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GeneRal InTRoDUcTIon

Chronic obstructive pulmonary disease

Chronic obstructive pulmonary disease (COPD) is a complex and chronic lung disease. It is 
a major cause of morbidity and mortality in the world and has a significant and increasing 
economic and social burden.1 It is currently the third leading cause of death in the world 
and it is estimated that worldwide 384 million people had COPD in 2010, with around 3 
million deaths each year.2 In the Netherlands, about 607,300 individuals (51 % male) had 
COPD in 2015 and 6,912 individuals died due to COPD, corresponding to 5 % of all national 
deaths that year.3 Cigarette smoke exposure is considered the most important risk factor 
for developing COPD and it is estimated that about 13 % of the smokers develop COPD, 
but estimations as high as 50 % have been reported as well.4,5 On the other hand, there 
is a considerable proportion of COPD patients (25–45 %) that do not have smoking as 
underlying cause of their disease.6

COPD is a heterogeneous disease including multiple phenotypes and symptoms. The 
disease encompasses emphysema, chronic bronchitis, and small airways disease, and 
frequent symptoms include chronic cough, sputum production and shortness of breath 
(dyspnea).2,3 COPD is characterized by airway inflammation, narrowing of the airways 
and/or degradation of the lung tissue.7 This leads to persistent and often progressive 
airway obstruction, which is largely permanent and irreversible.

The underlying mechanisms causing the symptoms and airway obstruction vary from 
person to person. Airway obstruction is usually the result of an interplay between poor 
lung development/growth, (long-term) exposure to noxious particles or gases, and 
(epi-) genetic susceptibility.8 In general, there is an abnormal inflammatory response 
in COPD to the inhalation of noxious particles or gases, such as cigarette smoke. This 
induces pathological changes like smooth muscle hyperplasia and remodeling of the 
airway walls, parenchymal tissue destruction (emphysema with loss of elastic recoil), 
abnormal repair (fibrosis) and increased mucus production (bronchitis), which all 
contribute to airway obstruction.2 In normal lung aging, the optimal lung function is 
reached around the age of 20 and after the age of 30 lung function starts to decline.9 
COPD mainly becomes symptomatic in people aged 55 and older, and accelerated lung 
function decline occurs frequently in COPD.10
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The diagnosis of COPD

The diagnosis of COPD is largely based on the presence of airway obstruction, which 
is commonly measured by spirometry (post-bronchodilator). The ratio between forced 
expiratory volume in one second (FEV1) and forced vital capacity (FEV1/FVC) is used 
to define airway obstruction (Figure 1). The Global initiative for chronic Obstructive 
Lung Disease (GOLD) recommends using a fixed cut-off for defining airway obstruction, 
namely an FEV1/FVC ratio below 70 %, and classifies COPD into four stages of disease se-
verity.2 These disease severity stages are based on the FEV1 as a percentage of predicted 
(FEV1 %pred, based on sex, age, height and ethnicity). For example an FEV1/FVC < 70 % 
combined with an FEV1 %pred < 80 % is classified as moderate COPD, and combined 
with an FEV1 %pred < 50 % as severe COPD. Since our lung function normally declines 
with aging, using the 70 % cut-off may lead to an overdiagnosis of COPD in the elderly 
and an underdiagnosis in young adults aged below 40 years (Figure 2).12 Thus, an FEV1/
FVC ratio of 65 % might be considered normal in people aged 75 years and older. There-
fore, the American Thoracic Society/European Respiratory Society (ATS/ERS) guidelines 
recommend to define airway obstruction as FEV1/FVC below the lower limit of normal 
(LLN).13 The LLN is an ethnicity specific reference value based on sex, age, and height, 
and calculated as the lower fifth percentile of a healthy reference population.14,15

The FEV1 and FEV1/FVC predominantly reflect large airway obstruction. As mentioned 
above, the small airways are affected in COPD as well and this may already occur without 
having abnormal FEV1 values. To measure small airway obstruction (peripheral airways < 2 

Figure 1: Spirometric measuments of FEV1, FVC and FEF25-75. (Adapted from the Johns Hopkins 
Hospital Harriet Lane Handbook11)
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mm diameter), the forced expiratory flow between 25 % and 75 % of FVC (FEF25–75) is used. 
This is the airflow during the middle part (25–75 %) of a forced expiration (FVC) (Figure 1).

COPD in never-smokers

Although the main risk factor for COPD is considered to be cigarette smoking, about 
25–45 % of COPD patients worldwide have never smoked.6 In developing countries 
the proportion of subjects with COPD who have never smoked is higher compared 
to developed countries, but even in the Netherlands this proportion is approximately 
16–26 %.16–18 However, relatively little is known about the mechanisms underlying COPD 
in never-smokers, since usually this group is excluded from analyses on the origins of 
COPD or there is no special focus on this group.19

So far, previous studies have shown that compared to smokers with COPD, never-smoking 
COPD patients are more likely to be female, older, have a history of asthma, a better lung 
function and have a milder disease (less symptoms, inflammation and comorbidities).20-24 
Intriguingly, within the group of patients with COPD, the proportion of females that have 
never smoked is higher than the proportion of males that never smoked (27 % versus 7 %).16

Multiple risk factors have been implicated in non-smoking related COPD (Figure 3), 
among others, environmental exposure to cigarette smoke (passive or in utero), occu-
pational exposure to dusts and chemicals (such as vapors, gases, dusts, fumes (VGDF), 
and pesticides); indoor and outdoor air pollution; chronic asthma or bronchitis; history 
of lower respiratory-tract infections and/or pulmonary tuberculosis; poor nutrition and 
poor socioeconomic status.6,7,25

Figure 2: The difference between a the FEV1/FVC< 70 % or LLN cut-off to define airway obstruc-
tion.12
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Especially in developing countries, indoor air pollution resulting from burning wood or 
cooking/heating with biomass fuels attributes greatly to COPD.6 The WHO estimated 
that in 2012 globally about 4.2 million deaths were related to indoor air pollution, and 
about 3.7 million to ambient air pollution; 22 % and 11 % of these deaths were due to 
COPD, respectively.26 Ambient air pollution is a mixture of hundreds of pollutants, in-
cluding particulate matter (PM), ozone (O3), sulfur dioxide (SO2), nitrogen dioxide (NO2), 
and carbon monoxide (CO). These pollutants, for example originating from traffic and 
industry, can induce pulmonary and systemic inflammation and have been associated 
with an increased risk for COPD.27

Other estimations indicate that the prevalence of COPD related to occupational expo-
sures is between 20–53 %, and about 31 % for never-smokers.28,29 Occupations with a 
high risk for COPD are among others machine operators, construction workers, cotton 
workers, farmers, and bus drivers.

Figure 3: Risk factors for COPD (Adapted from Global Initiative for Chronic Obstructive Lung Dis-
ease (GOLD): Global Strategy for the Diagnosis, Management, and Prevention of COPD2)
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Genetics

Every cell in the human body contains DNA (Deoxyribonucleic acid) coiled into 23 
chromosome pairs (including two sex chromosomes), named the genome.30 The DNA 
is composed of four bases that are joined together to form a double helix structure. 
The base adenine (A) always pairs with thymine (T) and cytosine (C) always pairs with 
guanine (G). These letters make up the genetic code for approximately 22,500 different 
genes that can be translated into proteins. In humans, 99.9 % of the DNA does not dif-
fer between persons, but still approximately 10 million bases show variation between 
persons and these are called single nucleotide polymorphisms (SNPs, Figure 4).31 Most 
SNPs have no effect, but some can affect transcription factor binding, gene expression 
(eQTL), gene splicing, or protein structure, which may result in differences in disease 
susceptibility.

The best-known genetic defect in COPD is a rare non-synonymous SNP in the SERPINA1 
gene causing Alpha-1 antitrypsin deficiency (AATD) and leading to early onset emphy-
sema.32 In the first genetic studies, SNPs in candidate genes were investigated based on 
a priori hypotheses about the underlying mechanisms in COPD.33 However, later studies 
used a hypothesis-free approach and tested associations between outcomes and hundreds 
of thousands of SNPs across the genome in so called genome-wide association (GWA) 
studies. Contrary to candidate gene studies, the GWAS approach may provide novel in-
sights into (novel) biological pathways underlying disease pathology. Several GWA studies 
have been performed on lung function (FEV1, FVC and FEV1/FVC) or COPD (Figure 5).34–44 
Multiple interesting genes were reported, including the Nicotinic Cholinergic Receptor 
(CHRNA3/5), Family With Sequence Similarity 13 (FAM13A) and hedgehog-interacting 
protein (HHIP). However, these studies were performed in only ever-smokers or popula-

Figure 4: Single nucleotide polymorphism (SNP), a single basepair difference.



Chapter 1

14

tion based studies including both ever- and never-smokers. No research explicitly focused 
on assessing the genetic background of COPD in never-smokers.

Epigenetics – DNA methylation

Epigenetics is described as regulatory mechanisms that can alter gene expression 
without changing the DNA sequence, and it is seen as an important link between en-
vironmental exposures and disease.45 It literally means “above the genetics” and these 
changes are cell type specific, can be inherited, and can persist through cell division, but 
are also potentially reversible.

There are three main epigenetic mechanisms, i.e. DNA methylation, histone modifica-
tion and RNA-interference.46 The best studied epigenetic mechanism is DNA methyla-
tion, which is the binding of a methyl group to a cytosine base adjacent to a guanine 
base (CpG) site (Figure 6).47 CpG-rich regions are called CpG islands. The location of DNA 
methylation in a gene is associated with its function. Originally, methylation was found 
to be silencing gene expression when present in the transcription start site (TSS) of a 
gene, but methylation in the gene body might assist transcription or regulate splicing.47

Both environmental exposures and genetic variation can affect DNA methylation. Altered 
DNA methylation levels have been found to play a role in multiple complex diseases, 
such as cancer, respiratory and neurodegenerative diseases.48 In addition, several stud-

Figure 5: Overview of previously identified SNP across the chromosomes associated with pul-
monary function measurement (red, n = 95) or COPD (blue, n = 20) based on the GWAS catalog 
February 2017 (https://www.ebi.ac.uk/gwas/).
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ies have shown that environmental exposures such as tobacco smoke can alter the DNA 
methylation status.49–52 Insight in the role of epigenetic modifications in COPD can provide 
important clues on the origins of COPD, but so far a very limited number of studies investi-
gated the effect of different environmental exposures on epigenetics. Recently, it became 
possible to also study epigenome-wide changes in a hypothesis free manner, by using 
the Illumina HumanMethylation450 BeadChip array.53 Approximately 485,000 CpG sites 
across the genome are assessed, annotated to 99 % of the known genes.54

Aims of the thesis

The main aim of this thesis was to assess the underlying mechanisms that play a role 
in COPD in never-smokers (Figure 7). Firstly, we aimed to identify (novel) common ge-

Figure 6: DNA methylation (addition of a methyl group) of a cytosine (C) DNA base.

Figure 7: Overview of my thesis.
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netic variants (SNPs) associated with lung function and COPD in never-smokers (GWAS). 
Secondly, we aimed to assess the role of epigenetic alterations (DNA methylation) upon 
environmental exposures (air pollution and occupational exposures) on lung function 
and COPD.

Cohorts studied in this thesis

The studies described in this thesis used data from three Dutch population based cohort 
studies, i.e. the LifeLines cohort study, the Vlagtwedde-Vlaardingen cohort study and 
the Rotterdam study (Figure 8). For these cohorts well characterized clinical, genetic, 
and exposure data is available for a large number of subjects.

The LifeLines cohort study
The LifeLines cohort study is a prospective population-based study of the Northern 
provinces of the Netherlands with a three-generation design. It was specifically designed 
to study the role of genes, exposures and their interaction in healthy aging and the 

Figure 8: The three main cohorts used in this thesis.
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onset of common complex diseases like COPD.55 A total of 167,000 participants were 
recruited at baseline (2006–2013) and were aged from 6 months up to 93 years. All 
participants completed multiple questionnaires, underwent medical examinations in-
cluding spirometry, ECG and cognition tests. The annual mean exposure to air pollution 
was estimated using the subjects home address and occupational exposure estimates 
were based on the current or last job description. All participants will be followed-up 
for 30 years and visits will be scheduled every 5 years.56 Data of approximately 13,000 
subjects, of which genome-wide genotying data was available, were used in the genetic 
discovery analyses described in this thesis. For our methylation studies, we selected 
1,661 subjects with complete data on phenotype (sex, age, height, smoking history, 
and lung function), genotype and occupational related exposures. To increase contrast, 
relatively equal groups were created of subject with and without COPD, cigarette smoke 
exposure and job related exposures.

The Vlagtwedde-Vlaardingen cohort study
The Vlagtwedde-Vlaardingen study was the first population-based prospective cohort 
study in the Netherlands aiming to gain more insight into the etiology of chronic airway 
diseases.57 About 8,000 subjects were included from Vlagtwedde (a rural area in the 
north) and Vlaardingen (an urban area in the south-west), and followed for 25 years. 
The cohort started in 1965 and the last survey took place in 1989/1990, after 8 visits 
approximately every 3 years. In 2003, genome-wide genotyping was performed for ap-
proximately 1,600 participants who participated at the last visit.58 Data of this last visit 
in 1989/1990 was used as validation set for the genetic studies mentioned in this thesis.

The Rotterdam elderly study
The Rotterdam elderly study is a prospective population-based study investigating 
chronic diseases in the elderly living in the Ommoord district in Rotterdam, the Neth-
erlands. Subjects aged 55 years and older had been recruited starting in 1990 (RS I). In 
2000, new subjects of 55 years and older were recruited for RS II and in 2006, a third 
expansion (RS III) was initiated and subjects 45 years and older were recruited.59,60 The 
final cohort comprised about 15,000 participants and they were followed-up every 3–4 
years, including interviews, questionnaires and examinations. Genetic data of the three 
independent cohorts in this Rotterdam study were analyzed separately used as genetic 
validation cohorts and methylation data of RS III was used as methylation validation 
cohort in this thesis.
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Outline of the thesis (Figure 7)

In Chapter 2 we performed a genome-wide association study to identify SNPs associated 
with FEV1 and FEV1/FVC in never-smokers. We replicated these results in never-smokers 
of four independent cohorts, assessed the combined effect of the replicated SNPs (ge-
netic risk score), assessed the association with gene expression levels and assessed if 
the variants had an effect in ever-smokers as well.

In Chapter 3 we assessed associations between SNPs and small airway obstruction 
(FEF25-75) by performing a genome-wide association study. We took a similar approach 
as described in chapter 2, and thus had a replication phase and assessed associations 
in ever-smokers and associations with gene expression levels. In addition, we studied 
if the results were independent of large airway obstruction (FEV1/FVC< 70 % and 
FEV1 %pred< 80 %).

In Chapter 4 we assessed the overlap between genome-wide association studies on 
airway obstruction using two definitions (FEV1/FVC< 70 % or FEV1/FVC<LLN) in the same 
population stratified by smoking. We thoroughly examined the similarities and differ-
ences between the results and followed-up genetic variants which were overlapping 
between the two airway obstruction definitions.

In Chapter 5 we used a genome-wide approach to assess whether differences in DNA 
methylation levels are associated with COPD in the general population stratified by 
never- and current-smokers.

In Chapter 6 we assessed whether air pollution exposure (NO2, PM2.5, PM10 and PM2.5 
absorbance) is associated with lung function (FEV1, FVC and FEV1/FVC).

In Chapter 7 we assessed the association between long-term air pollution exposure and 
DNA methylation and investigate whether DNA methylation mediates the association 
between air pollution and lung function (FEV1/FVC).

In Chapter 8 we used a genome-wide approach to identify differentially methylated re-
gions (DMRs) upon occupational exposure to gases/fumes, mineral dust and biological 
dust in never- and current-smokers. In addition, we assessed whether these DMRs were 
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associated with gene expression and mediated the association between occupational 
exposure and lung function (FVC, FEV1/FVC and FEF25-75).

In Chapter 9 we assessed the association between occupational exposure to pesticides 
and genome-wide DNA methylation levels and whether they associated with gene 
expression levels. We stratified analyses by smoking or airway obstruction status.
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