρφωση των τοίχωμάτων των αεραγωγών.

Παρ 'όλα αυτά, όλοι οι ασθματικοί δεν ανταποκρίνονται στα 
αερομεταφερόμενα ερεθίσματα κατά τον ίδιο τρόπο, με αποτέλεσμα να 
υπάρχει ετερογένεια στην κλινική και παθολογοανατομική έκφραση της νόσου 
μεταξύ των ατόμων με άσθμα,  είτε πρόκειται για παιδιά όσο είτε για ενήλικες. 
Η διακύμανση στην βαρύτητα του άσθματος μεταξύ ασθενών επηρεάζεται 
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από γενετικούς και περιβαλλοντικούς παράγοντες, καθώς οι αλληλεπιδράσεις 
μεταξύ γονιδίων και περιβάλλοντος συμβάλλουν στην πολυπλοκότητα 
της νόσου. Παρομοίως, οι γενετικοί παράγοντες  παίζουν βασικό ρόλο στην 
εξατομικευμένη ανταπόκριση στην αντι-φλεγμονώδη θεραπεία.

Αρκετές μελέτες κατευθύνονται προς τον προσδιορισμό των μηχανισμών με 
τους οποίους γενετικοί και περιβαλλοντικοί παράγοντες και οι αλληλεπιδράσεις 
τους επηρεάζουν τις κλινικο-παθολογοανατομικές εκδηλώσεις της νόσου και 
κατά πόσον αυτές μπορούν να τροποποιηθούν με τη χρήση αντι-φλεγμονώδους 
θεραπείας.  Αν και υπάρχει πληθώρα μελετών που έχουν διερευνήσει τους 
γενετικούς και περιβαλλοντικούς παράγοντες οι οποίοι καθορίζουν την 
προδιάθεση και τη βαρύτητα του άσθματος,  ωστόσο δεν συμβαίνει το ίδιο με 
τις μακροχρόνιες γενετικές μελέτες που αναζητούν τη συσχέτιση των γονιδίων 
με τη φυσική πορεία και την έκβαση του άσθματος. Αξίζει τέλος να σημειωθεί 
πως ούτε το γενετικό υπόβαθρο της ιστοπαθολογίας των αεραγωγών δεν είναι 
καλά τεκμηριωμένο.

Σε αυτήν τη διδακτορική διατριβή διερευνάται ο ρόλος των γονιδίων που 
κωδικοποιούν πρωτεΐνες που εμπλέκονται στην ακεραιότητα του επιθηλιακού 
φραγμού, τη χρόνια φλεγμονή και την αναδιαμόρφωση του τοιχώματος 
των αεραγωγών στο άσθμα. Καταδεικνύεται ότι οι γενετικοί πολυμορφισμοί 
καθορίζουν την επιθηλιακή ακεραιότητα, την έκταση της φλεγμονής και 
της αναδιαμόρφωση των αεραγωγών, καθώς και την μετέπειτα κλινική 
βαρύτητα, για παράδειγμα την υπεραντιδραστικότητα των αεραγωγών, την 
πνευμονική λειτουργία και την φυσική πορεία των ενήλικων ατόμων με άσθμα. 
Φαίνεται επίσης πως οι αλληλεπιδράσεις των γονιδίων με τα εισπνεόμενα 
κορτικοστεροειδή ή με το κάπνισμα επίσης διαδραματίζουν ρόλο στην κλινική 
και ιστολογική έκφραση της νόσου.

Περαιτέρω έμφαση δίδεται στην επιρρέπεια των ασθματικών παιδιών 
στη ρύπανση του ατμοσφαιρικού αέρα, μια αναπόφευκτη περιβαλλοντική 
έκθεση του σύγχρονου κόσμου. Διαπιστώνεται ότι μακροχρόνια υψηλά 
επίπεδα ατμοσφαιρικής ρύπανσης (με μονοξείδιο του άνθρακα και διοξειδίου 
του αζώτου) συσχετίζονται με τη βαρύτητα της υπεραντιδραστικότητας και 
απόφραξης των αεραγωγών σε παιδιά με άσθμα. Δεν αποδεικνύεται προστασία 
από την ρύπανση με τη φαρμακευτική αγωγή. Εντούτοις όμως έγινε σαφές πως 
το γονιδίωμα παίζει ρόλο στην αναπνευστική απόκριση των ασθματικών παιδιών 
στη ρύπανση του αέρα με γονίδια που δυνητικά ρυθμίζουν οξειδωτικούς/αντι-
οξειδωτικούς κυτταρικούς μηχανισμούς και τη φλεγμονή.

Αυτή η διατριβή είχε στόχο την καλύτερη κατανόηση των υποκείμενων 
μηχανισμών της βαρύτητας του άσθματος και την ενίσχυση της τρέχουσα 
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γνώσης της παθοφυσιολογίας του άσθματος. Τα ευρήματά μας μπορούν να 
βοηθήσουν στις μελέτες για την δημιουργία φαρμάκων για την πρόληψη ή/και 
τη θεραπεία του άσθματος. Η συνεργασία μεταξύ των διαφόρων επιστημονικών 
κλάδων που χρησιμοποιούν επιδημιολογικές, γενετικές  και άλλες μοριακές 
πληροφορίες είναι το κλειδί για μια πολύεδρική προσέγγιση της νόσου, η οποία 
θα συμβάλλει στη βελτίωση της κλινικο-παθολογοανατομικής κατάταξης 
της και την ανακάλυψη καλύτερων και πιο ακριβών βιοδεικτών, αλλά και 
εξατομικευμένων θεραπειών.
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να εύχεσαι νάναι μακρύς ο δρόμος,
γεμάτος περιπέτειες, γεμάτος γνώσεις.
Τους Λαιστρυγόνας και τους Κύκλωπας,
τον θυμωμένο Ποσειδώνα μη φοβάσαι,
τέτοια στον δρόμο σου ποτέ σου δεν θα βρεις,
αν μέν’ η σκέψις σου υψηλή, αν εκλεκτή
συγκίνησις το πνεύμα και το σώμα σου αγγίζει.
Τους Λαιστρυγόνας και τους Κύκλωπας,
τον άγριο Ποσειδώνα δεν θα συναντήσεις,
αν δεν τους κουβανείς μες στην ψυχή σου,
αν η ψυχή σου δεν τους στήνει εμπρός σου.

Να εύχεσαι νάναι μακρύς ο δρόμος.
Πολλά τα καλοκαιρινά πρωιά να είναι
που με τι ευχαρίστησι, με τι χαρά
θα μπαίνεις σε λιμένας πρωτοειδωμένους•
να σταματήσεις σ’ εμπορεία Φοινικικά,
και τες καλές πραγμάτειες ν’ αποκτήσεις,
σεντέφια και κοράλλια, κεχριμπάρια κ’ 
έβενους,
και ηδονικά μυρωδικά κάθε λογής,
όσο μπορείς πιο άφθονα ηδονικά μυρωδικά•
σε πόλεις Aιγυπτιακές πολλές να πας,
να μάθεις και να μάθεις απ’ τους 
σπουδασμένους.

Πάντα στον νου σου νάχεις την Ιθάκη.
Το φθάσιμον εκεί είν’ ο προορισμός σου.
Aλλά μη βιάζεις το ταξείδι διόλου.
Καλλίτερα χρόνια πολλά να διαρκέσει•
και γέρος πια ν’ αράξεις στο νησί,
πλούσιος με όσα κέρδισες στον δρόμο,
μη προσδοκώντας πλούτη να σε δώσει η Ιθάκη.

Η Ιθάκη σ’ έδωσε τ’ ωραίο ταξείδι.
Χωρίς αυτήν δεν θάβγαινες στον δρόμο.
Άλλα δεν έχει να σε δώσει πια.

Κι αν πτωχική την βρεις, η Ιθάκη δεν σε 
γέλασε.
Έτσι σοφός που έγινες, με τόση πείρα,
ήδη θα το κατάλαβες η Ιθάκες τι σημαίνουν. 

(Από τα Ποιήματα 1897-1933, Ίκαρος 1984) 
http://www.kavafis.gr/poems/content.asp?id=81&cat=1

Ithaka 

By Constantinos Cavafy

As you set out for Ithaka
hope the voyage is a long one,
full of adventure, full of discovery.
Laistrygonians and Cyclops,
angry Poseidon—don’t be afraid of them:
you’ll never find things like that on your way
as long as you keep your thoughts raised high,
as long as a rare excitement
stirs your spirit and your body.
Laistrygonians and Cyclops,
wild Poseidon—you won’t encounter them
unless you bring them along inside your soul,
unless your soul sets them up in front of you.

Hope the voyage is a long one.
May there be many a summer morning when,
with what pleasure, what joy,
you come into harbors seen for the first time;
may you stop at Phoenician trading stations
to buy fine things,
mother of pearl and coral, amber and ebony,
sensual perfume of every kind—
as many sensual perfumes as you can;
and may you visit many Egyptian cities
to gather stores of knowledge from their 
scholars.

Keep Ithaka always in your mind.
Arriving there is what you are destined for.
But do not hurry the journey at all.
Better if it lasts for years,
so you are old by the time you reach the island,
wealthy with all you have gained on the way,
not expecting Ithaka to make you rich.

Ithaka gave you the marvelous journey.
Without her you would not have set out.
She has nothing left to give you now.

And if you find her poor, Ithaka won’t have 
fooled you.
Wise as you will have become, so full of 
experience,
you will have understood by then what these 
Ithakas mean. 

(C.P. Cavafy, Collected Poems. Translated by Edmund 
Keeley and Philip Sherrard. Edited by George Savidis. 
Revised Edition. Princeton University Press, 1992)
http://www.cavafy.com/poems/content.asp?cat=1&id=74
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