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GENERAL INTRODUCTION

(OPD

Chronic obstructive pulmonary disease (COPD) is a prevalent disease associated with a large burden of morbidity and
mortality worldwide. The global burden of COPD is still increasing and the disease is expected to become the 3 leading
cause of death by 2030". In the Netherlands, about 360,000 (2%) individuals had COPD and 6,353 individuals died due to
COPD in 2011, corresponding to 4% of all deaths that year”.

(OPD is characterized by persistent and often progressive airflow obstruction caused by an abnormal inflammatory
response to noxious particles and gases. This inflammatory response leads to structural changes and increased mucus
production in the central airways (chronic bronchitis), inflammation and remodeling in the peripheral airways
(bronchiolitis, small airways disease), and loss of lung tissue in the lung parenchyma (emphysema). Chronic bronchitis,
small airways disease and emphysema often co-exist, and the predominant phenotype varies from person to person.

Chronic bronchitis may precede or coincide with airway narrowing but may also be present in patients without COPD’. An
increased number of mucus producing cells and enlargement of mucus glands results in increased secretion of mucus,
which is normally secreted as part of a normal biological mechanism protecting the airways and lung tissue against
noxious particles and gases. Overproduction of mucus (chronic mucus hypersecretion) is seen in individuals with and
without COPD.

Many noxious particles and gases, such as from tobacco smoking affect both the small airways and the large airways.
Loss and narrowing of the small airways is seen in patients with mild COPD even hefore the onset of emphysematous
destruction and this becomes increasingly evident in severe copp”.

(lassification of COPD

Spirometry is the most commonly available and reproducible test for the diagnosis and classification of COPD’. The
diagnosis of COPD is based on post-bronchodilator forced expiratory volume in one second (FEV;) and the ratio of FEV; to
forced vital capacity (FVQ). Airflow obstruction is defined as an FEV,/FV(<70%. According to the guidelines of the Global
Initiative for Chronic Obstructive Lung Disease (GOLD) until 2012, disease severity is classified in four stages, determined
by the level of FEV; as percentage of predicted given gender, age and height (table 1). Whereas the spirometric
parameters FEV; and the FEV,/FVC ratio are used to indicate obstruction of predominantly the large airways, the forced
expiratory flow between 25% and 75% of FVC (FEFys75) is used to measure small airways obstruction. This parameter is
however largely dependent on the level of FVC.
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Lung function is age-dependent. Lung function increases during lung development and growth /7 ufero and during
childhood. The plateau phase is reached around the age of 20 years. After the age of 30, lung function starts to decline as
part of the normal aging process. Abnormally accelerated decline of lung function is seen in COPD and may occur at
several stages of life®

Table 1. Severity of COPD classified in stages according to the Global Initiative for Chronic Obstructive Lung Disease
(GOLD) until 2012.

Stage FEVi/FVC FEV, (lassification
I <10% >80% Mild

Il <10% >50-80% Moderate

n <10% >30-50% Severe

v <10% <30% Very severe

(OPD clinically manifests itself predominantly after the age of 40 years, yet development of the disease starts long
before and may even have its origins in childhood”. Complex interactions between environmental and genetic factors
may affect lung development /77 ufero, reduce lung growth in childhood and accelerate the decline of lung function
during adulthood. People with a lower level of lung function and/or an accelerated lung function decline are more prone
to experience respiratory symptoms and limitations in exercise capacity, and are at increased risk to develop COPD later
inlife (figure 1).
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Figure 1. Level of lung function and decline during the life-span (adapted from Brusselle, 2009)’.
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Non-smoking COPD

Development of COPD likely results from complex interactions between (multiple) environmental exposures and genetic
factors. In the developed world, smoking is regarded to be the most important risk factor for COPD. There are, however,
two important aspects to consider. First, not all smokers develop COPDIO‘", suggesting that there is inter-individual
difference in susceptibility to exposure to tobacco smoke. Secondly, the population-attributable fraction (PAF) of tobacco
smoke as a cause for COPD reported in literature ranges from 10 to 98%, most studies however show PAFs of less than
80%, suggesting that other environmental risk factors exist”. Various studies in developed countries have shown that
about 25 to 45% of all COPD patients never smoked (figure 2)]3‘”. In the developing countries, the proportion non-
smoking COPD is often higher, which may be caused by indoor air pollution from biomass fuel used for cooking and

heating"B.
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Figure 2. Prevalence of non-smoking COPD across different studies worldwide (Salvi and Barnes, the Lancet, 2009)13.

In the developed countries, other environmental risk factors for COPD apart from personal smoking include
environmental tobacco smoke (ETS), occupational exposures and ambient air pollution. Like active tobacco smoking, ETS
exposure induces inflammation and oxidative stress in the lungs and has been associated with reduced levels of lung
function at birth™® and in adulthood”"g, as well as with respiratory symptomsmo and increased COPD risk™%.
Occupational exposures such as organic and inorganic dusts, chemical agents and fumes are other and underappreciated
risk factors for COPD*™. It has been estimated that about 15-20% of all COPD cases are work related™”, with
proportions up to 30% in never smokers”. Finally, ambient (outdoor) air pollution, a mixture of hundreds of pollutants

originating from industry, traffic, heating, and other sources, can induce airway oxidative stress, pulmonary and
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systemic inflammation and has been associated with reduced lung function levels, accelerated lung function decline and

an increased risk for COPD™ .

[t needs to be determined which factors drive COPD development in non-smokers and which hiological pathways are
underlying these associations. Furthermore it should be studied whether similar or differential biological pathways
underlie smoking and non-smoking COPD. As for tobacco smoking, there is likely inter-individual difference in genetic
susceptibility to ETS, occupational exposures and ambient air pollution.

Genetic susceptibility

The human genome consists of deoxiyribonucleic acid (DNA) that is made up of nucleotides composed of a backbone
(deoxyribose), a phosphate group and a base. There are four different types of bases; adenine (A), thymine (T), cytosine
(0) and guanine (G). In the double helix structure of DNA, adenine always
pairs with thymine (A-T) and cytosine always pairs with guanine (C-G).
Although more than 99% of all DNA is similar between individuals, certain
base pairs differ. These differences are called single nucleotide
polymorphisms (SNPs) (figure 3). There are millions of SNPs in the human
genome. Yet the functionality is only known for a small proportion of these
variants. Functional SNPs may cause altered gene expression (eQTL), altered
protein structure or altered splice variants.

Figure 3. Single nucleotide polymorphism (SNP), a single base-pair

difference between individuals.

About 1-2% of all individuals with COPD suffer from alpha-1-antitripsin-deficiency (AAT-deficiency), a disorder resulting
from a mutation in a single gene causing early onset emphysema. More commonly, COPD results from complex
interactions between multiple genes and multiple environmental exposures. This is illustrated by the fact that only a
relatively small proportion of 15-25% of all smokers eventually develop COPD™". Studying genetic susceptibility to COPD

is important since it may provide novel insights into biological pathways leading to disease development.

Until recently, candidate gene approaches have been used to investigate several SNPs in candidate genes or whole
pathways of genes chosen a-priori based on a hypothetical biological mechanism. The main focus of these candidate
gene approaches has been on the so-called pathogenic trait of COPD: oxidative stress, proteases-antiprotease imbalance
and persistent inflammation, that may essentially cause goblet cell metaplasia and hyperplasia, mucus hypersecretion,
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airway wall fibrosis, alterations in smooth-muscle cells and extracellular matrix, with associated destruction and loss of
lung tissue™,

Since the Human Genome Project has been published in 2003 and genotyping costs have decreased, genome-wide
genotyping of large samples has become possible. In contrast to candidate gene approaches where several plausible
(andidates are tested, genome-wide association (GWA) studies are hypothesis-free approaches testing hundreds of
thousands genetic markers across the entire genome. This approach aims to identify novel loci associated with disease
risk. Essentially this may provide novel insights in (novel) biological pathways associated with disease development. The
first GWA study on the level of lung function, published in 2007, amongst others identified a SNP in 65702 a gene
involved in the oxidative stress response, that was associated with both the level of FEV; and Fvc. Since 2007 more GWA
studies have been performed and several novel genetic loci associated with the level of lung function have been
identified™ . The first GWA study on COPD, published in 2009, reported two loci associated with the disease, HHIP and
CHRNA3/5 (nicotinic receptor). Later studies suggested that the nicotinic receptor gene is associated with smoking habits
rather than COPD itself”. Thus far these GWA studies have disregarded the environment, although it seems likely that
genetic variation is of importance when there are environmental exposures triggering the development of the disease.

The number of published genome-wide interaction (GWI) studies, that aim to identify loci associated with a disease
given a certain exposure, is limited. GWI studies are difficult to establish. First, in addition to acquiring detailed
phenotypic and genotypic information like in GWA studies, extensive exposure assessment has to be performed. Second,
a main limitation of testing gene-environment interactions on a genome-wide scale is its limited powery. (ohorts for
genome-wide studies need to be large in order to have sufficient power to overcome the multiple testing penalty
(Bonferroni corrected p-value = 0.05/number of tests). Introducing an interaction term in the model may both decrease
the power and increase the error due to noise in the exposure assessment. Different strategies have been proposed to
analyze the data with maximal power. The optimal strategy largely depends on the outcome of interest, i.e. studying
cases versus controls or studying a quantitative trait such as level of lung function.

AIMS OF THE THESIS

Aims: To assess whether environmental exposures are associated with the level of lung function and the prevalence of
(OPD, and to assess inter-individual differences in genetic susceptibility to the effects of these exposures.
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STUDY POPULATIONS

As mentioned before, studying interactions between exposures (i.e. smoking and occupational exposures) or genes and
exposures in genome-wide studies requires large datasets with extensive characterization of genotype, phenotype, and
exposure. With the LifeLines and Vlagtwedde-Vlaardingen population-based cohorts, well characterized clinical, genetic
and exposure data is available for a large number of subjects.

- The Litelines cohort study

LifeLines is an observational follow-up study in a large
representative sample of the population of the Northern
provinces of the Netherlands covering three generations. The
LifeLines cohort study started in 2006 and the total number of
165,000 individuals included will be followed for 30 years.

- , "' , ~ Lifelines is designed to study genes, exposures and their
A interactions in the aetiology of complex (multifactorial) diseases

0 1530 60 90 120
O —— — Kilometers

and healthy aging®™. All subjects undergo extensive medical
examination, including spirometry, and detailed information on
environmental exposures is acquired. Most of the work presented in this thesis is performed on data from the first and
second release of the LifeLines cohort study including approximately 13,000 unrelated individuals selected for genome-
wide genotyping.

The Viagtweddle-Viaardingen cohort study Q% G
The Vlagtwedde-Vlaardingen cohort is a general population-hased i
cohort including subjects from a rural area in the North-East of the

Netherlands (Vlagtwedde) and subjects from an urban area in the w .Viagt“fﬂae
South-West of the Netherlands (Vlaardingen). The cohort started in - :}
1965 and was followed for 25 vyears, measurements were el
performed every 3 years. The study aimed to obtain knowledge on Q;-;a'raingen H‘-\
the prevalence of chronic airway diseases as well as to gain deeper B ,,,/“gm"h‘m,ﬁ\ éf
insight in determinants of these diseases, i.e. endogenous factors “f

k|

such as age, sex, allergy and bronchial hyperresponsiveness, and

exogenous factors such as tobacco smoking and air pollutionzg.
Genome-wide genotyping has been performed on blood samples from a subset of subjects included in the last survey
(1989/1990). Genotypes are available for approximately 1,500 subjects.
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OUTLINE OF THE THESIS

In Chapter 2 we assessed associations of various occupational exposures with the level of lung function and the
prevalence of COPD in the Dutch general population, and secondly whether these associations were different between
never and ever smokers and between males and females.

In Chapter 3 we assessed if occupational exposures were associated with obstruction of the small airways, as measured
with forced expiratory flow at 25 to 75% of FVC (FEF,5.7s%), and whether these associations were different between never
and ever smokers.

In Chapter 4 we assessed if occupational exposures that were associated with the level of lung function in two Dutch
general population based cohorts (chapter 3), were additionally associated with the longitudinal decline of lung function,
and whether these associations were different between never and ever smokers.

In Chapter 5 we assessed risk factors (active smoking, exposure to environmental tobacco smoke exposure and
occupational exposures) for chronic mucus hypersecretion (C(MH) in subjects with and without COPD.

In Chapter 6 we used a candidate-gene approach to assess whether associations between ETS exposure during different
periods throughout the life-span and the level of lung function during adulthood were modified by genetic variation in
Gluthatione-S-Transferases Omega 1 and 2 (6570), genes that are involved in oxidative stress reactions and
detoxification of xenobiotic substances.

In Chapter 7 we used a genome-wide approach to identify novel genetic loci and pathways underlying individual
susceptibility to the effects of ETS exposure on the level of FEV;.

In Chapter 8 we used a genome-wide approach to identify novel genetic loci that affect individual susceptibility to the

effects of common occupational exposures, i.e. biological dust, mineral dust and gases and fumes, on the level of FEV,.
Secondly we assessed whether newly identified loci were cis-acting expression quatitive trait loci (cis-eQTLs) in lung
tissue.

[n Chapter 9 we used a genome-wide approach to identify novel genetic loci that affect individual susceptibility to the
effects of exposure to pesticides on the level of FEV;.
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ABSTRACT

Background

Occupational exposures are important and possibly modifiable contributors to the global burden of COPD. Exposure to
vapors, gases, dusts and fumes (VGDF) has been associated with a 2-3 fold higher COPD risk. Less is known about effects
of occupational exposure to pesticides and solvents. In the current study we assessed if VGDF, pesticides and solvents are
associated with the level of lung function and the prevalence of airway obstruction in the general population.

Methods

We included 11,851 subjects aged 18-89 years from the LifeLines cohort study. Regression models assessing associations
hetween occupational exposures (no/low/high), level of lung function (pre-bronchodilator FEV,, FEV,/FVC), mild and
moderate/severe airway obstruction were adjusted for sex, age, height, weight, current/ex smoking and packyears.
Additionally we stratified by smoking status and gender and tested for interaction. A second general population cohort
(n=2,564) was used to verify our initial findings.

Results

Occupational exposure to VGDF and pesticides was associated with a lower level of FEV, and FEV,/FVC and with a higher
prevalence of mild and moderate/severe airway obstruction in the two general populations investigated. There were no
associations with exposure to solvents.

Conclusions
(Occupational exposure to hoth VGDF and pesticides is associated with airway obstruction in the general population.

22
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BACKGROUND

Worldwide, millions of people suffer from chronic obstructive pulmonary disease (COPD). About 3 million people died
due to COPD in 2005". The morbidity and mortality associated with the disease causes an enormous economic burden;
health care costs of COPD in the USA alone were estimated to be 50 billion dollar in 2010° The global burden of COPD is
still increasing and the disease is expected to hecome the third leading cause of death by 2030*". Yet the cellular and
molecular pathways driving COPD are still not fully understood’. Tobacco smoking is considered to be the main risk factor
for COPD, although a substantial proportion of 15-20% of all COPD cases has been attributed to occupational exposures,”
with proportions up to 30% in never smokers’.

Occupational exposure to broadly defined categories like vapors, gases, dusts, fumes and their composite measure
(VGDF) have been shown in several studies to increase COPD risk 2-3 fold®™ Joint exposure with smoking was shown to
increase the risk even 14-fold’. Epidemiological studies investigating effects of more specific occupational exposures, like
pesticides and solvents are scarce. Since the agricultural sector employs more than 1.1 billion workers worldwide (about
34% of the global working force), ” adverse health effects associated with occupational exposure to pesticides can have a
large public health impact. This is especially true in highly exposed populations, such as agricultural workers in
developing countries who often use pesticides with insufficient protective equipment and trainingB. Like pesticides,
solvents are widely used agents in every day practice, such as degreasing, cleaning and painting. Possible adverse health
effects, for instance due to their volatile and irritable properties, might therefore apply to millions of people worldwide.

Because occupational exposures are common, yet also potentially modifiable contributors to the global burden of COPD,
it is important to determine which occupational factors drive the development of COPD. Although COPD clinically
manifests predominantly after age 40, it is relevant to study early phenotypes that may be associated with development
of COPD later in life, such as decreased level of lung function and early signs of airway obstruction. In the current study
we assessed the associations of occupational exposure to gases and fumes, mineral dust, biological dust, their composite
measure VGDF, pesticides in general, herbicides and insecticides specifically, and various types of solvents on level of
lung function and the prevalence of mild and moderate/severe airway obstruction in a general population cohort.
Additionally, differential associations for never and ever smokers and males and females were investigated. A second
general population cohort from the same area, i.e. the Vlagtwedde-Vlaardingen cohort, was used to verify our initial
findings.
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METHODS

Study sample

We included individuals from the LifeLines cohort study, a multi-disciplinary prospective population-based cohort study
examining health and health-related behavior of persons living in the Northern region of The Netherlands” Subjects
were recruited via general practitioners. In the current study we included 13,301 subjects from the second data release of
the Lifelines cohort. All LifeLines participants received a medical examination and questionnaires at baseline. The
medical examination included pre-bronchodilator spirometry (FEV;, FEV}/FVC) using a Welch Allyn Version 1.6.0.489, PC-
based SpiroPerfect with (a Workstation software. The questionnaires included questions regarding personal
characteristics, smoking habits, job title and description of current or last held job.

Occupational exposure

Job title and description were coded according to the International Standard Classification of Occupations version 1988
(1SC0-88)". These four-digit classification codes were used to estimate job-specific exposures to VGDF (subcategories
gases and fumes, mineral dust and biological dust), pesticides (subcategories herbicides and insecticides), and various
types of solvents (aromatic, chlorinated, other) using the ALOHA+ Job Exposure Matrix (JEM)B. The ALOHA+ JEM classifies
subjects hased on the 1SC0-88 job codes into no, low and high exposure categories (0/1/2). In case a participant had two
different jobs simultaneously, exposures of both jobs were averaged and rounded to the nearest integer (0.5 =1and 1.5
=1.

Statistical analysis

Associations of the specific occupational agents with pre-bronchodilator level of lung function (FEV; and FEV,/FVC), mild
and moderate/severe airway obstruction were assessed using linear and logistic regression adjusted for sex, age, height,
weight, current/ex smoking and packyears (log packyears+1), all at enrolment. Mild obstruction was defined as pre-
bronchodilator FEV}/FV(<70%. To assess associations with more severe obstruction, we defined moderate/severe
obstruction as having pre-bronchodilator FEVi/FV(<70% and FEV;<80%predicted and no obstruction as having pre-
bronchodilator FEVy/FV(=70% and FEV]280%predicted.16 Subjects  with mild obstruction (pre-bronchodilator
FEV/FVC(<70% and FEV,280%predicted) or with possible other pathology, like restrictive lung disease (pre-
bronchodilator FEV,/FV(=70% and FEV,<80%predicted) were excluded from this analysis (Lifelines n = 1,517 (13%) and
Vlagtwedde-Vlaardingen n = 436 (18%)).

Because of substantial co-exposure between the specific occupational agents (supplementary table 1in the online

supplement) we additionally adjusted the models with exposure to VGDF, gases, fumes, mineral dust and biological dust
for exposure to pesticides, whereas the models with exposure to pesticides, herbicides and insecticides were additionally
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adjusted for exposure to VGDF. Since subjects with high exposure to pesticides always were highly exposed to VGDF, it
was not possible to formally test for interaction between the two exposures.

[n additional analyses we stratified by smoking status (never/ever) and by gender. A subject was defined as ever smoker
when being either a current or ex-smoker. Interactions between the exposures and smoking or gender were tested by
including their interaction terms in the unstratified models (i.e. low exposure*ever smoker; high exposure*ever smoker,
and low exposure*gender; high exposure*gender, respectively). P-values <0.05 were considered statistically significant.
All analyses were performed in SPSS version 20.0 (IBM Corporation, USA).

Table 1. Characteristics of the included study populations from the LifeLines and Viagtwedde-Vlaardingen cohorts.

LifeLines Vlagtwedde-Vlaardingen
N with non-missing data 11851 2364
Males, n (%) 4878 (41) 1265 (54)
Age (yrs), median (min-max) 47 (18-89) 52 (35-19)
Never smokers, n (%) 5091(43) 760 32)
Ever smokers, n (%) 6760 (57) 1604 (68)
Ex smokers, n (%) 4267 (36) 153 (32)
Current smokers, n (%) 2493 (21) 851 (36)
Packyears in ever smokers, median (25-75" percentiles) 10 (5-19) 199-3)
Lung function, mean (sd)
FEV%predicted® 103 (14) 93(16)
FEVY/FVC () 7607 74(9)
Airway obstruction
No (FEVy/FVC270%), n (%) 10097 (85) 1725 (73)
FEV;%predicted, mean (sd) 105 (13) 98 (13)
Mild (FEV,/FV(<70%), n (%) 1754 (15) 639 (27)
FEV\%predicted, mean (sd) 8915 79 (16)
Moderate/severe‘, n (%) 458 (4) 314(13)
FEV;%predicted, mean (sd) 709 67 (1)

%FEV,%predicted is FEV, as percentage predicted based on reference equations by Quanjer et al® bVlagtwedde—VIaardingen: FEV/IVC.
‘Moderate/severe obstruction: subjects with moderate/severe obstruction = pre-broncho-dilator FEV,/FV(<70% and FEVi<80%, subjects
without obstruction = pre-broncho-dilator FEV,/FV(=70% and FEV,;=80%. Subjects with mild obstruction (pre-broncho-dilator FEV,/FV(<70%
and FEV,280% predicted) or pre-bronchodilator FEV,/FV(=70% and FEV,<80%predicted were excluded from this analysis (LifeLines n = 1517
(13%) and Vlagtwedde-Vlaardingen n = 436 (18%)).

Verification cohort

Subjects that participated in the last survey (1989/1990) of the Vlagtwedde-Vlaardingen cohort were used to verify our
initial findings (table 1). The Vlagtwedde-Vlaardingen cohort is a general population based cohort that has started in 1965
and has heen followed for 25 years. During each survey information was collected by questionnaires and spirometry,
using a slow inspiratory manoeuvre, was performed with a water-sealed spirometer (Lode instruments, Groningen, the
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Netherlands). We used current job, or the last held job in case of current unemployment (e.g. retirement) that was
reported at the last survey (1989/1990). Job coding, exposure assessment and statistical analyses were performed
according to the same protocol as in the LifeLines cohort.

RESULTS

Characteristics of the LifeLines study population and prevalence of exposure

From the initial LifeLines sample of 13,301 subjects, a total of 1,450 subjects were excluded because of insufficient quality
of spirometry (n = 725) or lacking information on covariates (n = 725). Characteristics of the in- and excluded subjects
can be found in the supplementary file (Supplementary table 2). Table 1 shows the characteristics of 11,851 LifeLines
participants that were included in the final sample. High level of occupational exposure (category 2) to the broadly
defined category VGDF was quite common (11%) (for an overview of the type of workers with high exposure to VGDF see
supplementary table 3). Only a small number of people had high exposure to pesticides (1%) (for numbers and
prevalence of each exposure see table 2). Males were more often exposed, and had more often high exposure (category
2) than females.

VGDF exposure

Occupational exposure to VGDF in general (figure 1a), and the subcategory gases and fumes, was associated with lower
levels of FEV; (table 2) and FEV,/FVC (table 3), and a higher prevalence of mild and moderate/severe airway obstruction
(table 4), with the strongest associations for the groups with high exposure. The negative association of high exposure
to VGDF and gases and fumes with level of FEV; was significantly stronger in ever smokers than never smokers (i.e. p-
values for interaction <0.05), the associations with FEV,/FVC were not significantly different between never and ever
smokers. Exposure to mineral dust was associated with a lower level of FEV; and with a higher prevalence of mild and
moderate/severe airway obstruction, whereas the association with level of FEV;/FVC was less consistent. The association
between low exposure to mineral dust and level of FEV; was significantly stronger in ever compared to never smokers.
Exposure to biological dust was not significantly associated with level of FEV; (table 2) and FEV,/FVC (table 3) or airway
obstruction (table 4). There were no significant differences in the associations between occupational exposures and level
of FEV; or FEV,/FVC between males and females.

Pesticide exposure

Exposures to pesticides (figure 1h), and the subcategories herbicides and insecticides were associated with significantly
lower levels of FEV; in an exposure-dependent way (table 2). Exposure to pesticides was also associated with a lower
level of FEVy/FVC (table 3) and a higher prevalence of mild and moderate/severe airway obstruction (table 4), yet these
associations only reached significance for exposure to herbicides. The association between low exposure to pesticides
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and level of FEV; was significantly stronger in the ever compared to the never smokers (p-value for interaction <0.05).
There was no difference between ever and never smokers for high exposure to pesticides. Associations of exposure to
pesticides with FEV}/FVC were not significantly different between ever and never smokers or males and females.
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= + smokers | smokers = + smokers | smokers
O i ' O i
X H H X ' H
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Figure 1. The association between occupational exposure (no/low/high) to VGDF (A) and to pesticides (B) and the level
of FEV; in the whole group and stratified by smoking status (never/ever).

Solvent exposure

Low exposure to aromatic solvents was associated with a marginally lower level of FEVi/FVC (supplementary table 4)
and a higher prevalence of mild airway obstruction (supplementary table 5). There were no associations between low
exposure to aromatic solvents and level of FEV; or moderate/severe airway obstruction and no associations between
high exposure and level of FEV;, FEVi/FVC or prevalence of airway obstruction. There were no associations between
exposure to chlorinated and other types of solvents and level of FEV;, FEV,/FVC (supplementary table 4) or prevalence of
airway obstruction (supplementary table 5).

Verification of associations in the Vlagtwedde-Vlaardingen cohort

Full data on all covariates was available for 2,364 subjects participating in the last survey of the Viagtwedde-Vlaardingen
cohort. These subjects were slightly older, more often male, more often ever smoker, had a lower level of lung function
and more often had airway obstruction than subjects from the LifeLines cohort (table T). Exposure to high levels of VGDF
(33%) and pesticides (12%) was more common than in the LifeLines cohort (for the prevalence of all exposures in the
Vlagtwedde-Vlaardingen cohort, see supplementary table 6).

The associations of VGDF and the subcategory gases and fumes on level of FEV; (supplementary table 6), FEV,/FVC,
(supplementary table 7) and the prevalence of mild and moderate/severe airway obstruction (table 4) in the
Vlagtwedde-Vlaardingen cohort were comparable with the LifeLines cohort. Contrary to findings in the LifeLines cohort
the associations with level of lung function were not stronger in the ever smokers. Moreover, the associations of
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exposure to mineral dust with level of FEV; and prevalence of airway obstruction could not be replicated. Associations
hetween occupational exposure to pesticides and a lower level of FEV,/FVC (supplementary table 7) and a higher
prevalence of mild and moderate/severe airway obstruction (table 4) in the Vlagtwedde-Vlaardingen cohort were
comparable with associations in the LifeLines cohort. The negative associations between exposure to pesticides and level
of FEV; was replicated in the ever smokers only (supplementary table 6).

The marginal association between low exposure to aromatic solvents and a lower level of FEVi/FVC in the LifeLines cohort
was replicated in the Vlagtwedde-Vlaardingen cohort (supplementary table 8).

DISCUSSION

Main findings
Occupational exposure to VGDF and pesticides was associated with a lower level of FEV; and FEVi/FVC and a higher
prevalence of airway obstruction. There were no consistent associations with exposure to solvents.

Results in relation to other studies
Inline with previous findings in the literature we showed that occupational exposure to VGDF was clearly associated with
lower levels of FEV; and FEV)/FVC as well as with a higher prevalence of airway obstruction in both our general

BB - Associations i our study were exposure-dependent. In the European Community

populations investigated
Respiratory Health Survey (ECRHS) study high exposure to VGDF was associated with a 61 ml lower FEV; in current
smokers, whereas in our study we found a 96 ml lower FEV; associated with high exposure to VGDF in ever smokers.
Contrary to our findings there was no association in never smokers from the ECRHS study®. These differences might
relate to the lower average age of the ECRHS population which consisted mainly of young adults (range 20-44 years)
compared to Lifelines (18-89 years). We found consistent associations with the subcategory gases and fumes in hoth
cohorts. The association between exposure to mineral dust, lower level of FEV; and higher prevalence of airway
obstruction was present in the LifeLines cohort but not in the Vlagtwedde-Vlaardingen cohort. This might be due to
differences between both cohorts, for example regarding exposure intensity within the exposed. In general, findings in
both cohorts confirm that occupational exposure to VGDF is associated with lower levels of lung function and a higher

prevalence of airway obstruction.

To our knowledge this is the first study showing associations of exposure to pesticides, including herbicides and
insecticides, with a lower level of lung function and a higher prevalence of airway obstruction in two general populations
from a westernized country. Exposure to specific types of pesticices has been associated with chronic bronchitis in U.S.
farmers'” and their spouses20 enrolled in the Agricultural Health Study.
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Genes and environment underlying lung health

To date, few studies showed that pesticide exposed farming or manufacturing workers had lower lung function levels
than non-exposed workers,m whereas others found no associations’ ™. These studies were all performed in specific
subgroups, like plantation or pesticide factory workers in developing countries. In contrast, we investigated a general
population and occupational exposure to pesticides appeared to be associated with a significant loss of FEV; and
FEV,/FVC, especially in smokers_ For example, if mean life-time exposure to pesticides would be about 20 years, a total
loss of 200 ml FEV; for exposure to herbicides implies a loss of 10 ml per year. This corresponds to smoking of one
package of cigarettes per day for one year, which was associated with an 11 ml loss of FEV; per packyear smoked in our
study.

Moreover, we showed that workers exposed to pesticides had an almost 2-times higher prevalence of moderate/severe
airway obstruction than non-exposed workers. These associations were similar in hoth populations investigated.
Subjects that were highly exposed to pesticides included gardeners, field-grown crop and vegetable growers, and mixed
crop and animal farmers. Associations in the Lifelines sample remained present when each of these three main
occupational groups with high exposure to pesticides was excluded one-hy-one, yet associations were clearly strongest
in the field crop and vegetable growers. Between 1985 and today about 90% of agriculture in the northern Dutch
provinces consisted of arable crops, on average ~30% potatoes, ~30% cereals, ~15% beets and ~15% maize (personal
communication, M. Brouwer, University of Utrecht). In terms of pesticide use this means that mainly herbicides have
been applied (cereals, beets, maize) and substantial fungicide use on potatoes (mainly dithiocarbamate fungicides) (for
more specific information see supplementary file: additional information 1).

In a global perspective, the agricultural sector employs a large share of the population worldwide, especially in
developing countries where workers often use pesticides with insufficient protective equipment and training”.
Therefore, interventions to reduce exposure levels in this occupational sector could contribute to lowering the global
burden of COPD.

Strengths and limitations

A limitation of this study was the incomplete occupational history within the LifeLines cohort study. However, since we
helieve that people are more likely to move from so called blue-collar to white-collar occupations, for example due to
symptoms or objective disease, than the other way around, we hypothesize that with using current or last held job we
rather have under- than over-estimated the association between occupational exposures and lung function level.
Secondly, we have used pre-bronchodilator spirometry to define airway obstruction and assessed associations in a
sample including subjects below 40 years of age. However, the associations did not change when we restricted our
analysis to subjects aged 40 years and older. When the analyses on level of lung function were stratified by age (<40
and =40 years) we found that the association between exposure to pesticides and level of lung function remained only

in the group with older age, which may be due to a longer time of exposure or the use of better protective equipment
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nowadays. The associations between lung function and exposure to vapors, gases, dusts and fumes and level of lung
function remained in both age groups. Finally, we have assessed associations with actual ml-values FEV;, with extensive
adjustment for individual predictors of lung function level rather than percentage predicted values using an external
reference population. However, associations did not change when we used FEV; as percentage predicted instead of the
actual level of FEV;in ml.

Because the considerable sample size and inclusion of subjects from rural parts of the Netherlands we were able to
assess associations of exposures with low prevalence, like pesticides, and additionally the interaction between
occupational exposures and smoking. Secondly, findings were verified in a second independent cohort. Another strength
of the study was the use of the ALOHA+ job exposure matrix (JEM), that was built specifically for use in general
population studies. In general, JEM-based exposure estimates are less likely to be affected by recall bias and differential
misclassification of exposure compared to self-reported exposuresme. Finally we have adjusted our models to overcome
nossible confounding resulting from co-exposure to pesticides/VGDF. Unadjusted models (not shown) yielded
consicerably stronger associations, suggesting that workers in occupations exposed to both VGDF and pesticides might
be at higher risk than suggested by the adjusted associations that were shown in the current paper.

Conclusions

To conclude, we showed large and clinically relevant losses of lung function level signified by airway obstruction in
individuals occupationally exposed to vapors, gases, dusts and fumes, and pesticides within two general populations.
Interventions to reduce exposure levels at the workplace could therefore significantly contribute to lowering the global
burden associated with COPD.
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Supplementary table 1. Spearman’s rank correlations between the exposures as no, low, and high exposure (0/1/2) in

the LifeLines cohort.
Pesticides Solvents

Spearman’s Rank g = = > _ _ _ o
Correlation 5 é g g g % g % g %

- =z 2 = = g = = & =

s &2 g & = @ &

VGDF 0.92 0.64 0.72 033 0.20 032 0.41 0.34 0.56
@ases and Fumes 0.2 0.14 0.21 040 039 0.52
Mineral Dust 038 0.26 037 0.35 027 0.03
Biological Dust 033 0.20 0.36 0.15 0.02 0.45
All Pesticides 0.60 0.94 0.12 005  -0.08
Herbicides 0.60 0.24 -0.03 -0.07
Insecticides 0.13 -0.05 -0.07
Aromatic Solvents 0.72 0.48
Chlorinated Solvents 0.52
Other Solvents
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Supplementary table 2. Characteristics of the included and excluded subjects from the LifeLines cohort.

Included Excluded Test p-value

N with non-missing data 11851 1450
Males, n (%) 4878 (41) 679 (47) Chi-square <0.001
Age (yrs), median (min-max) 47 (18-89) 51(22-88) MWU <0.001
Ever smokers, n (%) 6760 (57) 1068 (80) Chi-square <0.001
Packyears in ever smokers, median (25-75" 10 (5-19) 262 MWU 0.002
Lung function, mean (sd)

FEV %predicted” 103 (14) 100 (16) t-test <0.001

FEVY/FVC (%) 76 (7) 74(8) t-test <0.001

TEEV,%predicted is FEV, as percentage predicted based on reference equations by Quanjer et al (1993).

Supplementary table 3. Overview of the number of workers (%) with high exposure to VGDF in the LifeLines cohort.

N % ISCO code  Occupation

159 19 6121 Dairy and livestock producers

102 11 8324 Heavy truck and lorry drivers
100 15 124 (arpenters and joiners

7 5.8 123 Motor vehicle mechanics and fitters

67 5.0 7212 Welders and flame cutters

64 48 1233 Agricultural- or industrial-machinery mechanics and fitters
63 47 9333 Freight handlers

51 43 7136 Plumbers and pipe fitters

50 38 6113 *Gardeners, horticultural and nursery growers

50 38 9313 Building construction labourers

4 31 il Painters and related workers

3 25 o1 *Field crop and vegetable growers

3 23 74n Butchers, fishmongers and related food preparers

23 17 6130 *Market-oriented crop and animal producers

22 17 7412 Bakers, pastry-cooks and confectionery makers

22 17 8332 Earth-moving and related plant operators

22 17 9312 Construction and maintenance labourers: roads, dams and similar constructions
21 16 4 Ships' engineers

20 15 8251 Printing-machine operators

18 14 22 Veterinary assistants

18 14 6100 Market-oriented skilled agricultural and fishery workers: not specifically classifiable
15 11 9133 Hand-launderers and pressers

14 11 2452 Sculptors, painters and related artists

14 11 nz3 Concrete placers, concrete finishers and related workers
219 172 Other Other

*workers with additional high exposure to pesticides.
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Additional information 1. Pesticide use in the northern Dutch provinces since 1985

Between 1985 and today roughly 90% of agriculture in the northern Dutch provinces consisted of arable crops, on
average ~30% potatoes, ~30% cereals, ~15% beets and ~15% maize (for animal feeding). The area of maize has increased
since 1985, whereas cereal cultivation has decreased. There is little fruit growing, bulb cultivation or greenhouses in this
area. In terms of pesticide use this means that mainly herbicides have heen applied (cereals, beets, maize) and
substantial fungicide use on potatoes (mainly dithiocarbamate fungicides).

e Potatoes: Dithiocarbamate fungicides (maneb, mancozeb), organotin-fungicides (fentin-acetate),
quaternary ammonium herbicides (paraquat, diquat) and other fungicides like cymoxanil and fluazinam.

o (ereals: Phenoxy herbicides (MCPA, MCPP), urea herbicides (isoproturon), growth regularor chlormequat,
conazole fungicides (propiconazole, prochloraz, epoxiconazole etc).

e  Beets: (arbamate herbicides (phenmedipham, desmedipham), other herbicides like metamitron,
chloridazone, ethofumesate and glyphosate.

e  Maize: triazine herbicides (atrazine, terbutylazin), anilide herbicides (metolachloor, propachloor), other
herbicides like bentazone and pyridate.

Personal communication, M. Brouwer, Utrecht University, Utrecht. the Netherlands,
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Genes and environment underlying lung health

Pesticides and respiratory health: where do we go from here?

For centuries, researchers have focused on exposures to hays, grains and animals as primary contributors to poor
respiratory outcomes in farmers and agricultural workers™, However, growing evidence suggests that other agricultural
exposures, namely pesticides, may also adversely impact respiratory health. Recent studies from around the world have
suggested that pesticides may be associated with respiratory symptoms and disease, particularly asthma™®, However,
these studies have been based on self-reported outcomes and there have been few studies using objective measures of
pulmonary function®”.

De Jong et al’ report that occupational pesticide exposure is associated with poorer pulmonary function consistent with
airway obstruction as measured by spirometry in two Dutch general population cohorts. These associations with
pesticides were seen in both men and women and smokers and non-smokers; some associations were stronger in
smokers, but not consistently so. The magnitude of the associations, particularly for herbicides, was of greater or equal
magnitude as that observed here for vapours, gases, dusts and fumes, and there was a suggestion of an exposure-
response relationship with more intense pesticide exposures. No information on symptoms was reported.

In some ways, the magnitude of the association is surprising as many factors may have contributed to an
underestimation of the effect. The first factor was the use of a general population sample. While this was the largest
study to date to assess the role of pesticides and pulmonary function, the prevalence of high occupational exposure was
1% in the main cohort (N=11851) and 12% in the verification cohort (N=2364). Thus, in a sample of over 13000 individuals,
only 387 had high occupational exposure. The second factor is exposure characterization. Occupational pesticide
exposure was assigned using a job exposure matrix based on the current or most recent job. Use of a job exposure
matrix is an efficient way to classify exposures in a diverse population, but chemical specificity is lost. Exposure intensity
was classified as none, low or high, but there was no information on duration of exposure or the specific chemicals used.
Pesticides are a diverse group of agents defined based on their ability to kill pests; they differ greatly in their chemical
and biological properties. To date, some specific chemicals (eg, paraquat and organophosphate insecticides) have been
associated with respiratory outcomes, but other pesticides have not* *”. Using a summary measure of pesticides may
introduce measurement error as not all pesticides have similar toxicity. However, as all participants came from the same
region in The Netherlands, the pesticides used by these individuals may be similar. In addition to a lack of specificity, the
authors lack information about the frequency or duration of use of pesticides, so all crop farmers irrespective of
commodities raised, farm size or the number of years of farming received the same exposure intensity.

Finally, it is likely that the current study may underestimate the true impact of pesticides on pulmonary function,
hecause exposure was assigned based on current or most recent job. Individuals most affected by respiratory toxicants
may change jobs or alter their work environment to reduce their exposure, thus these individuals would not be classified
as pesticide exposed. In a meta-analysis on the impact of this loss to follow-up on cohort studies of chronic bronchitis,
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Radon et al’ reported that the prevalence of chronic bronchitis was 25% higher in those who dropped out of occupational
cohort studies. Thus by using only the most recent job, de Jong et al would have missed earlier occupational exposures,
which may have influenced airway obstruction.

Despite these challenges, de Jonget al’ provide additional evidence that occupational pesticide use influences
pulmonary function and add to the growing body of literature that pesticides may adversely influence respiratory
health. Given the ubiquity of pesticide use worldwide, with over 5 billion pounds of pesticides used in 2006, what is
now needed is better information on the specific chemicals, exposure-response relationships and mechanisms of action
which contribute to these outcomes. In order to protect human health in the presence of ongoing pesticide use, we need
to be able to understand the risks associated with specific chemicals to help people make informed choices to protect
their respiratory health.

(orrespondence foDr Jane Hoppin, Department of Biological Sciences, North Carolina State University, Raleigh, NC 27695,
USA; jahoppin@ncsu.edu
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Dear Editor,

Various studies have shown that occupational exposures to vapors, gases, dusts and fumes or their composite measure
(VGDF) negatively affect the forced expiratory volume in one second (FEV;) and the ratio of FEV; to forced vital capacity
(FEVy/FVO), indicating obstruction of predominantly the large airways”. Recently we have shown that occupational
exposure to pesticides is associated with substantial losses of large airway function in the general population’. The
negative effects of occupational exposures on the level of lung function were generally more pronounced in ever than
never smokers, suggesting that cigarette smoke-induced damage increases the susceptibility of the airways to other
exposuresz. Next to large airways obstruction there is considerable renewed interest in obstruction of the small airways
since small airways obstruction is one of the three main phenotypes of CoPD*.

Thus far, only one general population based study in 1,735 individuals has shown associations of occupational exposure
to biological dust with forced expiratory flow between 25% and 75% of FVC (FEF;s5), an indicator of small airways
obstruction’. In addition, some small scale studies in specific populations have shown negative effects of specific
occupational exposures on the small airways, like non-asbestos mineral dustsﬁ, welding fumes7’8, and pesticide
exposure™. However, these studies included individuals with large airways obstruction, or individuals with reduced FVC
that may affect levels of FEF;s.55 values, and were thus not specifically investigating small airway obstruction.

We used data of 11,851 participants, 9,876 without large airways obstruction, of the LifeLines population for which we
have estimated joh-specific exposure to the composite measure VGDF (and separately to subcategories biological dust,
mineral dust, gases and fumes) and exposure to pesticides in general (and separately to subcategories herbicides and
insecticides) as no, low and high (0/1/2) exposure using the ALOHA+ JEM’. We assessed associations between
occupational exposures and FEF;s.z5 (ml/s) levels using linear regression with adjustment for sex, age, height, weight,
current, ex-smoking and (log) packyears. Because of substantial co-exposure hetween the specific occupational agents,
we additionally adjusted the analyses on the composite measure VGDF, biological dust, mineral dust, gases and fumes
for co-exposure to pesticides, and conversely the analyses on pesticides, herbicides and insecticides were adjusted for
co-exposure to the composite measure VGDF.

0f the total of 11,851 subjects, 42% were male, median age being 47 years (range = 18-89), 57% being ever smoker
(median number of packyears =10, range 0-100). Mean FEV,%predicted was 102%, FEV,/FVC 76% and FEFy5.35 2.9 1/ (78%
predicted). Subjects without large airways obstruction (FEV,/FV(=70%, FEV,280%; n = 9,876, 83%) had a median age of
46 years (range 18-89), 40% being male and 54% being ever smoker (median number of packyears = 9, range 0-84). In
both groups, about 11 percent of the subjects were highly exposed to the composite measure VGDF, whereas high
exposure to pesticices in general was less common (1%; table ).
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Table 1. Associations between occupational exposures and level of FEF;s.55 (ml/s) for the whole sample and for subjects
without large airways obstruction (FEV,/FV(=70%, FEV,=80%).

FEF25.35 (ml/s)

All (n =1,851T) Without large airways obstruction (n = 9,876)
Exposure* b (95% CI) p-value n (%) b (95% () p-value n (%)
VGDF
Non-exposed Ref 6534 (55) Ref 5513 (56)
Low -47 (-83; -10) 0.012 3985 (34) -39(-14;-4) 0.031 3325 (34)
High -157 (-220 ; -93) <0.001 1332(1n) -102 (-166 ; -39) 0.001 1038 (11)
Biological
Non-exposed Ref 8127 (69) Ref 6787 (69)
Low -17(-56;22) 0389 3256 (28) -18(-55;19) 0.343 2107 (27)
High -84 (-186;17) 0.104 468 (4) -143 (-244 ; -43) 0.005 382(4)
Mineral dust
Non-exposed Ref 9389 (79) Ref 7907 (80)
Low -62 (-109; -15) 0.009 1924 (16) -38(-83;8) 0.104 1551 (16)
High -69 (162 ; 24) 0.148 538 (5) 12(-79;104) 0.790 418 (4)
Gases/Fumes
Non-exposed Ref 7007 (59) Ref 5905 (60)
Low -51(-88; -14) 0.006 4159 (35) -46 (-18 ; -10) 0.0m 3446 (35)
High -137 (-212; -62) <0.001 685 (6) 59 (-134;15) 0.118 525(5)
All pesticides
Non-exposed Ref 11369 (96) Ref 9494 (96)
Low -13(-174;29) 0.162 310 3) -115(-214; -16) 0.023 303(3)
High -03(-270; 83) 0.300 112(0.9) 0(-184;184) 0.999 79(0.8)
Herbicides
Non-exposed Ref 11680 (99) Ref 9754 (99)
Low -96 (-258; 65) 0.243 132(1) -105(-267 ;57) 0.204 101(7)
High -193(-485; 99) 0.195 39(0.3) 218 (-131; 567) 0.220 2100.2)
Insecticides
Non-exposed Ref 11425 (96) Ref 9540 (97)
Low -11(-181; 39) 0.206 35(3) -14(-22;-7) 0.036 258 (3)
High 90 (-267;87) 0.320 11(0.9) 13(-172;198) 0.890 78(0.8)

The linear regression model was adjusted for sex, age, height, weight, current, ex smoking and (log) packyears. The analyses on biological
dust, mineral dust, gases and fumes, and the composite measure VGDF were additionally adjusted for pesticide exposure, whereas the
analyses on pesticides, herhicides and insecticides were additionally adjusted for exposure to the composite measure VGDF. *Occupational
exposures (no/low/high) were estimated based on job title and function using the ALOHA+ Job Exposure Matrix. Non-exposed subjects were
assigned as reference category (Ref); VGDF = the composite measure of vapors, gases, dusts, and fumes.

Exposure to the composite measure VGDF, and to the subcategories biological dust and gases and fumes, was associated
with lower FEFx. levels (table 1). These associations remained present when we restricted our analysis to subjects
without large airways obstruction (table 1). Moreover, findings were similar in ever and never smokers (figure 1) and
when adjusted for FVC. Occupational exposure to pesticides in general and to the subcategories herbicides and
insecticides tended to be associated with lower FEF,.55 in the whole group, yet these associations largely disappeared
when the analysis was restricted to subjects without large airways obstruction (table 1).
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It is known that occupational exposure to vapors, gases, dusts and fumes affects large airway function and increases the
risk for spirometry defined COPD™"". With the current study we add to this knowledge by showing that the small
airways are affected by occupational exposure to the composite measure VGDF, and the subcategories hiological dust,
gases and fumes as well. Importantly, we find these associations in subjects with normal FEV,/FVC and FEV,%predicted
values as well, indicating that effects of vapors, gases, dusts and fumes exposure on the small airways are a primary
response and independently from effects on the large airways. The observed associations were found to be independent
of smoking habits, which is in contrast to our previous findings on large airways obstruction where we found significant
differences between ever smokers and never smokers’. The lack of effects of smoking on small airways function in

interaction with occupational exposure is in line with a previous study investigating biological dust'

Although exposure to pesticides was strongly and consistently associated with level of FEV; in our previous cross-
sectional studyz, the trend for an association with FEF,.55 did not reach statistical significance and disappeared when
analyses were restricted to subjects without large airways obstruction. In line with our findings, a study from Sri Lanka
found no significant reduction in FEF;sz5 levels of farmers exposed to pesticides, whereas there was a significant effect
on FEV; and FVC levels” It may be that the aerodynamic diameter of the pesticides aerosols results in deposition mainly
in the larger airways. A study assessing different types of pesticides and agricultural application methods showed that
aerosols had a median aerodynamic diameter ranging from 4 to 16 pmM, whereas for example fibrous dust has an
aerodynamic diameter <3 um and the majority of welding aerosols have an aerodynamic diameter <lpm]5.

In conclusion, with the current study we show that occupational exposure to vapors, gases, dusts and fumes induces
small airways obstruction independently of large airways obstruction in both ever and never smokers. Loss and
narrowing of the small airways is seen in patients with mild COPD even before the onset of emphysematous destruction
and becomes increasingly evident in severe COPD'. Therefore small airway obstruction should be taken into account
when monitoring respiratory health of workers that are exposed to vapors, dust, gases and fumes.
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ABSTRACT

Background

(ross-sectional studies have shown that occupational exposure to vapors, gases, dusts and fumes (VGDF) and pesticides
is associated with a lower level of lung function. These associations seem to be stronger in ever smokers. The current
study aimed to assess whether occupational exposure to VGDF and pesticides is associated with the longitudinal decline
of lung function.

Methods

We used 12,772 observations from 2,527 subjects participating in the Vlagtwedde-Vlaardingen general population-based
cohort that was followed for 25 years from 1965 to the last survey in 1989/1990. Job-specific exposure at the last survey
was estimated with the ALOHA+ job exposure matrix. Associations between exposures and annual declines in forced
expiratory volume in one second (FEV;) and the FEV; as percentage of the inspiratory vital capacity (FEV,%V() were
assessed with linear mixed effect models, including sex, age and level of lung function at the first and packyears at the
last measurement. We tested for interaction between smoking and occupational exposure, and assessed associations
separately for never and ever smokers.

Results

Exposure to VGDF was not associated with accelerated lung function decline after adjustment for co-exposure to
pesticides. Exposure to pesticides, both in the last held job and as cumulative measure was associated with accelerated
decline of FEV;and FEV;%VC, especially in ever smokers where we found an excess FEV1 of -6.9 ml/year (95% confidence
interval: -10.2,-3.7) associated with high pesticides exposure.

Conclusion

Occupational exposure to pesticides is associated with clinically relevant accelerated annual decline of lung function in
the general population. This may subsequently increase the risk for development of COPD and thereby contribute to the
large burden of morbidity and mortality associated with this disease.
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BACKGROUND

A lower level of lung function and accelerated lung function decline is associated with respiratory diseases like chronic
obstructive pulmonary disease (COPD). Although cigarette smoking is regarded as the most important environmental
risk factor for impaired level of lung function, accelerated lung function decline and development of COPD, there are
additional environmental risk factors. About 15-20% of all COPD cases have been attributed to occupational exposures .
(ross-sectional studies have shown that occupational exposure to vapors, gases, dusts and fumes (VGDF) is a risk factor
for respiratory symptoms, lower level of lung function and risk for COPD in the general population“. These effects are
suggested to be even stronger in ever smokers™® Moreover, we recently showed that occupational exposure to
pesticides was cross-sectionally associated with a lower level of lung function and increased prevalence of COPD in two
general populations’.

Several studies have focused on specific exposures within single industries or companies, such as exposure to dusts and
gases in tunnel construction workers, organic dust exposure in pig farmers and cotton versus silk dust exposure in textile
workers”™. To date, only one study has assessed the association between occupational exposures, as estimated by
means of the ALOHA job exposure matrix (JEM), and longitudinal decline in lung function in a general population. In that
study study, using meta-analyzed data from 27 individual European centers, Sunyer et al did not find an association
between exposure to dusts, gases and fumes or the composite measure VGDF and decline in lung function between two
surveys on average 9 vears apart. This null finding may have been due to the relatively young age of the study
population (25-45 years) and relatively short follow-up time, hence cumulative exposure may have been too limited"”
With the current study we extended on the previous studies by using a general population cohort that has been followed
for 25 years with surveys performed every 3 years. Moreover, we now have additional estimates of occupational
exposure to pesticides from the recently extended ALOHA JEM (ALOHA+). Therefore, the aim of the current study was to
assess whether occupational exposure to VGDF and pesticides (comprising herbicides and insecticides) is associated with
the longitudinal decline in lung function in a general population, and secondly whether these associations were different
for never and ever smokers.

METHODS

Study population and measurements

The study population consisted of subjects participating in the last survey (1989/1990) of the Vlagtwedde-Vlaardingen
cohort, a prospective general population hased cohort study on the epidemiology of pulmonary diseases. The cohort,
including subjects from a rural area in the North-Eastern part of the Netherlands (Vlagtwedde) and subjects from an
urban area in the South-West part of the Netherlands (Vlaardingen), started in 1965. Participants were followed for 25
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" 1 Vlaardingen only participants who were included at baseline (1965 or

years, with surveys performed every 3 years
1969) were approached for follow-up, whereas in Vlagtwedde new subjects aged between 20 and 65 years were invited
to participate at every survey. The study protocol was approved by the local university medical hospital ethics
committee, University of Groningen, University Medical Center Groningen, The Netherlands. All participants gave their
written informed consent. In 1984, the Committee on Human Subjects in Research of the University of Groningen

reviewed the study and affirmed the safety of the protocol and study design.

During each survey, information was collected by questionnaires and spirometry was performed using a slow inspiration
maneuver (for more information about the inspiratory vital capacity see Web Appendix 1) according to European
Respiratory Society criteria (water-sealed spirometer; Lode instruments, Groningen, the Netherlands). Job titles and
descriptions reported at the last survey were used to estimate job-specific exposures in the current job (or last held job
in case of current unemployment) as no, low and high (0/1/2) exposure using the ALOHA+ JEM™, Cumulative exposure
was calculated as the number of intensity-years in three jobs: the last held job, the previous job and the most important
job before the previous job, multiplied by the intensity of exposure (low = 1and high = 4). All jobs were reported at last
survey (the specific survey question can be found in Web Appendix 2). Information on numbers of years in the reported
jobs was available for 9% of the subjects.

Statistical analysis

Associations between the exposures and annual declines in forced expiratory volume in one second (FEV;) and the FEV,
as percentage of the inspiratory vital capacity (FEV,%VC) were assessed with linear mixed effect models. For each
subject, the linear mixed effect model takes into account every available survey. Only surveys performed at age 30 years
or older were included because an individual’s maximal level of lung function is assumed to have been reached before
that age and thereafter lung function is considered to be in the decline phase”. The linear mixed effect models included
sex, lung function level at the first measurement (absolute value centered at population mean level), age at the first
measurement (centered at age 30), packyears at the last measurement, and their interaction with time since first
measurement. Time was defined as years since first measurement. A random factor was assigned to the intercept and
time. Statistical analyses were performed in Spotfire S-PLUS version 8.1 (TIBCO Software Inc, Palo Alto, California) and
SPSS version 20 (IBM Corporation, Armonk, NY). 2values <0.05 were considered statistically significant (tested two-
sided).

Because of substantial co-exposure between the specific occupational exposures, the analysis on exposure to VGDF was
additionally adjusted for exposure to pesticides, and conversely the analysis on exposure to pesticides was adjusted for
exposure to VGDF. A high level of exposure to pesticides was always accompanied by a high level exposure to VGDF in
our sample and testing for interaction between the two exposures was therefore not possible. In an attempt to
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disentangle the associations with exposure to VGDF and pesticides we created groups based on joint exposure to VGDF
and pesticides (unexposed, high exposure to VGDF only, high exposure to both VGDF and pesticides) and assessed
associations with annual decline in FEV; and FEV,%VC. Additionally, we assessed whether the associations between
occupational exposures and decline in lung function were different for never and ever smokers and tested for
interaction.

Table 1. Characteristics of subjects who participated in the last survey (1989/1990) of the Vlagtwedde-Vlaardingen study,
the Netherlands, 1989/1990.

VGDF : vapors, gases, dusts and

Viagtwedde-
Viaardingen fumes; Pesticides  comprises
No. of Subjects 2527 herhicides and insecticides.
No. of Qbservations 12,172 ? Based on reference equations
Number of visits per subject, median (range) 5(1-8) )
Duration of follow-up (years), median (range) 16(0-25) by Quanjer et al (24).
Male sex, n (%) 1343 (53) ® Intensity-years estimated as
Age (years), median (range) years of exposure weighted by
At first measurement 35(30-70) intensity of exposure (ow = 1
At last measurement 53(30-80) ’
Smoking status, n (%) high = 4).
Never smoker 877 (35) © Within the subjects exposed
Ever smoker o _ 1,650 (65) (>0 intensity-years).
Packyears of smoking in ever smokers, median (range) 20 (1-262)
Lung function level at first measurement, mean (sd)
FEV %predicted® 91(13)
FEV9VC 7718)
Exposure to vapors, gases, dusts and fumes
High exposure in the last held job, n (%) subjects 831 (3%)
(umulative exposure >0 intensity-yearsb , N (%) subjects 1,626 (69)
Cumulative exposure (intensity-years’), median (range) 48 (1-260)
Exposure to pesticides
High exposure in the last held job, n (%) subjects 298 (12)
Cumulative exposure >0 intensity-years , n (%) subjects 579 (25)
Cumulative exposure (intensity-years’), median (range) 56 (1-228)
RESULTS

Population characteristics

Population characteristics are shown in table 1. A total of 12,772 observations from 2,527 subjects were available (the
median number of ohservations per subject was 5; range, 1-8). Of all subjects, 53% were male, and the median age at the
last visit was 53 years. There were 2 times more ever smokers than never smokers. One-third of the subjects were
occupationally exposed to high levels of VGDF (33%), whereas exposure to high levels of pesticides was less common
(12%). The median number of intensity-years, as years of exposure weighted by intensity of exposure (low =1, high = 4),
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within the exposed subjects (>0 exposure years) was 48 years (range, 1-260) for VGDF and 56 years (range, 1-228) for
pesticides. The mean estimated change in lung function in the whole sample was -18.0 mL/year (95% confidence interval
(Cl): -19.6,-16.5) for FEV; and -0.08%/year (95% CI: -0.11,-0.05) for FEV,%VC.

VGDF exposure and annual change in lung function

The group that was unexposed to VGDF had an average annual change of -17.2 mL/year (95% CI: -19.0,-15.4) in FEV; and -
0.07%/year (95% CI: -0.10,-0.03) in FEVI%VC. Compared with no exposure, high occupational exposure to VGDF in the
last-held job was significantly associated with an excess change in FEV; (-4.0 mL/year, 95% (I:-6.1,-2.0) but was not
significantly associated with change in FEV,%VC (-0.04%/year, 95% CI: -0.08,0.00). When adjusted for pesticide exposure,
occupational exposure to VGDF in the last-held job was no longer significantly associated with excess change in FEV;
(table 2). There was a marginal significant association with cumulative exposure (intensity-years) to VGDF (table 2).
There was no significant interaction between smoking and VGDF exposure (table 3).

Table 2. Associations between occupational exposure to pesticides and annual change in FEV; and FEV;%V(, Viagtwedde-
Vlaardingen Study, the Netherlands, 1965-1990"

FEV, FEV%V(
Excess Excess

P P No. c No.
Exposure (crmgf) 9%l value (%]/i:l[:!%?) 95% (I value subjects * obs.
VGDF
*no Ref Ref 958 38 4643
low -0.6 -26,15 0591 -0.01 -0.05,003 0579 732 29 3698
high -1.8 -44,07 0154 0.00 -0.06,0.05  0.881 837 3 4431
bcumulative -02 -04,00  0.047 0.00 -0.01,000  0.243 2359 69 11895
Pesticides
*no Ref Ref 2067 82 1025
low -4 -49,21 0435 -0.01 -0.08,0.06  0.733 162 6 885
high 51 -8.0,-21  <0.001 -0.09 -0.15,-0.03  0.004 298 12 1659
bcumulative -0.3 -05,-0.1  0.007 -0.01 -0.01,0.00  0.046 2359 25 11895

VGDF: vapors, gases, dusts and fumes, Pesticides comprises herbicides and insecticides. ® in the last held job at last survey (1989-1990) (no
exposure was assigned as reference category (Ref)). b Dedline per 10 intensity-years; intensity-years estimated as years of exposure
weighted by intensity of exposure (low =1, high = 4). “Percent exposed is the percentage of subjects with no, low, or high exposure or
cumulative exposure >0 intensity-years. 9 The Linear mixed effect models were adjusted for sex, lung function level and age at first
measurement, packyears smoked at last measurement and co-exposure to VGDF or pesticides.

Pesticide exposure and decline in lung function

The participants who were unexposed to pesticides had an average annual change of -17.6 mL/year (95% CI: -19.1,-16.0)
in FEV; and an average annual change of -0.07%/year (95% CI: -0.10,-0.04) in FEV,%VC. Compared with no exposure,
occupational exposure to high levels of pesticides in the last-held job was associated with an excess change of -6.2
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mL/year (95% Cl: -8.6,-3.8) in FEV; and a change of -0.09%/year (95% CI: -0.14,-0.04) in FEV,%VC. This association
remained present after adjustment for co-exposure to VGDF (table 2). The negative association between occupational
exposure to pesticides and annual change in lung function was confirmed when we used an estimate of cumulative
exposure (intensity-years) to pesticides (table 2).

The annual changes in both FEV; and FEV,%VC were significantly larger in ever smokers with high pesticide exposure than
in never smokers with high pesticide exposure; the P values for interaction between smoking and high exposure to
pesticides in the last-held job were 0.02 and 0.01 for FEV; and FEV,%VC, respectively, after adjustment for coexposure to
VGDF and the VGDF-by-smoking interaction. When the associations were assessed for never and ever smokers
separately, the associations between occupational exposure to pesticides, both in the last-held job and as a cumulative
measure (intensity-years), and change in FEV; and FEV,%VC remained present in ever smokers only (table 3).

B)

2,600 VGDF -, Pesticides— | ., VGDF -, Pesticides —
2,500 = === VGDF +, Pesticides — 721 = === VGDF +, Pesticides —
24004 | -oeoee- VGDF +, Pesticides + 7194 | =eevee VGDF +, Pesticides +
2,300 v T . : . 70 T ; : - . )
0 5 10 15 20 25 0 5 10 15 20 25 30
Time, years Time, years

Figure 1. Estimated course of FEV; (A) and FEV,%VC (B) for subjects with high exposure to VGDF only and joint high
exposure to VGDF and pesticides compared to the unexposed modeled for time (years) since first survey after the age of
30 years in the Vlagtwedde-Vlaardingen study (1965-1990).

* Significantly accelerated decline for the group with joint high exposure to VGDF and pesticides (VGDF + : Pesticides +) compared to the
unexposed (VGDF - : Pesticides -), P-value < 0.001 for both FEV; and FEV,%V(, and for the group with joint high exposure to VGDF and
pesticides (VGDF + : Pesticides +) compared to VGDF only (VGDF + : Pesticides -): P-value = 0.001 for FEV,, P-value = 0.003 for FEV,%VC. The
linear mixed effect models were adjusted for sex, lung function level and age at first measurement, and packyears smoked at last
measurement.

Joint exposure to VGDF and pesticides

High exposure to pesticides was always accompanied by high exposure to VGDF in our sample; that is, there was no
“high exposure to pesticide only” group. The group with high exposure to both VGDF and pesticides in the last-held job
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had a significant excess change of -6.7 mL/year (95% CI: -9.2,-4.1) in FEV; and a change of -0.09%/year (95% CI: -0.14,-
0.04) in FEV,%VC, compared with the unexposed group. There was also a significant difference between the group with
high exposure to both VGDF and pesticides and the group with high exposure to VGDF only (change in FEV; = -4.7
mL/year (95% CI: -7.5,-1.9); change in FEV,%VC = -0.08%/year (95%Cl:-0.14,-0.03)) (Figure 1). There was no difference in
lung function change hetween the group with only high exposure to VGDF and the unexposed group (FEV;: -2.0 mL/year
(95% CI; -4.1,0.1); FEV,% VC; -0.00%/year (95% CI: -0.05,0.05)).

DISCUSSION

QOur current study shows that occupational exposure to pesticides is associated with accelerated annual decline in FEV,
and FEV,%VC in this sample from the general population. To our knowledge, no other study to date has investigated the
association between occupational exposure to pesticides and decline in lung function in a general population. Cross-
sectional studies have shown associations of specific types of pesticides with the presence of chronic bronchitis in U.S.
farmers" and their spouses]s, and with lower levels of FEV; and FVC in occupationally exposed farmers from Sri-Lanka®
and South Korea"" Recently, we have shown that occupational exposure to pesticides, as assessed with the ALOHA+ JEM,
was associated with lower levels of FEV; and FEV,%VC, and an increased prevalence of COPD in a cross-sectional analysis
of two Dutch general populations, the Lifelines cohort study and the currently used Vlagtwedde-Vlaardingen cohort’.
With the current study we extended on these findings by showing that high exposure to pesticides had clinically relevant
associations, especially in ever smokers where we found an excess annual decline of over 7 ml FEV; compared to the
unexposed.

Subjects that were highly exposed to pesticides in our sample are field crop and vegetable growers (72%), mixed crop
and animal producers (12%), gardeners, horticultural and nursery growers (15%), and tree and shrub crop growers (1%).
To exclude the possibility that the associations are driven by exposures related to crop farming that we have not
accounted for in the current study we performed an additional analysis in which we excluded the agricultural workers,
i.e. the field crop and vegetable growers and the mixed crop and animal producers. Associations between high exposure
to pesticides and level of FEV; (-13.1 ml/year, 95% CI = -19.1.-7.1) and FEV,%VC (-0.19%/year, 95% I = -0.31,-0.06) were
even stronger in the remaining group, of which the majority were gardeners, horticultural and nursery growers. In an
additional analysis we assessed associations with the pesticide subcategories: insecticides and herbicides (Web tables 1-
3). Associations with the subcategory insecticices were similar compared to all pesticides. The strongest association with
FEV; was seen for low exposure to the subcategory herbicides, an association that may be driven by the gardeners,
horticultural and nursery growers.
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Within our sample, almost all (~99%) subjects with high pesticide exposure originated from the rural area around
Vlagtwedde in the North-Eastern part of the Netherlands. About 80 to 90% of the agricultural land around Vlagtwedde
was used for cultivation of crops during the study period (1965-1990). During the sixties and seventies the majority of
cultivated crops were cereals (-50%) and during the eighties and nineties potatoes (-50%). Within the potatoes sector
dinitrophenol herbicides were used until the eighties, whereas the quaternary ammonium herbicides (Diquat and
Paraquat) became the most commonly used herbicides from the early eighties on (M. Brouwer, University of Utrecht,
personal communication, 2014: for more detailed information Web table 4). Exposure to pesticides in the occupational
setting occurs during mixing, loading of equipment, spraying and application of pesticidesm. An important change in
pesticide application during the study period may have been the change from open to closed cabins on tractors.
However, the most important changes in application methods occurred after the study period, since the late nineties. We
have used a general JEM-hased estimate of exposure to pesticides (no/low/high) and the specific intensity of exposure
may depend on the prudence and (protective) equipment of the pesticide applier. Moreover, the specific mechanism
leading to damage in the lungs is likely different for each pesticide, amongst others it depends on the affected
hiochemical pathway and on the vapor and aerosol droplet size. For example, the primary mechanism for toxicity due to
the herbicide ‘paraquat’ is related to its cyclic redox reaction and consequently free radical generation resulting in
oxidative damage of the lung tissue . It is very well likely that the effect of exposure to such a pesticide is more
pronounced when anti-oxidant systems are already depleted by cigarette smoking and the lung tissue is already
damaged by the free radicals from tobacco smoke. Occupational exposure to pesticides may then act synergistically with
tobacco smoke exposure, as suggested by the interaction between smoking and exposure to pesticides that we found in
both the previous cross-sectional and the current longitudinal studys.

Sunyer et al, using the same JEM to assess occupational exposure, did not detect an accelerated decline in FEV; in subjects
exposed to dusts, gases and fumes, or the composite measure VGDF in a population of relatively young age (25-40
years)"’. Our cohort consists of a more heterogeneous sample of older age with lung function measurements every 3
years, yet the association between exposure to VGDF in the last held job and annual decline in FEV; in our study
disappeared after adjustment for pesticides. There was a marginally significant association between cumulative
exposure (intensity-years) to VGDF and annual decline in FEV;

Our study has several strengths and limitations. Our general population has been followed for 25 years and we have
repeated measurements for the majority of subjects included, on average 5 measurements were available for each
subject. Subjects were included from a rural (Vlagtwedde) and urban area (Vlaardingen), yet effect estimates remained
similar when we adjusted for area (results not shown). Secondly, we have used two estimates of occupational exposure;
exposure in last held job and cumulative exposure (intensity-years) based on years exposed in the last held and two
previous jobs reported at last measurement, weighted by intensity of exposure. Duration of the reported jobs was
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available for 93% of the subjects. Conclusions remained similar when we assumed exposure of 1,5 or 10 years in case the
duration of the job was missing. Moreover, using estimates of occupational exposure in the last held job or as cumulative
exposure (intensity-years) resulted in the same conclusions. Finally, exposures were estimated with the ALOHA+ JEM,
that has heen specifically designed for general population based studies. In general, an advantage of using JEM-based
exposure estimates rather than using self-reported exposures is that they are less likely to be affected by recall bias and

. . . e s 20,21
differential misclassification of exposure 0

An important limitation of our study is that we were not able to completely disentangle the associations of VGDF and
pesticide exposure, i.e. high pesticide exposure was always accompanied by high VGDF exposure. In the analyses based
on joint high levels of exposure to VGDF and pesticides we confirmed that there was no association of only high VGDF
exposure. It remains to be elucidated whether the association found with pesticides is driven by an association of only
pesticide exposure or of joint exposure to pesticides and VGDF. Moreover, we did not have specific information on the
pesticides applied, this information may be required to determine the specific biological pathways by which pesticides
affect decline in lung function and consequently to set up interventions. In addition, since the late nineties there have
been changes in regulations of application methods and pesticides available on the market, i.e. paraquat has been
hanned in the European Union since 2007. Also fewer people smoke currently than during the study observation period.
Therefore translation to today’s workers is uncertain and needs studies in cohorts of historically younger age. Finally,
occupational exposure was ascertained at the last visit in 1989/1990. Subjects with respiratory complaints or lung
function impairment could have changed occupations or dropped out of the study. This may have resulted in an
underestimation of the associations between occupational exposures and the annual decline in lung function.

Notwithstanding, with the current study we show that occupational exposure to pesticides is associated with clinically
relevant accelerated decline in both FEV; and FEV,%VC. The agricultural sector employs more than 1.1 billion workers
worldwide (@bout 34% of the global working force)”’, therefore effects associated with occupational exposure to
pesticides can have a large public health impact. This is especially true in populations that are highly exposed, such as
agricultural workers in developing countries who often apply pesticides with insufficient protective equipment and
training”.

Conclusion

We have shown that occupational exposure to pesticides is associated with clinically relevant accelerated annual decline
in lung function in the general population. This may subsequently increase the risk for development of COPD and thereby
contribute to the large burden of morbidity and mortality associated with this disease.
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Web Appendix 1. FEV,%VC: FEV; as percentage of the inspiratory vital capacity.

Inspiratory vital capacity (IVC) is measured with the slow inspiratory maneuver, in contrast to the forced vital capacity
(FVO) that is measured with a full maximal exhalation. In the current study only the IVC was available as a measure of
vital capacity. In a statement document by Levy et al the FEV,%IVC was reported to be a more reliable measurement
than the FEV;%FVC. Moreover, the relaxed slow inspiratory maneuver is more convenient to perform for subjects with
airways obstruction and thus increases the chance to fulfill the criteria for a good measurement. A study by Chhabra’
compared FVC, IVC and SVC (slow vital capacity) among 20 normal and 60 asthmatics with different stages of airways
obstruction (mild, moderate, severe). Chhabra found that FVC and IVC did not differ in normal subjects and only
marginally in subjects with mild obstruction, but IVC tends to be larger than FVC in subjects with moderate-severe
airways obstruction. The authors stated that FEVi%IVC is a more sensitive indicator of airways obstruction than FEV,%FVC
because FVG, given its forced nature, underestimates the actual vital capacity.

1. Levy ML, Quanjer PH, Booker R, et al. Diagnostic spirometry in primary care; proposed standards for general practice
compliant with American Thoracic Society and European Respiratory Society recommendations. Arim Gare Respir /

2009;18:130-147.

2. Chhabra, SK. Forced vital capacity, slow vital capacity, or inspiratory vital capacity: which is the best measure of vital
capacity? JAsthma. 1998;35:361-365.
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Web Appendix 2. Survey questions used to estimate occupational exposure.

The categorization of the three jobs (last held/previous/most important job before the previous) is based on a survey
question from the last measurement in 1989/1990. The survey question was as follows:

Q What is your current job? How long dlid you work in this job? Which jobs dlid you have before the current job? How
long did you work in these jobs?

(fil-in;)
a) Current job and duration

0) Job before the current job (for at least 6 months) and duration.
o) Most important job before b) and duration

Joba (or job b in case of current unemployment) is used to estimate exposure in the last held job. Jobs a, b and c are
used to estimate cumulative exposure (intensity-years).
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Web Table 1. Linear mixed effect model estimating effects of occupational exposure in the last held job and as
cumulative exposure (intensity-years), on annual change in FEV; and FEV,%VC in the Vlagtwedde-Vlaardingen cohort.

FEV; FEV%VC

Excess Excess
Exposure change 95% (I Pvalue change 95% (I Pvalue

(mL/yr) (%/year)
VGDF
"o Reference Reference
low -0.55 -2.57,1.46 0.591 -0.01 -0.052,0.029 0.579
high -1.84 -4.37,0.69 0.154 -0.004 -0.055, 0.047 0.881
‘cumulative -0.20 -0.40, 0.00 0.047 -0.002 -0.006, 0.002 0.243
Biological dust
"no Reference Reference
low 0.23 -1.76,2.21 0.824 -0.008 -0.048,0.032 0.688
high -150 474,174 0.365 -0.01 -0.076, 0.055 0.745
‘cumulative -0.20 -0.44,0.03 0.091 -0.002 -0.006, 0.003 0.480
Mineral dust
"no Reference Reference
low -0.18 -2.48,213 0.882 0.036 -0.010, 0.082 0.129
high -0.16 -3.23,2.90 0917 0.045 -0.016, 0.107 0.150
‘cumulative -0.13 -0.39,0.13 0.338 0.000 -0.005, 0.006 0.904
Gases/Fumes
"no Reference Reference
low -1.13 -3.06,0.80 0.251 -0.022 -0.061,0.017 0.260
high -2.58 -5.66, 0.50 0.101 -0.002 -0.065, 0.060 0.957
‘cumulative -0.20 -0.45,0.05 0112 -0.002 -0.007,0.003 0.450
Pesticides
"no Reference Reference
low -1.41 -4.94,2.12 0.435 -0.012 -0.084, 0.059 0.733
high -5.07 -8.00, -2.13 <0.001 -0.087 -0.147,-0.028 0.004
‘cumulative -0.31 -0.54,-0.08 0.007 -0.005 -0.009, 0.000 0.046
Herbicides
"no Reference Reference
low -6.82 -10.39, -3.24 <0.001 -0.076 -0.148, -0.003 0.041
high -2.56 -5.73,0.60 0.12 -0.074 -0.138, -0.010 0.024
‘cumulative -0.17 -0.41,0.07 0.153 -0.004 -0.009, 0.001 0.126
Insecticides
"no Reference Reference
low -113 -5.15,2.89 0.582 -0.004 -0.085,0.077 0.927
high -4.99 -1.94,-2.03 <0.001 -0.085 -0.145, -0.025 0.005
‘cumulative -0.31 -0.54,-0.08 0.007 -0.005 -0.009, 0.000 0.046

The models were adjusted for sex, level of lung function and age at first measurement, packyears and co-exposure. The analyses with VGDF,
biological dust, mineral dust, and gases and fumes were adjusted for pesticide exposure, whereas the analyses with pesticides, herbicides
and insecticides were additionally adjusted for VGDF exposure. ® In last held job at last survey (1989-1990). ¢ Decline /10 intensity-years.
Intensity-years estimated as years of exposure weighted by intensity of exposure (low =1, high = 4).

16



Occupational exposures and lung function decline | 4

Web Table 2. Linear mixed effect model estimating effects of occupational exposure in the last held job, and as

cumulative exposure (intensity-years) on annual decline of FEV; in the Vlagtwedde-Vlaardingen cohort, for never and

ever smokers from the model including the interaction between ever smoking and occupational exposure.

FEV:
Never smokers Ever smokers

Excess = Excess
Exposure change 95% Cl Pvalue 5 change 95% Cl Pvalue

(mLfyr) S (mliyn)
VGDF
"o Reference Reference
low -115 -4.24,1.95 0.467 -0.07 -2.11,258 0.962
high -339 -8.77,2.00 0.218 -1.86 -4.77,1.05 0.21
‘cumulative -0.25 -0.63,0.12 0.189 -0.20 -0.42,0.02 0.080
Biological dust
"no Reference Reference
low 112 -5.83,0.40 0.172 * 182 -0.73,4.31 0.162
high -3.88 -10.49,2.73 0.250 -0.19 -3.92,3.5 0922
‘cumulative -0.27 -0.84,0.31 0.360 -0.19 -0.45,0.07 0.148
Mineral dust
"no Reference Reference
low -2.15 -5.98,1.69 0.273 0.87 -2.01,3.74 0.554
high 143 -5.88,8.75 0.701 -0.84 -4.24,2.56 0.629
‘cumulative -0.04 -0.57,0.49 0.891 0.7 -0.46,0.13 0.268
Gases/Fumes
"no Reference Reference
low -2.05 523,113 0.206 -0.75 320,170 0.548
high -492 -12.00,2.17 0.174 -2.25 -5.68,1.19 0.201
‘cumulative -0.43 -0.96,0.10 0.m -0.15 -0.42,0.0 0.260
Pesticides
"no Reference Reference
low 210 -4.58,8.78 0.538 -319 -159,1.21 0.15
high 1.93 -4.82,8.68 0575 * -6.94 -10.22, -3.66 <0.001
‘cumulative -0.03 -0.61,0.56 0922 -0.35 -0.60, -0.11 0.005
Herbicides
"no Reference Reference
low 2.04 -4.76,8.84 0.557 * -10.67 -14.91, -6.42 <0.001
high 2.05 -4.52,8.61 0.541 -4.10 -1.1,-0.49 0.026
‘cumulative -0.03 -0.62,0.56 0912 -0.20 -0.46, 0.06 0.139
Insecticides
"no Reference Reference
low 186 -5.21,8.94 0.606 -2.96 -8.21,2.29 0.270
high 1.76 -5.05,8.57 0.613 * -6.84 -10.13, -3.55 <0.001
‘cumulative -0.06 -0.64,0.53 0.852 -0.35 -0.59,-0.10 0.005

The models were adjusted for sex, level of lung function and age at first measurement, packyears and co-exposure. The analyses with VGDF,

biological dust, mineral dust, and gases and fumes were adjusted for pesticide exposure, whereas the analyses with pesticides, herbicides

and insecticides were additionally adjusted for VGDF exposure. %in fast held job at last survey (1989-1990). © Decline /10 intensity-years.

Intensity-years estimated as years of exposure weighted by intensity of exposure (low =1, high = 4). * Interaction p-value < 0.05.
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Web Table 3. Linear mixed effect model estimating effects of occupational exposure in the last held job, and as
cumulative exposure (intensity-years) on annual decline of FEV,%VC in the Vlagtwedde-Vlaardingen cohort, for never
and ever smokers from the model including the interaction between ever smoking and occupational exposure.

FEV%VC
Never smokers Ever smokers
Excess = Excess

Exposure change 95% (I Pvalue § change 95% (I Pvalue

(%/year) S (%fyear)
VGDF
"no Reference Reference
low -0.033 -0.095, 0.030 0.305 0.008 -0.046, 0.061 0.773
high -0.060 -0.168,0.049 0.285 0.004 -0.055, 0.063 0.901
‘cumulative -0.001 -0.008, 0.007 0.833 -0.004 -0.008, 0.001 0117
Biological dust
"no Reference Reference
low -0.048 -0.111,0.014 0.129 # 0.021 -0.031,0.072 0.430
high -0.070 -0.203, 0.063 0302 0.022 -0.054,0.097 0.576
‘cumulative -0.004 -0.015, 0.008 0.515 -0.001 -0.006, 0.004 0.601
Mineral dust
"no Reference Reference
low -0.018 -0.095, 0.059 0.640 0.063 0.005, 0.121 0.034
high 0.036 -0.112,0.185 0.630 0.041 -0.027,0.110 0.236
‘cumulative 0.003 -0.008, 0.014 0574 -0.001 -0.007,0.005 0.726
Gases/Fumes
"no Reference Reference
low -0.046 -0.110, 0.018 0.162 -0.01 -0.060, 0.039 0.67
high -0.028 -0.172,0.16 0.699 0.002 -0.068,0.07 0.957
‘cumulative 0.000 -0.011,0.010 0.958 -0.003 -0.008, 0.003 0.347
Pesticides
"no Reference Reference
low 0.074 -0.061,0.209 0.281 -0.053 -0.142,0.036 0.241
high 0.084 -0.053,0.221 029 * -0.131 -0.198, -0.065 <0.001
‘cumulative 0.003 -0.009, 0.015 0.638 -0.005 -0.010, -0.001 0.030
Herbicides
"no Reference Reference
low 0.095 -0.042,0.32 0.175 * -0.148 -0.234,-0.062 <0.001
high 0.055 -0.078,0.189 0.415 * -0.115 -0.188, -0.042 0.002
‘cumulative 0.002 -0.010,0.013 0.800 -0.004 -0.010, 0.001 0.100
Insecticides
"no Reference Reference
low 0.065 -0.078,0.208 0375 -0.040 -0.146, 0.066 0.458
high 0.078 -0.060,0.216 0208 * -0.128 -0.195, -0.062 <0.001
‘cumulative 0.003 -0.009, 0.014 0.675 -0.005 -0.010, 0.000 0.032

The models were adjusted for sex, level of lung function and age at first measurement, packyears and co-exposure. The analyses with VGDF,
hiological dust, mineral dust, and gases and fumes were adjusted for pesticide exposure, whereas the analyses with pesticides, herbicides
and insecticides were additionally adjusted for VGDF exposure. %in fast held job at last survey (1989-1990). ¢ Decline /10 intensity-years.
Intensity-years estimated as years of exposure weighted by intensity of exposure (low =1, high = 4). * Interaction p-value < 0.05:

# Interaction p-value < 0.10

18
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Web Table 4. Additional information on pesticide use in Vlagtwedde. Between 1965 and 1990 about 80 to 90% of the
agricultural area around Vlagtwedde in the North-Eastern part of the Netherlands was used for cultivation of crops, the

majority for potatoes.
Indication of pesticides/chemicals applied

Crop percent 1960-1980
Potatoes 3 Herbicides: Dinitrophenoles (DNOG, Dinoseb)

Fungicides: Dithiocarbamates (Maneb), Organotin fungicides (Fentin-acetate)

Growth regulators: Chlormequat
Cereals 20 Herbicides: Dinitrophenoles (DNOC, Dinoterp)

Herbicides: Fenmedifam, Ethofumesaat, Desmedifam, Chloridazon
Beels/other [ Fungicides: Dithiocarbamates (Thiram)

1980-1990

Potatoes 50 Herbicides: Quaternary ammonium herbicides (Diquat, Paraquat)

Fungicides: Dithiocarbamates (Maneb), Organotin fungicides (Fentin-acetate)

Growth regulators: Chlormequat

Herbicides: Phenoxy herbicides (MCPA, MCPP),
(ereals 30 Herbicides: Dinitrophenoles (DNOC, Dinoterp),

Herbicides: Urea herbicides (Chlortoluron, Isoproturon)

Fungicides: Dithiocarbamates (Thiram), Benzimidazoles (Carbendazim)
Beets/other ) Herbicides: Fenmedifam, Ethofumesaat, Desmedifam, Chloridazon

Fungicides: Dithiocarbamates (Thiram)

M. Brouwer, University of Utrecht, personal communication, 2014
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ABSTRACT

Background

Chronic mucus hypersecretion (C(MH) is highly prevalent in smokers and associated with an accelerated lung function
decline and chronic obstructive pulmonary disease (COPD). Several risk factors contribute to (MH and to COPD. It is,
however, unknown if risk factors for CMH are similar in subjects with and without COPD.

Methods

1,479 subjects with and 8,529 without COPD, participating in the general population based LifeLines cohort, completed
questionnaires and underwent spirometry. Occupational exposure was assessed using the ALOHA+ job exposure matrix.
Analyses were performed using multiple logistic regression models.

Results

In COPD, a significantly higher risk for C(MH was associated with higher pack-years smoking (per 10 pack-years) (OR=1.28;
1.12-1.46) and environmental tobacco smoke (ETS) (OR=2.06; 1.33-3.19). In non-COPD; male gender (OR=1.91; 1.51-2.41),
higher body mass index (OR=1.04; 1.01-1.06), higher pack-years smoking (OR=1.28; 1.14-1.44), current smoking (OR=1.50;
1.04-2.18), low and high exposure to mineral dust (OR=1.39; 1.04-1.87 and OR=1.60; 1.02-2.52), high exposure to gases &
fumes (0R=2.19; 1.49-3.22). Significant interactions were found between COPD and exposure to gases & fumes (p=0.018)
and aromatic solvents (p=0.038).

Conclusions

A higher risk for C(MH was associated with higher pack-years smoking regardless of COPD status. However, a higher risk
for C(MH was associated with high occupational exposure to gases & fumes in individuals without COPD only.
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INTRODUCTION

The secretion of mucus is a normal response of epithelial cells in order to protect the airways and lung tissue against
inhaled pathogens, particles and noxious chemicals. In contrast, chronic mucus hypersecretion ((MH) is abnormal. (MH is
a condition of mucus overproduction defined by mucus production for at least 3 months during the last 2 years, when
specific causes have been excluded'. The prevalence of CMH in the general population varies from 35% to 127%
depending on the study population and the CMH definitions used””. In the general population, CMH is associated with an
increased duration and frequency of respiratory infections, excess decline of the forced expiratory volume in 1second

(FEVy), and increased hospitalization and mortality rates™*®

The best studied and most important risk factor for CMH is cigarette smoking®™. Other risk factors for CMH are higher age
and male gender&g. Of interest, the presence of respiratory infections in childhood is a risk factor for C(MH and also for
development of Chronic Obstructive Pulmonary Disease (COPD), as is smokingm. Next to active smoking there is
evidence that exposure to maternal smoking during pregnancy (passive smoking in utero) and environmental tobacco

11-15

smoke exposure (ETS) in childhood are additional risk factors for the presence of (MH in adulthood™ . Occupational

exposures have been mentioned as risk factors for C(MH in many general population based studies, and have also been

316,17

reported as risk factors for COPD in different studies™™". In addition, CMH is present in about 30% of COPD patients where

it constitutes a risk factor for increased duration and frequency of respiratory infections, hospitalization and mortality

and higher risk for exacerbations”™ .

Above studies show that (MH can be present, both in subjects with and without COPD and some risk factors for COPD
overlap with those for CMH, like smoking and bacterial infections. However, not all patients with COPD have (MH and
conversely not all individuals with (MH have COPD. We therefore investigated whether risk factors for (MH differ
hetween subjects with and without COPD. To this aim we used data of the LifeLines cohort, a general population based
study in the northern part of The Netherlands, and determined risk factors for C(MH in subjects with and without COPD
taking into account well-known clinical, demographic and environmental factors contributing to (MH (active smoking,
exposure to environmental tobacco smoke, and occupational exposures).

METHODS
Study Population and Methods
To investigate risk factors for (MH we included subjects participating in the Dutch LifeLines cohort study. The LifeLines

study is a multidisciplinary prospective general population-based study among residents of the three northern provinces
of The Netherlands, investigating the origins and the development of chronic diseases and multimorbidityzo. Subjects
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were recruited via general practitioners. In the current study, we included 13,501 Caucasian adults, aged between 18 and
90 years, from the second data release of the Lifelines cohort All participants gave written informed consent, completed
questionnaires and underwent a mediical examination and standardized spirometry, according to the ERS guidelines”. In
this population-hased study we did not administer a bronchodilator.

The exact question used to define (MH was “do you usually expectorate sputum during day or night in winter on the
majority of days > 3 months a year? (yes/no)”. Since it is known that the presence of asthma can cause symptoms of

(MH, subjects with asthma (ever having asthma confirmed by a physician) were excluded from the analyses (n=953).

Environmental tobacco smoke (ETS) exposure and smoking habits

Exposure to smoke during childhood was determined by the question: “did your mother/father smoke regularly during
your childhood? (yes/no)”. Furthermore, current ETS exposure was determined by questions about regularly exposure to
smoke from others during the last year for at least 1 hour per day (yes/no), and in case of a paid job, whether smoking
was present in the workplace (yes/no). Smoking habits were defined as never smoking, ex-smoking and current
smoking and the lifetime number of pack-years smoked.

An individual was defined as being a current smoker if he/she answered ‘yes’ to the question “do you smoke now or
have you been smoking in the last month?”. A never smoker when answered ‘no’ to the question “have you ever
smoked for as long as a year?”, and an ex-smoker answered ‘yes’ to the question “have you ever smoked for as long as
a year?” and ‘no’ to the question “do you smoke now or have you been smoking in the last month?” and ‘yes’ to the
question “did you currently quit smoking?”. Pack-years of smoking were calculated as the number of packs of cigarettes
(1 pack = 20 cigarettes) smoked per day times the number of years of smoking.

Occupational exposure

Information on employment status, job title and description of work tasks of the current job (or last held job in case of
retirement) was obtained by questionnaire and coded according to the International Standard Classification of
Occupations version 1988 (ISC0-88)22. Employed and unemployed subjects were included in this study. The ALOHA+ Job
Exposure Matrix (JEM) was used to classify the reported jobs into no, low or high exposure to various agents (coded
respectively 0, 1 or 2)"°. If someone had two or more jobs (n = 232, 23%), the average occupational exposure was
determined by rounding the average to the nearest integer (0.5=1and 1.5 =2).
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Statistical analyses

Analyses were stratified for COPD defined as FEVi/FVC < 70%. Body mass index (BMI) was defined as weight/heightZ
(ka/m". Differences in characteristics and occupational exposres between subjects with and without CMH stratified by
(OPD were analyzed using chi-square tests and 2-tailed unpaired Student’s t-tests.

(haracteristics significantly associated with CMH (except for the occupational exposures and lung function), were
included in a multivariate logistic regression model. Subsequently, each occupational exposure was included in this
model one-by-one without taking into account other occupational exposures. The interaction effect between COPD and
the other possible risk factors was tested by using a multivariate regression model including COPD x risk factor as an
extra variable in the model.

Since the prevalence of exposures to herbicides and insecticides was very low in our population (1.3% vs. 3.5%), we
analyzed all pesticides as one variable (prevalence 4.0%). Differential effects of the possible risk factors hetween subjects
with and without COPD were tested in unstratified multivariate models by including the appropriate interaction terms. In
an additional analysis, retired and unemployed subjects were excluded (n=1,996) to assess the effect of current
occupational exposure only. Finally, analyses were stratified by age, gender, and smoking habits to investigate possible
effect modification by these variables. Analyses were conducted using SPSS version 19.0. A two-sided p-value < 0.05 was
considered statistically significant.

RESULTS

From the initial LifeLines sample of 13,301 subjects a total of 2,340 was excluded because of incomplete data on (MH (n =
356), lacking information on smoking habits and ETS (n = 1,568) and incomplete data on lung function (n = 416). After
exclusion of asthmatics (n = 953) 10,008 subjects (75.8% of all subjects) remained, including 1,479 (14.8%) with and 8,529
without COPD.

Characteristics, ETS and smoking habits related to C(MH

Table 1 presents the demographics of subjects with and without CMH, stratified by COPD status. The overall prevalence of
(MH was 4.2% and was significantly higher in subjects with COPD (8.7%) than in subjects without COPD (3.4%, p < 0.001).
In subjects with and without COPD, the prevalence of (MH was significantly higher in males, in ever smokers and current
smokers and in subjects with ETS exposure; the number of pack-years smoked was also significantly higher in subjects
with (MH. COPD subjects with (MH had significantly worse lung function than those without (MH.
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Table 2 and figure 1 present the results of the multivariate logistic regression analysis on the associations between risk
factors and CMH, stratified by COPD, and the results of interaction analysis between risk factors and COPD. In subjects
with COPD, a higher number of pack-years and current ETS exposure were significantly associated with a higher risk for
(MH. In subjects without COPD, next to a higher number of pack-years also male gender, higher BMI and current smoking
were associated with a significant higher risk for C(MH. None of the investigated interactions between the risk factors and
(OPD was statistically significant.

Table 2. Interaction analysis between COPD and characteristics, ETS (by others and at work), ex- and current smoking
and pack-years and multivariate logistic regression on association between chronic mucus hypersecretion and gender,
BMI, ETS (by others and at work), ex- and current smoking and pack-years, stratified by COPD.

Variables Non-COPD COPD Interaction with COPD
OR (95% CI) p OR (95% CI) p p
Gender (male) 1.63 (1.29-2.10) <0.001 133(0.91-1.94) 0142 0.276
BMI 1.04 (1.01-1.06) 0.010 1.00 (0.96-1.05) 0.860 0.345
kTS
By others* 1.29 (0.96-1.74) 0.088 2.06 (1.33-3.19) 0.001 0.475
At work 137(0.91-2.06) 0.128 0.99 (0.53-1.85) 0.975 0.561
Smoking habits
Ex-smoking 0.80 (0.58-1.12) 0.191 0.78 (0.44-1.40) 0.408 0.853
Current smoking 1.50 (1.04-2.18) 0.032 0.85 (0.45-1.63) 0.629 0.180
Pack-years per 10 1.28 (1.14-1.44) <0.001 1.28 (1.12-1.46) <0.001 0.362

BMI = body mass index; ETS = environmental tohacco smoke; * at least one hour per day during the last year; bold = p-value < 0.05; Pack-
years per 10: the unit in the analysis is 10 pack-years so the OR is the estimate of 10 pack-years; *Interaction between variable and COPD
status (non-COPD/COPD).

Occupational exposure and risk for CMH

Table 3 presents the proportion of subjects without, with low or high exposure to occupational agents according to the
ALOHA+ JEM, in subjects with and without chronic mucus hypersecretion, stratified by COPD. Almost 45% of the
population had some occupational exposure, either low or high. Exposure to gases & fumes was the most frequent
occupational exposure (40.1%). An overview of the most prevalent occupations within those exposed is given in table 1in
the supplementary file.

In subjects with COPD, there was no significant difference in occupational exposures between subjects with and without

(MH. In contrast, in subjects without COPD, the prevalence of 5 out of the 8 investigated occupational exposures was
significantly different between subjects with and without CMH.
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Statistically significant interactions were found between COPD and high exposure to gases & fumes and between (OPD
and low exposure to aromatic solvents (Supplementary Table 2). In the stratified analyses, significant associations were
found particularly between low and high exposure to mineral dust and CMH and between high exposure to gases &
fumes, chlorinated solvents or heavy metals and (MH (adjusted for gender, BMI, ETS and smoking habits) in subjects
without COPD. Figure 2 shows the odds ratios and 95% confidence intervals of occupational risk factors studied with
respect to the presence of (MH, stratified by COPD. In subjects with COPD there were no significant associations between
occupational exposures and (MH (Supplementary Table 2).

COPD Non COPD ] ,
Figure 1. Odds ratios and 95%
Male sex 4 H—— - —a— Lo .
(I for multivariate analysis
BMI . o showing association between
ETS by others —_— | - chronic mucus hypersecretion
and gender, BMI, ETS and
ETS at work - —— L H—a—
smoking habits, stratified by
Ex smokingq4 +—e1+— . = oPD
Current smoking4  +—st+—— - —a—
Pack-years per 10: the unit in the
Pack-years per 10 | rad E -
. . . . analysis is 10 pack-years so the OR
1 2 3 1 2 3 is the estimate of 10 pack-years.
OR (95% CI) OR (95% Cl)

Exclusion of retired and unemployed subjects to assess the effect of current occupational exposures did not change the
results (results not shown). Stratification by age, gender or smoking habits (never-smoker, ex-smoker and current
smoking) did not consistently indicate effect modification by these variables of the associations between occupational
exposures and (MH (Supplementary Tables 3,4 and 5).

DISCUSSION

We report results from a large cross-sectional general population based study, relating demographic characteristics,
environmental smoke exposure, smoking habits and occupational exposures to (MH in subjects with and without COPD.
Subjects with COPD had a higher prevalence of (MH (defined by expectoration of sputum on most days =3 months
during the last year) (8.7%) than to those without COPD (3.4%). The risk for (MH in subjects with COPD increased with
higher pack-years and ETS exposure only, without any effect of occupational exposures. In contrast, risk factors for (MH
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in subjects without COPD were male gender, higher BMI, current smoking, higher pack-years and several occupational
exposures. Interestingly, the association between (MH and high occupational exposure to gases & fumes differed
significantly between subjects with and without COPD. Although the differences in the associations of the other
occupational risk factors with (MH between subjects with and without COPD failed to reach statistical significance, the
observed differences in effect sizes may be important.

Table 3. Prevalence of occupational exposures, according to the ALOHA+ JEM, in subjects with and without chronic
mucus hypersecretion, stratified by COPD.

Non-COPD (n = 8,529) COPD (n=1,479)
No CMH (MH No CMH (MH

Exposure n (%) n (%) p* n (%) n (%) p*
Biological No 5,674 (68.9) 196 (66.9) 935 (69.3) 88 (68.2)

Low 2,240 (21.2) 84(28.7) 0.541 359 (26.6) 36(27.9) 0.747

High 322(4.0) 13(4.4) 0.715 56 (4.1) 539 0.882
Mineral dust ~ No 6,673 (81.0) 201(68.6) 1,032 (76.4) 89 (69.0)

Low 1,234 (15.0) 66 (22.5) <0.001 240 (17.8) 31(24.0) 0.079

High 329 (4.0) 26 (8.9) <0.001 18(5.8) 9(1.0) 0.580
(Gases & No 5,008 (60.8) 146 (49.8) 715(51.4) 68 (52.7)

Low 2812 (34.1) 105 (35.8) 0.423 482 35.7) 48(31.2) 0.733

High 416 5.1) 42(143) <0.001 93(6.9) 13(10.1) 0.180
All pesticides  No 7,992 (96.2) 219(%5.2) 1,285(%5.2) 122 (94.6)

Low 251(3.0) 138 0.607 47(3.5) 4030 0.821

High 63(0.8) 3(1.0) 0.212 18(13) 33 0.363
Aromatic No 7,559 (91.8) 250 (85.9) 1,212 (89.8) 116 (89.9)

Low 618 (7.5 38 (13.0) 0.003 1319.7) 12093) 0.883

High 59(0.7) 5(.7) 0.081 7(0.5) 1(0.8) 0.704
(hlorinated ~ No 7,665 (93.1) 250 (85.3) 1,247 (92.4) 118 (91.5)

Low 464 (5.6) 2109.2) 0.013 18(5.8) 9(1.0) 0.580

High 107 (1.3) 10(3.4) 0.013 25(.9) 2(16) 0.807
Other No 6,501(76.8) 21 (75.4) 1,055 (78.1) 103 (79.8)

Low 1,188 (21.7) 64 (21.8) 0.729 21920.7) 24(18.6) 0.579

High 147 (1.8) 8(271) 0.302 16(1.2) 2(16) 0.718
Heavy metals  No 1,129 (93.8) 258 (88.1) 1,244 (92.1) 115(89.1)

Low 366 (4.4) 19 (6.5) 0.046 10(5.2) 9(1.0) 0387

High 41(1.7) 16 (5.5 <0.001 3627 5(3.9) 0.424

(MH = chronic mucus hypersecretion; bold = p-value < 0.05; *p-value: unadjusted logistic regression, reference is not exposed (to the
current investigated agent).
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The commonly reported prevalence of CMH in the general population ranges from 3.5% to 12.7%"°. The prevalence of CMH
was 4.2% in our study, which is in the lower range of reported prevalences. When asthmatics also were included, the
prevalence was 4.8%. The prevalence of (MH in our study was comparable with the prevalence of (MH (defined in the
same way), in another general population based cohort from the northern part of The Netherlands (Vlagtwedde), also
when stratified for gender, smoking habits or COPD.

Figure 2. 0dds ratios and non COPD COPD
0 i i low = Had E Ha—
95% Cl for multivariate Biological dust ot
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between  chronic  mucus it | ™ 1 T
. high —-—— = —
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. low = He— - ——
occupational exposures, Gases & fumes
i high —— 4 ——
stratified by COPD.
low r—a——t -4 ——.—...
All pesticides
high ¢ . —L

Reference is not exposed; analysis

corrected for gender, BMI, ETS, ex- Aromatic solvents DT 4=+

and current smoking and pack- high +r—a—m— e
years.  Occupational ~ exposures lowd  {—=—i i - —
Chlorinated solvents
were added one by one. Gray high 4 |
frame: significant interaction (p o ol 1 A
. gl |
<0.05) between occupational CRUSHRINEIE.
high4 —m——+—m------ 4 4+
exposure and COPD.
low - —— - ——
Heavy metals
high < —- o ——
T T T T T T T T
1 2 3 4 5 1 2 3 4 5
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It has been well established that the presence of CMH increases with the severity of airflow limitation®. Since our
population encompassed subjects with relatively mild COPD according to GOLD the guidelines (80% stage 1, 20% stage 2),
the relatively low prevalence of CMH in subjects with COPD of 8.7% is in line with the association of C(MH with the lung
function level”,

We had only prebronchodilator lung function available in this population-based study, which may have affected our
prevalence of (COPD and especially very mild COPD. For this same reason it is also possible that few undiagnosed
asthmatics may incorrectly have been included in the COPD group. In a sensitivity analysis we used the lower limit of
normal (LLN) to define COPD®. The results of this analysis showed that the prevalence of CMH and the directions and
magnitudes of the associations remained similar (Supplementary Table 6).
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In accordance with many other general population-based studies we found that (MH is significantly more prevalent in
males than in females™". A potential reason for this difference is a tendency for women to report more dyspnea and
cough, but less phlegm symptoms than men.

The association between pack-years smoking and CMH is in accordance with the literature but was rarely examined
separately for subjects with and without COPD in the general population”. We found this association to be present in
both groups. This could mean that the cigarette smoke-induced chronic inflammatory process and its associated
remodeling of the airway walls, are the most important risk factors for (MH, therehy reducing the effects of other
potential risk factors.

In addition to pack-vears, current smoking was significantly associated with an increased CMH-risk in subjects without
but not in subjects with COPD. Since some individuals would have quitted for only a short time, this may have affected
the results. Even when we excluded individuals who quitted smoking for only a short period (smoking cessation <1 year,
n=31) or added these 31 subjects to the analysis in current smokers with COPD, current smoking was still not a significant
risk factor for C(MH. It is possible that the extensive and longstanding smoking history in subjects with COPD has resulted
in irreversible airway damage which constitutes an overwhelming important contributor to (MH, more so than the
current smoking status.

Occupational exposures

The ALOHA+ JEM assigns exposures to gases & fumes as well as exposures to mineral and biological dusts. Exposure to
gases & fumes includes exposures to; aromatic, chlorinated and other solvents, to heavy metals and to all pesticides,
which were also additionally separately allocated. Exposure to heavy metals contributes also to exposure to mineral
dust. In our study occupational exposures like mineral dust, gases & fumes, chlorinated solvents and heavy metals are
significantly contributing to CMH in subjects without COPD, but not at all in subjects with COPD.

Supplementary Table 7 shows how this is related to findings in the literature published since 2000, reporting risk factors
for (MH including occupational exposures, demographic characteristics and smoking habits in the general population. Of
importance we have not found any study in general populations that performed stratified analyses for COPD status
combined with detailed information on occupational exposures (JEM-based), and our findings are new in this respect.
Given the low numbers of subjects with COPD in the general population, results of the above mentioned studies will be
driven primarily by subjects without COPD. This makes the results of these population-based studies comparable to our
results in subjects without COPD. However, a considerable variation in the definitions used for CMH or chronic bronchitis
((B), and in definitions for (extent of) occupational exposures complicates comparisons. Comparison of studies is further
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complicated by differences in age between populations, differences in habits (exposure in home caused by cooking)
belonging to a continent, the registration of exposure (lifetime versus last job, self-reported versus a JEM).

Notwithstanding this, some studies have found an association between (MH and exposure to gases & fumes, and most
studies have not found an association between (MH and biological dust, similar to our results. The significant
associations hetween CMH and low or high exposure to mineral dust, and between (MH and high exposure to heavy
metals (separately) we found, were not found in other studies.

Since there are differential effects of occupational exposures on (MH in subjects with and without COPD, the question
arises whether the pathophysiology of (MH is different as well. This clearly needs further study into differences given the
composition, tenacity, viscosity and produced volume of sputum, as well as the type and level of inflammation, the
involved genes and epigenetic phenomena. Furthermore, cigarette smoke causes damage from the central to the
peripheral airways. This is a slow process which is accompanied by metaplasia of goblet cells and mucus hypersecretion
that is located in the larger airways and also in the small airways in a later stage, accompanied by closure of the small
airways and subsequently airway obstruction. It remains to be established whether occupational exposures mainly affect
the larger airways in subjects without COPD, yet with similar symptoms of CMH as occurring in smoking-related COPD.

The strength of this study is that we had access to a large population, with a very wide age range and a considerable
number of subjects with airflow limitation, which allowed us to study risk factors for (MH in subjects with and without
(OPD separately. A limitation is the lack of information about life-time occupational exposure since we had information
ahout occupational exposures during the current or last job only. Symptomatic subjects might have left jobs with
exposures to occupational exposures before (early) retirement. However, an additional analysis in which unemployed
and retired subjects were excluded contradicts the possibility of selective avoidance of hazardous occupational
exposures; subjects with COPD had a similar or even higher prevalence of occupational exposures in their current job
than subjects without (19% had exposure to mineral dust in non-COPD versus 24.4% in COPD, for gases and fumes being
39.9% and 44.9% respectively (results not shown)). Comparison of provided reasons for unemployment in non-COPD and
(OPD revealed that the mean age in the COPD-group was considerably higher explaining the higher number of subjects
who were retired or pre-retired in this group. The percentage of subjects who were incapable to work was comparable in
hoth groups.

We believe that through legislation and awareness of the danger of these exposures, people are nowadays less exposed.
We hypothesize that with using current or last held job we rather have under- than over-estimated the association
between occupational exposures or ETS and risk for CMH. Clearly, studies including information on lifetime (cumulative)
exposure are desirable to confirm the effects found.
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Conclusions

We conclude that occupational exposures contribute differentially to C(MH in subjects with and without COPD. In subjects
with established COPD only the number of pack-years smoked is associated with an increased risk for (MH and
occupational exposures do not contribute. In contrast, high occupational exposure to gases & fumes (among which
solvents, all pesticides and heavy metals) is an important driver of C(MH in subjects without airflow limitation, next to
pack-years smoking.
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Supplementary Table 1. Most prevalent occupations in subjects exposed.

Exposure Jobs
L Institution- and home-hased personal care workers, Domestic and office cleaners, Nursing and midwifery
ow
Biological dust professionals, Nursing associate professionals
High  Dairy and livestock producers, Carpenters, Freight handlers, Bakers
Low  Cleaners, Dairy and livestock producers, Machine operators, Heavy truck and lorry drivers
Mineral dust i Welders and flame-cutters , Freight handlers, Agricultural and industrial mechanics, Gardeners, (Building)
19 . )
Construction workers, Field crop and vegetahle growers
low Institution- and home-based personal care workers, Cleaners, Nursing and midwifery professionals
Gases & fumes . Heavy truck and lorry drivers, Motor vehicle mechanics, Welders and flame-cutters, Agricultural and
19 . ) ) . .
industrial mechanics, Plumbers and pipe fitters, Painters
ow (arpenters and joiners, Motor vehicle mechanics, Agricultural and industrial mechanics, Life science
Aromatic solvents technicians, Gardeners and horticultural growers, Plumbers and pipe-fitters
High  Painters, Printing machine operators, Varneshers and related painters
ow Hairdressers and beauticians, Plumbers and pipe fitters, Painters, Mechanical engineers, Decorators and
Chiorinated commercial designers, Electronics mechanics and servicers
solvents . . . ) ) . .
High  Motor vehicle mechanics, Agricultural and industrial mechanics sheet metal workers
Low Plumbers and pipe fitters, Painters, Machine tool operators, Mechanical engineers, Electronics mechanics
" l and servicers, Building construction laborers, Mechanical engineering technicians, Electrical mechanics,
eavy metals ) . . . ) )
v i Welders and flame-cutters, Motor vehicle mechanics, Agricultural and industrial mechanics, Sheet metal
19

workers
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Supplementary Table 2. Multivariate logistic regression on association between chronic mucus hypersecretion and

occupational exposures, stratified by COPD, and p-values for the interaction between the occupational exposures and

(OPD.
Interaction
Exposure Non-COPD COPD .
with COPD
OR (95% () p* p** OR (95% CI) p* p** D int
Biological dust qu 119.(0.91-1.56) 0.203 06 MAQI41TH 0.560 0827 0.902
High  0.86 (0.48-1.55) 0.626 0.86(0.33-2.25  0.766 0.801
Mineral dust qu 139 (1.04-1.87)  0.028 0.007 118 (0.75-1.85) 0.479 0.684 0.420
High  1.60(1.02-2.52)  0.041 1.01(0.47-2.17) 0.980 0.190
Gases & fumes qu 113(0.87-1.47) 0.357 0.001 1.04 (0.70-1.54) 0.858 0959 0.666
High  219(1.49-3.22)  <0.001 098 (0.49-1.94)  0.948 0.018
All pesticides qu 0.88 (0.30-2.60) 0.817 0.835 168 (0-44-6.44)  0.451 0720 0.532
High 1.81(0.22-14.9) 0.584 0.00(0.00- ) 0.999 0.784
Aromatic solvents qu 143 (0.99-2.07) 0.057 0.036 0.69 (0.36-1.33) 0.269 0.265 0.038
High 168 (0.65-4.30) 0.282 0.75(0.09-6.47)  0.794 0.496
Chlorinated solvents qu 146 (0.96-2.22) 0.075 0.010 0.94(0.45-196)  0.862 0356 0.269
High  1.98(1.00-3.91)  0.049 0.44(0.0-203)  0.292 0.066
Other solvents qu 0.58 (0.27-1.27) 0.172 0.438 110 (0.61-5.23) 0.713 0.454 0.464
High 129 (0.26-6.51) 0.757 1.78 (0.61-5.23) 0.295 0.597
Heavy metals qu 1.07 (0.65-1.76) 0.795 0.015 1.06 (0.50-2.25) 0.881 0956 0.843
High 226 (1.30-3.94)  0.004 092(0.33-256)  0.876 0.093

Reference is not exposed; Analysis corrected for gender, BMI, ETS, ex- and current smoking and pack-years; Occupational exposures were

added one-by-one; bold = p-value < 0.05; ' p = p-value for separated (low and high) exposure (no exposure = reference); Hp = p-value for

linear trend of intensity of exposure; p i, = p-value for interaction analysis.
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Risk factors for C(MH | 5

Supplementary Table 6. Multivariate logistic regression on the association between chronic mucus hypersecretion and
gender, BMI, ETS (by others and at work), ex- and current smoking, pack-years, and occupational exposures (added one
by one), stratified by COPD based on the lower limit of normal (LLN).

Non COPD based on LLN COPD based on LLN
N 9,060 948
(MH % 37 93
OR (95% (1) p OR (95% () p
Gender (male) 1.63 (1.29-2.08) <0.001 1.33(0.91-1.94) 0.142
BMI, kg/m2 1.04 (1.01-1.06) 0.010 1.00 (0.96-1.05) 0.860
Smoking
ETS, by others 129 (0.96-1.74) 0.088 2.06 (1.33-3.19) 0.001
ETS, at work 1.37(0.91-2.06) 0128 0.99 (0.53-1.85) 0.975
Ex-smoking 0.80 (0.57-1.12) 0191 0.78 (0.44-1.40) 0.408
Current smoking 150 (1.04-2.18) 0.032 0.85 (0.44-1.63) 0.629
Pack-years per 10** 1.28 (1.14-1.44) <0.001 1.28 (1.12-1.46) <0.001
Occupational exposure
Biological dust Low 118 (0.90-1.55) 0.219 114(0.74-1.74) 0.555
High 0.87 (0.48-1.56) 0.629 0.87(0.33-2.26) 0.770
Mineral dust Low 1.39 (1.04-1.87) 0.028 118 (0.75-1.85) 0.479
High 1.60 (1.02-2.52) 0.041 1.01(0.47-2.17) 0.980
Gases & fumes Low 1.13(0.87-1.47) 0357 1.04 (0.70-154) 0.858
High 2.19(1.49-3.22) <0.001 0.98 (0.49-1.94) 0.948
Al pesticides Low 1.02 (0.54-1.91) 0.953 0.80 (0.28-2.30) 0.677
High 115 (0.36-3.74) 0812 1.64 (0.46-5.83) 0.446
Aromatic solvents Low 1.43(0.99-2.07) 0.057 0.69 (0.36-1.33) 0.269
High 168 (0.65-4.30) 0.282 0.75(0.09-6.47) 0.794
(hlorinated solvents Low 1.46 (0.96-2.21) 0.075 0.94 (0.45-1.96) 0.862
High 1.98 (1.00-3.91) 0.049 0.44(0.09-2.03) 0.292
Other solvents Low 1.05(0.78-1.39) 0.757 0.82(0.51-1.32) 0.414
High 146 (0.70-3.04) 0313 0.91(0.20-4.15) 0.904
Heavy Metals Low 1.07 (0.65-1.76) 0.795 1.06 (0.50-2.25) 0.881
High 2.26 (1.29-3.94) 0.004 0.92(0.33-2.56) 0.876

LLN = lower limit of normal; BMI = body mass index; ETS = environmental tobacco smoke; bold = p-value < 0.05; " at least one hour per day
during the last year; " Pack-years, per 10: the unit in the analysis is 10 pack-years so the OR is the estimate of 10 pack-years.
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Genes and environment underlying lung health

ABSTRACT

Background

Lung growth /7 uferoand lung function loss during adulthood can be affected by exposure to environmental tobacco
smoke (ETS). The underlying mechanisms have not been fully elucidated. Both ETS exposure and single nucleotide
polymorphisms (SNPs) in Giutathione S Transterase (GS7) Omega genes have been associated with the level of lung
function. This study aimed to assess if GS70SNPs interact with ETS exposure /7 uferoand during adulthood on the level
of lung function during adulthood.

Methods

We used cross-sectional data of 8,128 genotyped participants from the LifeLines cohort study. Linear regression models
(adjusted for age, sex, height, weight, current smoking, ex-smoking and packyears smoked) were used to analyze the
associations between /7 utero, daily and workplace ETS exposure, 6570 SNPs, the interaction between ETS and 657,
and level of lung function (FEV;, FEV,/FVC). Since the interactions between ETS and &S$7¢5 may be modified by active
tobacco smoking we additionally assessed associations in never and ever smokers separately. A second sample of 5,308
genotyped LifeLines participants was used to verify our initial findings.

Results

Daily and workplace ETS exposure was associated with significantly lower FEV; levels. G570 SNPs (recessive model)
interacted with /7 ufero ETS and were associated with higher levels of FEV;, whereas the interactions with daily and
workplace ETS exposure were associated with lower levels of FEV;, effects being more pronounced in never smokers. The
interaction of GS707SNP rs156697 with /7 ufero ETS associated with a higher level of FEV; was significantly replicated in
the second sample. Overall, the directions of the interactions of 47 ufero and workplace ETS exposure with the SNPs
found in the second (verification) sample were in line with the first sample.

(Conclusions

6570 genotypes interact with /7 ufero and adulthood ETS exposure on adult lung function level, but in opposite
directions.
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GST0genes, ETS and lung function level | 6

BACKGROUND

Lung function loss is common in chronic respiratory diseases like chronic obstructive pulmonary disease (COPD), cystic
fibrosis (CF) and interstitial lung fibrosis, and associates with all-cause and other specific mortality]’z. Both environmental
and genetic factors contribute to lung function loss. Active cigarette smoking is regarded as the most important
environmental risk factor, yet other factors exist. Like active smoking, passive cigarette smoking or environmental
tobacco smoke (ETS) exposure induces inflammation and oxidative stress in the lungs’. ETS exposure has been
associated with reduced level of lung function at birth™ and in adulthood®” as well as with respiratory symptoms™ and

increased COPD risk™"

. Inother words, ETS exposure can affect 77 uferolung development, lung growth during childhood
and lung function loss during adulthood. However, the underlying mechanisms have not heen elucidated. Furthermore,
these underlying mechanism are not necessarily similar for ETS exposure /7 uferoand during adulthood given the fact

that both the mode of exposure and the period of exposure within the life-span are different.

Although it has been very well established that genetic factors contribute to lung function level”, less is known about
how genetic factors modify effects of ETS exposure on the level of lung function during the life-span. Glutathione S-
Transferases (GSTs) are a family of enzymes involved in the detoxification of xenobiotic substances such as tobacco
smoke, and play an essential role in oxidative stress reactions”". Polymorphisms in the &S7-mu;, -pi and -thefa genes
have been described to interact with tobacco smoke exposure with respect to asthma development and atopy in
asthmatic children™® and lower childhood level of lung function”. The G57-amega (GS70) dlass has been less wel
studied. Of interest, GSTO enzymes have thioltransferase activity and can catalyze specific reduction reactions with
compounds that are not substrates for other GSTs, suggesting an important role for GSTO in oxidative stress reactions™
and in biotransformation of inorganic arsenic””, a component present in tobacco smoke. GSTOT has also been reported to
activate |L—1ﬁ21, a cytokine that is important for tobacco smoke induced inflammation and fibrosis™”. Harju et al.

showed that GSTOT is abundantly expressed in alveolar macrophages™. Furthermore, a genome wide association analysis
in the Framingham Heart Study found a G$702SNP (rs156697) to be associated with both lower level of FEV; and Fvc?.
Another study could not replicate this association between rs156697 and FEV;, but found an association with COPD,
defined by lower lung function”. It is unknown whether GS707and 63722 SNPs modify effects of ETS exposure on the
level of lung function.

This study aimed to assess if GS70SNPs interact with /7 uteroand/or adulthood ETS exposure on lung function level in a
general population.
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METHODS

Study sample and measurements

We included 8,128 genetically unrelated individuals from the LifeLines cohort study. The LifeLines cohort is designed to
investigate universal risk factors and their modifiers for multifactorial chronic diseases and comorbidities”. Al subjects
received a questionnaire and underwent a medical examination including collection of a blood sample for DNA
extraction. The questionnaire included questions regarding personal characteristics, smoking habits and ETS exposure.
We used self-reported 7 uferoETS exposure (coded as: no/yes/do not know), daily ETS exposure hased on self-reported
hours of exposure to other person’s tobacco smoke per day (coded as: <1/=1 hour per day), and ETS exposure at work
(answer categories: no/yes/not applicable). The medical examination included spirometry (FEV; and FEVy/FVC) performed
in a standardized setting following ATS guidelines using a Welch Allyn Version 1.6.0.489, PC-based SpiroPerfect with
(ardioPerfect Workstation software. A second sample, including 5308 individuals from the Lifelines cohort study
genotyped at a later stage, was used to verify our initial findings. Questionnaires, medical examinations and genotyping
at baseline were performed according to the same standardized protocol in sample 1and sample 2.

Genotyping

Genotyping was performed using IlluminaCytoSNP-12 arrays. Beagle (version 3.3) and the HapMap3-database were used
to impute additional SNPs. Three Haplotype-tagaing SNPs in the ¢S70/-Zcluster with minor allele frequency (MAF) > 0.1,
HW-equilibrium p-value > 0.05, and R < 0.8 were selected with Haploview (version 4.2). We additionally included SNP
rs156697 that was associated with lower FEV; and FVC in the Framingham Heart Study‘z. The four selected SNPs were
rs4925, rs1147611, rs156697 and rs156699. LD-plot (supplementary figure 1) and genotype frequencies (supplementary
table 1) are presented in the online supplement.

Statistical analysis

Linear regression models adjusted for age, sex, height, weight, current smoking, ex-smoking, and packyears smoked,
were used to analyze the associations between ETS exposure, 6570 SNPs, the interaction between ETS and 65705 and
level of lung function (FEV;, FEV,/FVC). Since the interactions between ETS and 57¢& may be modified by active tobacco
smoking we additionally assessed associations in never and ever smokers separately. Al analyses were performed using
SPSS version 20.0 (IBM Corporation, USA). P-values < 0.05 (tested 2-sided) were considered statistically significant. To
examine the robustness of our findings we used False Discovery Rate (FDR) correction for multiple testingy, taking into
account the number of tests performed for each of the exposures (4 SNPs * 3 separate analyses (all/never/ever) * 2
outcomes (FEV;, FEV,/FVC)).
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Ethical approval
The study was approved by the Medical Ethics Committee of the University Medical Center Groningen, Groningen, The
Netherlands (ref. METc 2007/152).

RESULTS

Population characteristics

(haracteristics of both samples 1and 2 are shown in table 1. Briefly, both samples included more females than males and
more ever than never smokers. 15% of the participants did not know whether their mother smoked during pregnancy,
and this group was excluded in the analyses on the effect of /7 ufero exposure on the level of lung function. Of the
remaining participants, 13% reported /7 ufero ETS exposure. Almost 25% of the participants reported daily ETS exposure
(=1 hours), and 7% reported ETS exposure at the workplace (in 12% of the participants this was not applicable because of
unemployment; this group was coded as a separate category in the analyses). The median level of self-reported
exposure was 2 hours per day within the group with daily ETS exposure (25th percentile = 1 hour, 75th percentile = 4
hours).

Table 1. Characteristics participants included in sample 1and sample 2.

Sample 1 Sample 2 (verification)

n 8128 5308
Males, n (%) 3483 (43) 2133 (40)
Age, median (min-max) 47 (18-89) 48 (21-90)
Smoking status, n (%)

Never, n (%) 3277 (40) 2154 (41)

Ex, n (%) [median packyears (min-max)] 2882 (36) [8 (0-86)] 2014 (39) [7 (0-100)]

Current, n (%) [median packyears (min-max)] 1936 (24) [15 (0-100)] 1065 (20) [16 (0-81)]
ETS exposure, n (%)

Inutero 867 (13) 559 (13)

= Thour/day 1788 (24) 1029 (21)

At the workplace 565 (7) 303(6)
Lung function, mean (sd)

FEV; (ml) 3412 (831) 3331(840)

FEVipp (%)’ 102 (14) 102 (14)

FEV,/FVC (%) 1) 16(7)
Spirometry available, n 7635 5070

The second sample (sample 2) was used to verify the initial findings from sample 1, both samples are part of the LifeLines population-based
cohort study.' FEVipp = FEV; as percentage predicted based on reference equations constructed by Quanjer et .
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ETS exposure and level of lung function

Complete data on all covariates was available for n = 6003, 6822 and 7149 subjects for /7 ufero ETS exposure (excluding
‘do not know’), daily and workplace ETS exposure respectively. /7 uferoETS exposure was not associated with FEV; and
was negatively associated with FEV/FVC [b =-0.6 % (95% (I = -1.1; -0.1)]. The association with FEV,/FVC was similar for
never and ever smokers (supplementary table 2). Daily ETS exposure (=1 hour) was significantly associated with lower
FEV; [-37 ml (-65 ; -8)], and not with FEV/FVC. Workplace ETS exposure was significantly associated with lower FEV, [-43
ml (-86 ; 0)], and FEV,/FVC [-0.6 % (-1.2 ; 0)]. Stratification by smoking status resulted in significant associations of ETS
exposure with FEV; in never smokers only, effect estimates being -45 ml (-91; 0) and -82 ml (-153 ; -11) for daily and
workplace ETS respectively (figure 1). Daily and workplace ETS exposure were not significantly associated with FEV,/FVC
in never or ever smokers (for all effect estimates see supplementary table 2).

SNPs and level of lung function

Subjects heterozygous for SNP rs4925 had a significantly higher FEV; [23 ml (0 ; 45)] and subjects heterozygous for
1s156699 a significantly higher FEV,/FVC [0.3 % (0 ; 0.7)] than wild types. There were no other significant associations
between genotype and lung function (supplementary table 3).

A In Utero ETS exposure B Daily ETS exposure C Workplace ETS exposure
oo 1309 3.9 ; 3.9
03 ! ] |
=~ H
Eh H
=2 38 3.8 : 3.8
E E n.s. |
“ g
3.7 37 3.7
ns. H p=.025 n.s. n.s.
ns — H — P —
[ | H
3.6 3.6 : 3.6
No Yes No Yes No Yes H No Yes No Yes No Yes
n=2269 307 2926 501 n = 2456 445 2776 1145 n= 2575 163 3261 336
Never smokers Ever smokers Never smokers Ever smokers Never smokers Ever smokers

Figure 1. Mean FEV; (liters) for non-exposed and exposed subjects stratified by smoking status (never/ever smoker). The
analysis was adjusted for sex, current smoking, packyears smoked, and centered for group specific (never/ever smokers)
means for age, height and weight. A: In utero ETS (no/yes). B: daily ETS exposure (</=1hr). C: ETS exposure at the
workplace (no/yes).

Effect of interaction between GS70SNPs and /n utero ETS exposure on level of lung function

Mean FEV; levels were significantly different (i.e. higher with /7 utero ETS, and lower with daily and workplace ETS
exposure) in subjects carrying both minor alleles for all four 6570 SNPs compared to wild type and heterozygote
genotypes (figure 2). Therefore we used a recessive genetic model in subsequent analyses. /7 utero ETS exposure
interacted with all four G570 SNPs and these interactions were associated with higher level of FEV; level (table 2), i.e.
being homozygote for the minor alleles was associated with a higher FEV; only in subjects that were exposed to ETS /7
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utero. There was no association with FEV,/FVC (supplementary table 4). Associations were more pronounced in never
smokers, except for SNP rs156697 (table 2). Most of these interactions remained significant after FDR correction for
multiple testing.

Effect of interaction between GS70SNPs and adulthood ETS exposure on level of lung function

Daily ETS exposure (=1 hour) interacted significantly with SNPs rs4925, rs1147611 and rs156699 and these interactions were
associated with lower FEV; level (table 3). Workplace ETS interacted significantly with all four SNPs and these interactions
were associated with lower FEV; (table 4). In other words, being homozygote for the minor alleles of the GS70SNPs was
associated with lower level of lung function only in subjects that were exposed to daily and workplace ETS exposure.
Stratification by smoking status showed that the negative interaction effects between ETS exposure and the SNPs on FEV,
level were consistently more pronounced in never smokers (tables 3 and 4). No significant interactions were found
hetween daily and workplace ETS exposure and the G570 SNPs on FEV,/FVC in the whole group, or when stratified by
smoking status (never/ever) (supplementary tables 5 and 6). All significant interactions of the ¢S70SNPs with workplace
ETS on level of FEV, remained significant after FDR correction for multiple testing, the interactions with daily ETS exposure
did not remain significant.

Table 2. Effects for /7 uferoETS exposure (no/yes), the SNPs, and the interaction of GS70SNPs (recessive model) with /7
UteroTS exposure on FEV;.

FEV; (ml) b (95% (1)

Gene Variable Al Never smokers Ever smokers
N, in analysis 6003 2576 1
asTor InuteroETS —33(-69;4) =25(-81;32) —43(91;5)
rs4925 =33(=17;10) =1(65;6%) =58 (—117;1)
ETS*rs4925 17750 ; 305)* 196 (15 ; 376)* 161(—18 ; 340)
asrol InuteroETS =40 (=77;-2)"* —32(—89; 26) =51(—100;-2)*
rsT147611 -22(-58;14) 6 (—46;58) —46(=96;3)
ETS*rs1147611 N7 G2, 283 %206 (47 365)* 166 (25;307)*
214 n uteroETS —41(=18;-3) —28(—85;30) =55 (=104; -6)*
1156697 -28(—64:9) 9(—44;62) =59 (-110; -8)*
ETS*rs156697 %198 (90 ; 307)**+* 181(20; 342)* 19 (72 366)*
3[4 InuteroETS -33(=10;3) -24(-81;32) —45(=93;4)
15156699 =30(=70;10) —9(—66;49) —48(=104;7)
ETS*rs156699 160 (41; 278)** 193 (12; 374)* 143 (15 300)

The linear regression model for the whole group was adjusted for sex, age, height, weight, current, ex-smoking and packyears smoked.
(onsequently we stratified by smoking status (never/ever) and adjusted for the other possible confounders. *p-value<0.05 **p-value<0.01
***p-value<0.001. $significant after FDR correction for multiple testing.
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Table 3. Effects for daily ETS exposure (</=1hr), the SNPs, and the interaction of GS70SNPs (recessive model) with daily
ETS exposure on FEV,.

FEV; (ml) b (95% (1)

Gene Variable Al Never smokers Ever smokers
N, in analysis 6822 2901 3921
asTor Daily ETS =21(=56:3) =31(=79;16) —28(—66;10)
1s4925 61(=37;49) 67(6;128)" —46(-106;15)
ETS*rs4925 =115(=209; -22)* =153 (=306 0) —=12(=192; 47)
as7or Daily ETS =25(=55;5) =8(-T11;22) =28(=67;1)
rsT147611 15(=22;51) 56 (5;107)* =24(-75;28)
ETS*rsT147611 =83 (—159;-1)* =122 (=2471;3) —45(=147;52)
2y(/4 Daily ETS =29(=59;1) =8(-T11;22) —34(=T73;5)
15156697 6(=31;43) 57(5;109)" =40 (=93;12)
ETS*rs156697 =59 (—137;19) =127 (=252 -1)* —2(-104;99)
as702 Daily ETS =26(=56;3) —-29(-78;19) —28(—66;10)
1s156699 6(=35;46) 44(-12;100) —29(—86;28)
ETS*rs156699 =94 (-178; -10)* —133(—268;2) =56 (—165;54)

The linear regression model for the whole group was adjusted for sex, age, height, weight, current, ex-smoking and packyears smoked.
(onsequently we stratified by smoking status (never/ever) and adjusted for the other possible confounders. 'p-value<0.05. There were no
significant effects after FDR correction for multiple testing.

Verification of initial findings in the second sample

Population characteristics (table 1) and genotype frequencies (supplementary table 1) were similar in the second
(verification) and the first sample. Complete data was available for n = 3914, 4527 and 4702 subjects for /7 utero, daily
and workplace ETS respectively. Estimates for the negative associations of 47 utero, daily and workplace ETS exposure on
FEV; and FEVi/FVC in the verification sample, were in line with associations found in sample 1, yet did not all reach
statistical significance (supplementary table 7). Associations hetween the heterozygote genotypes for rs4925 and
rs156699 with FEV; and FEV,/FVC respectively, found in sample 1, could not be replicated in the second sample
(supplementary table 3).

Interaction G570 SNPs with in utero FTS
Similar to sample 1, 65702 SNP rs156697 significantly interacted with /7 ufero ETS exposure and was associated with a
higher level of FEV; in sample 2 (table 5). The other G570 SNPs consistently had effects in the similar direction, yet
without reaching statistical significance.
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Table 4. Effects for workplace ETS exposure (n/y), the SNPs, and the interaction of G570 SNPs (recessive model) with
workplace ETS exposure on FEV,.

FEV; (ml) b (95% (1)

Gene Variable All Never smokers Ever smokers
N, in analysis 7149 3051 4098
astor Workplace ETS =26 (=11;20) =51(=126;25) =17 (=73;40)
154925 8(=34;50) 78(17;138) —48(-105;9)
ETS*rs4925 173313 -3 %281 (—498 ; -64)* —84(—268;100)
asiol Workplace ETS —22(—68;25) —41(=117; 36) =15(=73; 43)
151147611 8(=27;42) 49(0;99% —29(=78;19)
ETS*rsI47611 Y51 (=272;-31)* %286 (—486;-87)* —65(=218;87)
aS702 Workplace ETS =21(=67;25) —41(-118;36) =14 (=72 44)
15156697 8(—28;44) 50 (—1;100) =29(-19;20)
ETS*rs156697 %170 (=295 ; -46)™* %287 (—486 ; -88)™ =84 (=245;71)
(2[4 Workplace ETS —17(—63;28) =41 (=117, 35) —9(—66; 48)
15156699 6(=32;45) 43(-12;98) =26(-19;28)
ETS*rs156699 %218 (—349; -87)** 318 (=525 -111)™* =140 (=311; 30)

The linear regression model for the whole group was adjusted for sex, age, height, weight, current, ex-smoking and packyears smoked.
Consequently we stratified by smoking status (never/ever) and adjusted for the other possible confounders. *p-value<0.05 **p-value<0.01.

$significant after FDR correction for multiple testing.

Table 5. Verification of the interaction of GS70SNPs (recessive model) with different types of ETS exposure on FEV; in

sample 2.
FEV; (ml) b (95% CI)

Gene Variable In uteroETS Daily ETS Workplace ETS
N, in analysis 3914 4521 4702

asior ETS =45(=91;1) =41 (=18;-4) —40(—98;18)
rs4925 11(—43;65) 15(=36; 66) B(-17;8)
ETS*rs4925 1M(=32;253) 25(=93;142) —163 (=390 ; 65)

astor ETS —49(-96; -1* =40 (-18;-2)* —40(-100; 20)
rs1147611 4(—40;47) 2(=21;63) 26 (=15;67)
ETS*rsT147611 94(=22;21) 5(—89;98) —87 (=254 81)

asT? ETS =52 (—99;-5)* —41(=19; -4)* —38(-98;21)
15156697 2(—42;46) 17(=25;59) 28(-13;69)
ETS*rs156697 19(0; 237" 17(=19;113) =99 (—269; 70)

6S702 ETS =46 (-92;1) =40 (-78; -3)* =42 (-101;17)
rs156699 —9(-58;39) 0(—46;47) 10 (=35;56)
ETS*rs156699 106 (—29 ; 241) 9(=97;115) =101(=292;91)

Effects for in utero ETS exposure (no/yes), daily ETS exposure (</21hr), workplace ETS exposure (no/yes), the SNPs, and the interaction of
GSTO SNPs (recessive model) with different types of ETS exposure on FEV; in sample 2 (verification). The linear regression model for the
whole group was adjusted for sex, age, height, weight, current, ex-smoking and packyears smoked. *p-value<0.05.
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Interaction GSTO SNPs with daily and workplace ETS exposure

Analyses in the verification sample did not show any significant interaction or trend for interaction between the ¢570
SNPs and daily (=1 hour) ETS exposure (table 5). In line with findings in sample 1, there were clear interactions of the
6S7T0SNPs with workplace ETS exposure that were associated with lower level of FEV;, but these interactions were non-
significant in sample 2 (table 5). Full results of the (stratified) analyses in sample 2 can be found in supplementary tables
8-10.

Overall, the directions of the interactions of /7 ufero and workplace ETS exposure with the SNPs found in the second
(verification) sample were in line with the first sample, but effect estimates were somewhat smaller and not always
significant.

DISCUSSION

Main finding

This study is the first to show that ¢S70SNPs interact with ETS exposure on FEV, findings that were significant after FDR
correction for multiple testing and replicated in the second (verification) sample or showed similar directions of effects.
Interestingly, interactions were in opposite directions for ETS exposure 47 ¢feroand during adulthood.

Results in relation to other studies

Smoking during pregnancy has been shown to reduce tidal flow-volume ratios in healthy newborn babies*” and to
reduce small airway flows in school age children”. We found no significant effect of /2 uero ETS exposure on level of
FEV;in adulthood in both our study samples, which does not exclude that effects might be present when studying more
specifically small airway dimensions as derived in school age children”. In line with other studies investigating effects of
ETS exposure during adulthood“, we found daily and workplace ETS to be associated with lower levels of FEV,, and these
effects were more pronounced in never smokers. Our effect estimate of a 45 ml lower FEV; level with daily ETS exposure
in never smokers was comparable with the 35 ml (-66 ; -4) reduced FEV; level with daily ETS exposure of 1to 4 hours in
never smokers from the European Community Respiratory Health Survey (ECRHS)'

The homozygote mutant genotype for SNP rs156697 was not associated with the level of FEV; in our sample, but there
was a significant interaction with 77 ufero ETS exposure that was associated with higher level of FEV,. This was a robust
finding that remained significant after FDR correction for multiple testing and was moreover significantly replicated in
the verification sample. Interactions between the other three SNPs and /7 uferoETS exposure showed clear trends for an
association with higher level of FEV; in both samples but only reached significance in the first sample. Interestingly, the
homozygote mutant genotypes for SNPs rs4925, rsi147611, rs156699 significantly interacted with daily ETS exposure, and
all SNPs (rs4925, rs1147611, rs156697, and rs156699) significantly interacted with workplace ETS exposure and were
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associated with lower level of FEV; in the first sample. The interactions with workplace ETS exposure remained significant
after FDR correction for multiple testing and showed a clear trend for interaction in the similar direction in the
verification sample. These latter results support previous findings that ¢5702is a risk gene for lower levels of FEV; and
Fvc”.

How we can reconcile that exposure to (harmful) ETS /7 ufero does not result in lower but higher adult level of lung
function in subjects who are homozygote mutant for the 6570 “risk” alleles, whereas adult ETS exposure in these
individuals associates with lower lung function? First, exposure to ETS /7 ufero likely leads to exposure to different
substances and concentrations of substances than ‘direct’ inhalation of ETS. It is conceivable that substances of ETS will
be filtered” by the maternal lung and circulation, the placenta and fetal circulation. In addition, it is also conceivable that
chronic ETS during pregnancy induces maternal changes that are important for lung growth. For example, it is well-
known that nicotine inhaled with cigarette smoking stimulates secretion of growth hormone in humans”. This is
particularly interesting because growth hormone has been shown to stimulate lung growth as well as lung development
during the period of alveolarization”.

Another explanation relates to exposure to ETS taking place in completely different periods of the life-span. Different
biochemical and biological processes are involved in lung development /7 ufero, lung growth in childhood and early
adulthood, and lung function decline in adulthood. ETS may therefore cause differential and even contradictory effects in
different periods of life. For example, oxidative stress /7 ufero possibly does not only damage, but is additionally
necessary for cell apoptosis during lung morphogenesis. A recent study showed that risk genotypes for the non-
synonymous SNPs rs4925 (Alal40Asp) in 65707 and rs156697 (Asn142Asp) in 65707 reduce GS702 expression levels,
leading to accumulation of oxidative damage”. Increased oxidant levels may contribute to cell apoptosis and
subsequently better airway branching /77 ufero, with positive effects on FEV, levels. This may contrast to adult life where
airway branching has stopped and oxidative stress has predominantly negative effects, i.e. induced epithelial and
endothelial cell damage and apoptosis that may contribute to airway wall and/or lung tissue fibrosis and subsequently a
lower level of FEV;. Obviously, different biological processes and pathways underlie the differential effects of ETS /7 ufero
versus later in life. However, all given explanations are speculative and merit further research.

Generally we found that the interactions between daily and workplace ETS exposure and the 6570 SNPs were more
pronounced in the never smokers. For /7 ufero ETS exposure this difference was less evident. These findings might
suggest that among ever smokers the effects are somewhat overruled by the effects of personal smoking, that may
damage the lung by similar mechanisms yet with higher doses. We were not able to test if the interaction hetween 6570
SNPs and ETS was significantly different between the never and ever smokers since we did not have enough study
power for testing this three-way interaction between smoking status and ¢570SNPs and ETS.
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We did not find consistent significant interaction effects of the @570 SNPs and ETS exposure on FEVy/FVC. Since the
interactions were negatively associated with FEV; but not with FEV,/FVC, in an additional analysis we investigated effects
on FVC. In line with effects on FEV;, all four 6570 SNPs interacted positively with 47 ufero ETS exposure and negatively
with workplace ETS exposure on FVC level. Daily ETS exposure interacted negatively with the 6570SNPs on FVC, but these
associations were not significant. These findings suggest restrictive rather than obstructive effects on lung function.

Strengths and limitations

The extensive standardized characterization of the Lifelines population and the large sample size provided the unique
opportunity to investigate gene-by-environment interactions. A major strength was the inclusion of a large verification
sample that is very similar to the discovery sample. Since the verification sample was somewhat smaller than the
identification sample, its power might have been too low to replicate the significant associations, but we observed clear
trends in similar directions. Haplotype analysis did not provide additional information and was therefore not shown. In
the current study we have adjusted for traditional covariates related to level of lung function. Additional adjustment for
highest obtained level of education, as proxy for socio-economic status, ever having had a cardiovascular event or
bronchodilator use did not change our results.

Alimitation of our study might be the cross-sectional design with rather crude assessment of ETS exposure, without data
on lifetime exposure and quantitative measurement of workplace exposure. Objective measures of exposure to
environmental tobacco smoking such as cotinine levels in serum or urine were unfortunately not available. However, the
exact questions as defined in the ECRHS surveys were used in our study, and these questions were validated in an Italian
subsample of the ECRHS. The question about the number of hours that a person is exposed to other people’s tohacco
smoke showed a modest correlation with serum cotinine levels, with a clear dose-response effect between the number
of hours and cotinine levels™. Notwithstanding this, it should be acknowledged that using self-reports may lead to recall
hias, i.e. people experiencing respiratory illness are more likely to recall and report ETS exposure.

Conclusions
QOur data show that polymorphisms in GS70genes, involved in oxidative stress pathways and detoxification of xenobiotic
substances interact with ETS exposure both 77 uferoand in adulthood and significantly affect the level of FEV,.
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Supplementary figure 1. LD plot showing R between genotyped (rs1147611 and rs156699) and imputed (rs4925 and
1s156697) &S707and 65707 SNPs with MAF = 0.1 and HW-equilibrium p-value > 0.05, in n = 8,128 subjects included in
sample 1.

rs2282326
rs11191979
rs1147611
rs568526
rs17826034
152297235
rs156697
15276203
rs987247
rs157076
rs156699
rs157081
rs157080

rs4925

Block 1 (35 kb)

| selected SNPs

Supplementary table 1. Genotype frequencies and minor allele frequency (MAF) for the four tagging SNPs in the &S707-
Zcluster in n = 8,128 subjects included in sample 1and n = 5,308 subjects in sample 2 (verification).

Sample1
Gene SNP Wild type Heterozygote Homozygote MAF Major Minor
asior rs4925 4060 (50%) 3345 (41%) 123 (9%) 030 ( A
aS7o7 rs114761 3329 (41%) 3688 (45%) 111 (14%) 0.36 G T
asio? 1156697 3419 (42%) 3663 (45%) 1046 (13%) 035 A G
asio? 1156699 3744 (46%) 3508 (43%) 876 (11%) 032 A G
Sample 2
Gene SNP Wild type Heterozygote Homozygote MAF Major Minor
asior rs4925 2642 (50%) 2202 (42%) 464 (9%) 0.29 ( A
aS7o7 rs114761 2122 (40%) 2442 (46%) 744 (14%) 0.37 G T
asio? 1156697 2157 (41%) 2435 (46%) 716 (14%) 036 A G
asio? 1156699 2394 (45%) 2336 (44%) 578 (11%) 033 A G

F2 Major (wild type) and minor allele (modeled as risk allele) respectively.
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Supplementary table 2. Associations between ETS exposure and lung function level in the n = 8,128 subjects included in
sample 1. Associations were assessed by linear regression models, all adjusted for sex, age, height, weight, current, ex-
smoking and packyears smoked. Additionally the model was stratified by smoking status (never/ever), and adjusted for

the other confounders.

FEV, (ml)

b (95% (1)
ETS exposure All Never smokers Ever smokers
In utero -19(-54;17) ) -6 (61;48) -31(-78;15)
Daily -37(-65; -8) CICH 34(-10;3)
At work -43 (-86; 0) -82 (-153; -11) -25(-19;29)

FEVy/FVC

b (95% Cl)
ETS exposure Al Never smokers Ever smokers
Inutero -0.6 (-1.1;-0.1) -0.6(-14;0.0 -0.6(-13;0.0)
Daily -03(-0.7;0.) 0(-0.7;0.6) -04(-1.0;0.0)
At work 0.6(-12;0) -04(-14;05) -0.7(-15;0.)

#0=0.051; p<0.05

Supplementary table 3. Associations between genotypes and lung function, adjusted for sex, age, height, weight,
current smoking, ex-smoking and packyears smoked in sample 1and sample 2 (verification). The wild type genotype
was used as reference category.

Sample 1(n=8,128) Sample 2 (n=5,308)
SNPs Alleles FEV; (ml) FEV,/FVC FEV; (ml) FEV,/FVC
b (95% CI) b (95% (1) b (95% CI) b (95% (1)
rs4925 (A 23(0;45) 0.3(-0.8;0.6) -1(-34;20) 0.2(-0.2;05)
A -1(-45;32) -0.1(-0.7;0.4) 24(-23;70) 0.2(-02;11)
rsT147611 ar 1(-12;34) 0.2(-0.1;05) -1(-29; 26) -0.1(-05;03)
1T -2(-36;30) -0.2(-0.7;0.9) 22(-18;62) 05(-0.1;1.0)
15156697 AG 1(-12;34) 0.2(-09;0.6) 1(-27;28) 0(0;04)
GG -5(-39;29) -0.2(-0.7;0.9) 253(-17;63) 05(-0.1;1.0)
15156699 AG 2(-2;49) 030:0.7) -8(-36;19) 0(-04;04)
GG -8(-44;29) -04(-09; 02 2(-41; 45) 03(-0.3;1.0)
kp-value<0.05
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Supplementary table 4. Effects for /7 ufero ETS exposure (no/yes), the SNPs, and the interaction of G570 SNPs
(recessive model) with /7 ufero ETS exposure on FEV,/FVC (%). The linear regression model for the whole group was
adjusted for sex, age, height, weight, current, ex-smoking and packyears smoked. Consequently we stratified by
smoking status (never/ever) and adjusted for the other possible confounders.

FEVy/FVC
b (95% (l)
Gene SNPs All Never smokers Ever smokers
N, in analysis 6003 2576 3421
asior In uteroETS -0.6(-1.0;-0.1) -0.7(-15;0.0) -05(-12;02)
rs4925 -03(-09;03) -03(-12;0.6) -0.3(-12;05)
ETS*rs4925 -04(-22;14) 0.1(-2.0;3.0) -12(-38;14)
asTol In uterokTS 07 (.2;-00) -0.7(-15;0.0) -0.6(-13;0.0)
rsT147611 -0.4(0.9;0.) -0.3(-10;0.5 -06(-13;0.2)
ETS*rs1147611 03(-12;18) 0.6(-16;28) 0.2(-19;23)
asT? In uterokTS 07 (1.2;-0.0) -0.7¢15;0.0) -0.6(-13;0.0)
15156697 -05(-1.0;0) -04(-11;0.4) -0.6(-14;0.)
ETS*rs156697 04(-12;19) 05(-18;2.7) 03(-19;24)
aSio? n uteroTS -0.6 (-1.1; 0): -0.7(-15;0.0) -05(12;02)
15156699 -0.6(-1.1;0) -05(-13;03) -0.6(-14;0.2)
ETS*rs156699 -05(-22;12) 05(-2.0;29) -11(-34;12)

Ap-value<0.05
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Supplementary table 5. Effects for daily ETS exposure (</=Thr), the SNPs, and the interaction of GS70SNPs (recessive
model) with daily ETS exposure on FEV,/FVC (%). The linear regression model for the whole group was adjusted for sex,
age, height, weight, current, ex-smoking and packyears smoked. Consequently we stratified by smoking status
(never/ever) and adjusted for the other possible confounders.

FEVy/FVC
b (95% (1)
Gene SNPs ] Never smokers Ever smokers
N, in analysis 6822 2901 92
aST0i Daily ETS -02(-06:0.2) 0.1(-05;08) -0.4(-09;0.2)
rs4925 0(-0.6;0.6) 03(-06:10 -0.2(-11;0.D
ETS*rs4925 -11(-24:02) -17(-39:0.4) -0.7(-2.4:1.0)
aST0i Daily ETS -0.2(-06:02) 0.1(-0.6:08) -03(-09:02)
rsT147611 -0.1(-0.6;05) 0.1(-0.6:08) -0.1(-09:0.6)
ETS*rs1147611 -0.7(-18:04) -0.7(-24:10 -0.7(-2.1;0.0)
asioz Daily ETS -02(-0.7:0.) 0.1(-06:08) 0.1(-05;0.8)
rs156697 -0.1(-0.7:0.4) 0(-0.7:0.0 0.1¢-0.7:0.9)
ETS*s156697 -0.6(-17:05) -0.7(-24:1D 13(-0.3:0.6)
asioz Daily ETS -02(-06:0.2) -0.4(-0.9:0.2) -03(-09:0.2)
rs156699 -0.2(-0.7;0.4) -0.2(-1.0:0.5 -0.4(-12: 0.4
ETS*156699 -1.0(-2.2:0.1) -05(-2.0:0.9) -0.8(-24:08)
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Supplementary table 6. Effects for workplace ETS exposure (n/y), the SNPs, and the interaction of GS70SNPs (recessive
model) with workplace ETS exposure on FEVy/FVC (%). The linear regression model for the whole group was adjusted for
sex, age, height, weight, current, ex-smoking and packyears smoked. Consequently we stratified by smoking status
(never/ever) and adjusted for the other possible confounders.

FEV,/FVC
b (95% Cl)
Gene SNPs Al Never smokers Ever smokers
N, in analysis 7149 3051 4098
asTol Workplace ETS -0.6(-12;0.0) -0.2(-13;0.8) -0.7¢-15;0.)
rs4925 -0.3(-09;03) 0.1¢-0.7;0.9) -0.6(-14;03)
ETS*rs4925 -05(-25;15 -18(-48;1.2) 04(-23;3.0)
asrol Workplace ETS -05(-11;0.2) -0.1(-11;1.0) -0.7(-16;0.0)
rsT147611 -02(-0.7;0.9) 0.1(-0.6;0.8) -05(-12;02)
ETS*rsn4761 -0.8(-25;0.9) -26(-5.3;0.0) 02(-2.0;24)
asTo? Workplace ETS -05(-11;0.2) -0.1(-11;1.0) -0.7(-15;02)
15156697 -0.3(-0.8;0.2) 0(-0.7;0.7) -05(-12;02)
ETS*rs156697 -1.0(-27;08) -25(-53;0.2) 0(-23;24)
asTo? Workplace ETS -05(-11;0.2) -0.1(-12;0.9) -0.7(-15;02)
15156699 -0.4(-0.9;0.2) 0(-0.7;08) -0.7(-15;0.0)
ETS*rs156699 -09(-28;0.9) -23(-51;0.6) 0(-25;25

Supplementary table 7. Verification: Associations between ETS exposure and lung function level (FEV; and FEV}/FVC
(%)) in the n = 5,308 subjects included in sample 2. Associations were assessed by linear regression models, all adjusted
for sex, age, height, weight, current, ex-smoking and packyears smoked. Additionally the model was stratified by
smoking status (never/ever) and adjusted for the other confounders.

FEV; (ml)

b (95% ()
ETS exposure All Never smokers Ever smokers
Inutero -34(-18;10) -35(-103;33) -39(-97;19)
Daily -39 (-15;-4) -25(-83;34) SU; -1
At work -51(-107;5) -87 (-181; 6) -35(-106; 36)

FEVL/FVC (%)

b (95% (1)
ETS exposure All Never smokers Ever smokers
In utero -0.7(-1.4;-0.0) -05(-14;0.5) -0.9(-1.7;0) .
Daily -05(-1.0;0.0) 0.2(-0.6;1.0) -0.8(-1.4;-0.0)
At work -0.7¢-15;0.0) -09(-22;04) -0.4(-15;0.6)

“p-value<0.05
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Supplementary table 8. Verification: Effects for /7 ufero ETS exposure (no/yes), the SNPs, and the interaction of G570
SNPs (recessive model) with 47 ufero ETS exposure on FEV,in sample 2 (verification). The linear regression model for the
whole group was adjusted for sex, age, height, weight, current, ex-smoking and packyears smoked. Consequently we
stratified by smoking status (never/ever) and adjusted for the other possible confounders.

FEV; (ml)
b (95% Cl)
Gene SNPs Al Never smokers Ever smokers
N, in analysis 3914 1713 2201
(A n uteroETS -45(-91;1) -47 (-117; 24) -49(-110:12)
154925 11(-43;65) 1(-19;81) 18 (-55;91)
ETS*rs4925 M (-32;253) 123(-102; 347) 106 (-80; 291)
(A n uteroETS -49 (-96; -l)' -69 (-142; 4) -43(-105; 20)
rs1147611 4(-40;47) 5(-59;70) 1(-58; 60)
ETS*rs1147611 94 (-22; 1) 214 (33;304) 28 (-125;181)
aS7o? n uteroETS -52(-99; -5)’ -67(-140;6) -49 (-111;14)
rs156697 2(—42;46). 5(-60;71) ) -1(-61;59)
ETS*1s156697 119(0; 237) 208 (25; 391) 69 (-86 ; 224)
aS7o? n uteroETS -46(-92;7) -52(-123;19) -47 (108 ;14)
rs156699 -9(-58;39) 1¢-1;74) -17(-83;48)
ETS*rs156699 106 (-29; 241) 180 (-42; 403) 73(-99; 244)

“p-value<0.05
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Supplementary table 9. Verification: Effects for daily ETS exposure (</z1hr), the SNPs, and the interaction of GS70SNPs
(recessive model) with daily ETS exposure on FEV; in sample 2 (verification). The linear regression model for the whole
group was adjusted for sex, age, height, weight, current, ex-smoking and packyears smoked. Consequently we stratified
by smoking status (never/ever) and adjusted for the other possible confounders.

FEV; (ml)
b (95% CI)
Gene SNPs Al Never smokers Ever smokers
N, in analysis 4521 1898 2629
asTor Daily ETS -41(-18; -4) -35(-97; 26) -50(-97;-3)
rs4925 15(-36; 66) 1¢-15;77) 24 (-45;93)
ETS*rs4925 25(-93;142) 123(-83;328) -15(-161;131)
astor Daily ETS -40(-18;-2) -36(-98; 27) -49(-97;-1)
rs114761 2(-21;6%) 25(-36;85) 15(-43;72)
ETS*rsi47611 5(-89;98) 92 (-82;266) -15(-130; 100)
asio? Daily ETS A1(-19;-4) -32(-94;30) =52 (-101; -4)
5156697 17(-25;59) 23(-38;84) 11(-47;69)
ETS*s156697 17(-79;113) 64 (-116 ; 243) 10 (-107;127)
asio? Daily ETS -40(-78;-3) -35(-97; 26) -49(-96;-1)
rs156699 0(-46;47) -10(-79;59) 5(-58;68)
ETS*156699 9(-97;115) 11 (-85;307) -24 (-154;106)

“p-value<0.05
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Supplementary table 10. Verification: Effects for workplace ETS exposure (n/y), the SNPs, and the interaction of G570
SNPs (recessive model) with workplace ETS exposure on FEV; in sample 2 (verification). The linear regression model for
the whole group was adjusted for sex, age, height, weight, current, ex-smoking and packyears smoked. Consequently
we stratified by smoking status (never/ever) and adjusted for the other possible confounders.

FEV; (ml)
b (95% (I)
Gene SNPs Al Never smokers Ever smokers
N, in analysis 4702 2003 2699
aSTor Workplace ETS -40 (-98;18) -90 (-186; 6) -17(-91; 56)
rs4925 B(-17;83) 21(-54;96) 42 (-24;109)
ETS*rs4925 -163 (-390 ; 65) 57 (-339; 1) -258 (-538; 23)
[y Workplace ETS -40 (-100; 20) -87(-184; 1) -17(-94 ;59)
rsT147611 26 (-15;67) 32(-29;92) 21(-34;76)
ETS*rsn47611 -87(-254; 81) -26(-191;139) -118 (-316 ; 80)
as7o? Workplace ETS -38(-98;21) -83(-180; 14) -17(-94 ; 60)
1156697 28(-13;69) 31(-30;93) 25(-31; 80)
ETS*rs156697 -99(-269;70) -39 (-402;324) -122(-320; 76)
as7o? Workplace ETS 42 (-101;17) -88 (-183;8) -19.(-94;56)
15156699 10 (-35;56) 3(-66;72) 16 (-44;76)

ETS"15156699 -101(-292; 91) 1(-432; 445) -139(-359 ; 81)
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ABSTRACT

Background

Polymorphisms in several genes such as gltathione S-fransferases and ADAMSS have been associated with lung
function in interaction with environmental tobacco smoke exposure (ETS). Thus far, most studies assessing interactions
hetween genes and ETS exposure focused on candidate-genes in biologically plausible pathways. In the current study,
we used a genome-wide hypothesis free approach to assess SNP-by-ETS exposure interactions in relation to the level of
FEV;, and additionally explored hiological pathways potentially underlying ETS susceptibility.

Methods

SNP-by-ETS exposure interactions in relation to the level of FEV; were investigated in 10,817 subjects from the Dutch
LifeLines study and verified in 1,276 subjects from the Swiss SAPALDIA study. ETS exposure was based on the self-
reported hours per day of ETS exposure and classified as non-exposed (0 hour/day) and exposed (=1 hour/day). SNP-by-

ETS exposure p-values obtained from the identification analysis in LifeLines were used to perform a pathway analysis.

Results

45 SNP-by-ETS exposure interactions with p-values <10™ were identified in the LifeLines study, two being replicated with
nominally significant p-values (<0.05) in the SAPALDIA study, i.e. SNPs located in actin, beta-like 2 (ACTBL2) and Zinc
finger homeobox 4 (ZFHX4). The latter SNP-by-ETS association was replicated in never-smokers but not in smokers.
Three pathways were significantly or suggestively enriched in the pathway-level analysis, i.e. the apoptosis, p38 MAPK
and TNF pathways.

Conclusion

Our hypothesis-free genome wide gene-by-ETS interaction study on the level of FEV; showed that pathways previously
implicated in COPD pathology may underlie susceptibility to ETS exposure.
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BACKGROUND

Chronic obstructive pulmonary disease (COPD) is a complex disease with a worldwide high burden of morbidity and
mortalitv]. (OPD is caused by an abnormal inflammatory response to noxious particles and gases leading to airflow
obstruction and an accelerated decline in lung function. Detrimental effects of environmental tobacco smoke (ETS)
exposure on the level of lung function has been shown in various studies”. Moreover, polymorphisms in several genes
such as glutathione S-transterases (ST * and ADAMEF', have been reported to interact with ETS exposure on the level
and decline of lung function. In other words, ETS exposure has differential effects in subjects carrying mutant alleles
compared to wild type alleles. Thus far, studies assessing interactions between genetic variants and ETS exposure have
mostly relied on a-priori knowledge of potentially involved biological pathways, for example the detoxification of
noxious particles and gases by proteins such as the giitathione S-transferases.

Genome wide interaction (GWI) studies are hypothesis free approaches testing hundreds of thousands genetic markers
across the entire genome in interaction with an exposure of interest. Studying genome-wide gene-by-environment
interactions may yield new loci in addition to those already known to be associated with the development of COPD
directlyg. This may eventually provide us with insights in molecular pathways important in disease development. In
general, genome-wide studies focus on the most significant SNPs and ignore the effect of weaker SNPs that may be
involved in a shared pathway. Therefore, pathway analysis may add knowledge to better understanding of the etiology
of complex diseases’ such as COPD, a disease that likely results from interactions between multiple genes and multiple
environmental exposures”.

In the current study we performed a GWI study assessing SNP-by-ETS exposure interactions in relation to the level of
FEV;. Additionally we used the i-GSEA-4-GWAS tool to explore biological pathways underlying susceptibility to ETS
exposure in relation to the level of lung function.

METHODS

Sample and measurements

We included subjects from the haseline investigation of the LifeLines study (2006-2011), a multi-disciplinary prospective
population-based cohort study examining health and health-related behaviour of persons living in the North East region
of the Netherlands”. Participants received a general health questionnaire and a basic medical examination. The medical
examination included pre-bronchodilator spirometry carried out in a standardized setting following ATS guidelines using
a Welch Allyn Version 1.6.0.489, PC-based SpiroPerfect with (a Workstation software. All subjects provided written
informed consent.
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Exposure assessment

We used self-reported ETS exposure as hours per day as determined by the response to the question “how many hours
per day are you exposed to other person’s tobacco smoke”. Subjects were classified as non-exposed when self-reported
ETS exposure was 0 hour/day, whereas subjects were classified as ETS exposed when self-reported exposure was at least
1hour/day (=1hour/day). All subjects with self-reported ETS exposure between 0 and T hour/day were excluded in order

to have a clear exposure contrast.

Table 1. Characteristics of the LifeLines and SAPALDIA study samples.

Lifelines SAPALDIA
(identification) (replication)

N 1,0817 1,276
ETS exposed (1 hour/day), n (%) 2473 (3) 296 (23)
FEV; (ml), mean (sd) 3,401 (825) 3,153 (864)
FEV; percentage of predicted, mean (sd) 102 (14) 96 (16)
FEV,/FVC (%), mean (sd) 76 (1) 74(8)
Males, n (%) 4473 (41) 611 (48)
Age, median (range) 47 (18-88) 52(29-72)
Ever smokers, n (%) 6,266 (58) 703 (55)
Packvears', median (range) 10 (0.05-100) 12(0-130)

Packyears in ever smokers.

Genotyping

Blood samples of subjects included in the second Lifelines release were genotyped using llluminaCytoSNP-12 arrays.
SNPs with a genotype call-rate 295%, minor allele frequency 21% and Hardy-Weinberg p-value 210" were included.
Non-Caucasian samples and first-degree relatives were excluded. A total of 227,981 genotyped SNPs were included in the
identification analysis.

SNP-by-ETS exposure interactions

Interactions of SNPs with daily ETS exposure and their association with FEV; were tested in an additive genetic model
adjusted for sex, age, height, ever smoking and packyears smoked using linear regression using the software package
PLINK, version 1.07". SNPs with p-values <10” were taken for replication in a second independent cohort. SNP annotation
was performed using HaploReg version 2 (Broad Institute). SNP-by-exposure interactions were additionally assessed for
never and ever smokers separately.

Replication of SNP-by-ETS exposure interactions

SNP-hy-ETS exposure interactions identified in the LifeLines study (p-values <10'4) were verified in a second independent
cohort, the SAPALDIA studylz. The phenotype data from the SAPALDIA study was derived from the first follow-up survey
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Collected in 2002. The study was enriched with asthmatics (40%). ETS exposure within the SAPALDIA study was
ascertained using the same question and coded the same as in the LifeLines study. Pre-bronchodilator spirometry was
performed according to a standardized protocol equivalent to that of the European Community Respiratory Health
Survey (ECRHS), using a Sensormedics model 2200 (Yorba Linda, California, USA) and following American Thoracic Society
(riteria.

Blood samples were used to genotype 567,589 SNPs using the lllumina 610K quad array. Consequently this sample was
imputed using MACH v1.00 software 13 and the HapMap2 Release 22 CEU reference sample. To account for population
stratification, ancestry-informative principal components were inferred using software package EIGENSTRAT2.0 using
HapMap data (CEU, YRI, JPT and CHB) and additional European reference samples. Non-European and related samples
were excluded.

SNP-by-ETS exposure interactions and their association with the level of FEV; were tested in an additive genetic model
adjusted for sex, age, height, ever smoking, packyears smoked, stucy area and principle components ev3 and ev4.
Additional smoking-stratified analyses were performed analogous to the identification analysis. Software used for
statistical analyses were STATA MP12 and plink version 107"

Pathway analysis

We performed pathway analysis using the online improved gene set enrichment analysis tool i-GSEA-4-GWAS”. I-GSEA-
4-GWAS is an online tool for identification of pathways based on p-values obtained from genome-wide association
studies. This tool has previously been used in a genome-wide gene-environment interaction analysis for ashestos
exposure in relation to lung cancer susceptibility"”.

P-values for SNP-by-ETS interactions in the identification sample were used in the pathway analysis. All log transformed
p-values for SNPs 100 kb upstream and downstream of each gene were used to represent that specific gene. Each gene
was represented by the lowest SNP p-value annotated to that gene. These SNP p-values were used to rank the genes,
and the proportion of significant genes as a number of the total amount of genes (gene set) belonging to a pathway was
calculated. Based on the rank, p-values were calculated for the association between the total gene set/pathway and the
outcome. Additionally FDR corrected p-values were calculated. Gene sets/pathways with FDR corrected p-values <0.25
are regarded as suggestively associated with the outcome, whereas FDR p-values <0.05 are regarded as highly confident
for an association with the outcome’
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RESULTS

Descriptive statistics

In the LifeLines study, complete data on all covariates was available for 11,187 subjects. 370 subjects (3%) were excluded
because they had self-reported ETS exposure between 0 and 1 hour per day. Finally, the analysis included 10,817 subjects,
of which 2473 (23%) subjects reported at least one hour of ETS exposure per day (table 1). In the SAPALDIA study
(replication sample) complete data was available for 1,276 subjects, of which 296 (23%) subjects reported at least one
hour of ETS exposure per day (table ).

-log10(Observed value)

[T T T T I T I T T l I 1T T 1T T TTT1TTT 1
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19202122

Chromosome
Figure 1. Manhattan plot showing SNP-by-ETS exposure interactions on the level of FEV;in the identification sample
(LifeLines).

SNP-by-ETS exposure interactions

227,964 genotyped SNPs were included in the identification analysis. P-values for each SNP-by-ETS exposure interaction
on the level of FEV; are shown in a Manhattan plot (figure 1). The top-interacting SNP rs924568 was associated with a
higher level of FEV; in subjects with ETS exposure in the identification analysis (figure 2a). This SNP was located in
potassium voltage-gated channel, subfamily H member (KWK} on chromosome 1 (p-value = 2.49*10”). A total of five
SNPs in ACNAHT interacted with ETS exposure on the level of FEV; with p-values <0 (table 2); these SNPs were in
moderate/strong LD (supplementary figure 1). Associations in never and ever smokers separately are shown in the
supplementary table 1. None of these interactions with SNPs in ACA//7were replicated in the SAPALDIA study.
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Table 2. Interactions between SNPs (additive effect for minor allele AT) and ETS exposure on the level of FEV; (ml) with
p-values < 10 in the identification analysis (LifeLines). MAF is given for minor allele Al.

95% (I Functional LD
(HR  SNP Al B Lower  Upper P MAF  Gene annotation  RZ
1 12859741 T 69 40 9 386E-06 045  9.5kb5'of GRIK3
1 151846946 T 63 3 94 TAIE-05 033 KCNHI intronic
1 157526579 c B allll -39 488E-05 020  KCNHI intronic D
1 1$924568 @ JE] 49 109 2496-07 038 KCNHI intronic block
1 1s4951491 ( 67 36 98 258E-05 032 KONHI intronic
1 1$6540647 @ 63 34 92 257E-05 044 KCNHI intronic
2 1517031275 A0 64 176 24905  0.08  31kb 3 of LOC285000
2 1s4954603 @ 93 48 138 551E-05 0.2 185kb 5" of (XCR4 054
2 157570134 @ 15 38 2 184E-05 020 210k 5' of CXCR4
2 1510497902 ( 18 39 m 8626-05 007 T7kb3'of PTHZR
3 15528581 ( 60 30 90 888E-05 037 75kb5'of RAP2B
3 152084386 ( 95 51 140 214805 012 PAK2 intronic
4 1517062990 G 102 150 -53 SBTE-05 010 TI8kb 3 of SPCS3 D
4 154146433 T -8 -133 -45 6.44E-05 013 147kb3'of SP(S3 block
4 rsl1133161 A -2 -138 -A7 6.58E-05 0.1 138Kkb 3" of VEGFC
4 1s4861505 G -68 102 -34 15305 025  0DZ3 intronic
5 1511950494 G -0 -l64 -55 760E-05  0.08  ACTBL2 3-UTR
5 151393082 A 68 36 9 25105 030 H2AFY intronic
b rs4421160 T 9% -3 -45 889E-05 0.1 144kh 3 of (D109
b 1s982124 A 294 439 -149 TI2E-05 001 KLHL32 intronic
b 159386622 T 65 33 9 8.08E-05 029  PDSS2 intronic 0,60
6 rs11153056 ( n 39 104 136E-05 029  PDSS2 intronic
1 151533956 @ T4 44 104 13106 034 12kb 5 of MIR3147 074
1 rs11135646 T 64 32 96 TI5E-05 028 18kb5'of INFTI6
8 152090789 A -60 -89 -30 6.54E-05 046  L0C100128993 intronic
8 152733121 A 144 80 208 1026-05 005  ZFHX4 intronic
8 1516894633 ( 118 66 m 831E-06  0.08  6.2kb5'of SDC2 092
8 1516894649 A m 59 162 237E-05 008  SDQ2 intronic
8 1512056723 @ - -191 -1 158E-05  0.06  SDC2 intronic
8 17831729 ¢ -8 -118 -43 S03E-05 0.8 15kb 5 of SNX31
8 1513282467 A-195 -290 100 537805  0.02  LRRC6 intronic
9 17030493 T - 165 -59 3E-05 008  TMEM2 intronic 093
9 151552708 G -7 -168 -65 1026-05  0.08  TMEM2 intronic
10 12174257 6 -5 -89 -29 9.69E-05 039  PRKGI intronic
10 152593163 G 103 54 15 STE-05  0.09  PSAP intronic
12 1512581724 (O -165 -57 588E-05  0.08  APAFI intronic
12 15225574 T -8 -116 -40 5J0E-05 018  LOC400084 intronic
15 156496799 G -80 -118 - 495E-05 018 124kb3'of SV2B
16 1$8052564 A 10 65 175 181E-05  0.08  RBFOXI intronic
17 158067644 T 5 -95 -34 334E-05 035 PIK3R6 intronic
18 17233554 ¢ -8 -6l -55 708E-05  0.09  20kb3'of CYBSA
19 157976 T n 36 106 188E-05 022 KRIDAP 3-UTR
19 rs311384 @ 10 39 102 131E-05 031 ARHGAP35 intronic
20 rs753320 A -89 -132 A1 376E-05 0.3 27kh5'of SCRT2
2 s]43262 A4 144 404 35305 0.01  206kh 3 of MNI

Linear regression models were adjusted for sex, age, height, ever smoking and packyears smoked.
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One SNP (1s4421160) identified in the LifeLines study with an interaction p-value <10 was not available in the SAPALDIA
study. A total of 44 SNPs was taken for replication in the SAPALDIA study. Two SNP-by-exposure interactions were
replicated with nominal significant p-values (p <0.05) and the same direction of interaction in the SAPALDIA study (table
3). SNP rs11950494 located in actin, beta-fike 2(ACTBLZ 3'-UTR) was associated with a lower level of FEV; in subjects with
ETS exposure (figure 2b). SNP rs2733721 in zinc finger homeobox 4(ZFHX4:intronic) was associated with a higher level of
FEV; in subjects with ETS exposure (figure 2¢), this SNP-by-ETS exposure interaction was replicated in the never smokers

only (table 3).

A rs924568 B rs11950494 C rs2733727
100+ 100+ 2004
ES Eg o | EQ '
S 50 S & S & 1004
a8 @8 o——  Eg
[T o ' o ('8 o 50
-50
-100 -50-
-50- -150- -100-
No Yes No Yes No Yes
n=8,344 2,473 n=8,344 2,473 n = 8,344 2,473
ETS exposed ETS exposed ETS exposed

Figure 2. Additive SNP effects on the level of FEV; (ml) for subjects with and without ETS exposure in the identification
sample (LifeLines). Linear regression models were adjusted for sex, age, height, ever smoking and packyears smoked.

Pathway analysis
0f all SNPs included in the SNP-by-ETS exposure interaction analysis in the LifeLines study, 165,298 were used for

pathway analysis. These SNPs were mapped to 15,243 genes and 231 gene sets/pathways. Pathway analysis showed one
significant (FDR p-value <0.05) and two suggestively enriched pathways (FDR p-value <0.25) (table 4). The most
significant, i.e. the apoptosis pathway, includes 71 genes of which 54 were present in the LifeLines dataset and 23 were
significantly associated with the outcome (table 5). The two suggestively associated pathways were the tumor necrosis
factor (TNF) pathway (table 6) and p38 MAPK pathway (table 7), with 9 and 16 genes from the SNP-by-ETS exposure
interaction analysis that were significantly associated with the outcome, respectively.
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DISCUSSION

The current study is the first to explore gene-by-ETS interactions on the level of FEV; in a hypothesis-free genome-wide
manner. We extended our findings to pathway level analysis and showed that several pathways, i.e. the apoptosis, p38
MAPK and TNF pathways, may be underlying susceptibility to ETS exposure in relation to the level of FEV;.

The SNP with the strongest association with the level of FEV;in the identification cohort was located in ACAA also known
as ether-a-go-go (FAGY). In addition there were several SNPs in this gene that were suggestively associated with a
higher level of level of FEV; in subjects with ETS exposure (p<10'4), most heing in moderate/strong LD. KCNH1 is a voltage-
gated potassium channel (Kv) that was highly expressed on mast cells and macrophages in germinal centers of reactive
lymph nodes". This SNP-by-ETS exposure interaction was, however, not replicated in the SAPALDIA study.

Two SNPs identified the LifeLines study were replicated with nominally significant p-values in the SAPALDIA study i.e.
actin, beta-fike 2(ACTBL2) and zinc finger homeobox 4 (ZFHHX4). The SNP in ACTBLZwas associated with a lower level of
FEV; in subjects with ETS exposure. Little is known about the biological function and expression of A(78/Z Recently a
Korean GWA study on diastolic blood pressure identified one SNP in A(7B.Z The SNP identified in our study was not in LD
with the SNP identified in the Korean study (r-squared = 0.002, (EU)‘S. G0 annotations related to this gene include ATP
binding. The second SNP located in ZFA¥4was associated with a higher level of FEV; in subjects with ETS exposure, yet
this positive interaction was replicated in never smokers only. More pronounced effects in never smokers were also
found in a previous study showing interactions between ETS exposure and 65707 SNPs, involved in oxidative stress
reactions and the detoxification of xenobiotics’.

Table 4. Significantly (FDR p-value <0.05) and suggestively (FDR p-value <0.25) enriched pathways based on genome-
wide interaction SNP-by-ETS exposure p-values within 100 kb of the gene.

FDR Significant genes/
Em"ls:\tl/nam e Description corrected Selected genes/
p-value Al genes
. Apoptosis is a distinct form of cell death that is functionally
Apoptosis and morphologically different from necrosis. 0.003 2f34m
The Rho family GTPases activate the p38 MAPKs under
P38 MAPK pathway environmental stress or in the presence of pro-inflammatory 0.063 16/33/40
cytokines.
Tumor Necrosis Factor Tumor necrosis factor is a pro-inflammatory cytokine that 0.081 92229

pathway activates NF-kB and c-Jun.
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This preferential effect in never smokers may be due to the fact that active smoking overrules the effect of ETS exposure.
ZFHX4is a transcription factor that was recently shown to interact with the ATPase CHD4 (a.k.a. mi-2alpha) which is part
of the nucleosome remodeling and deacetylase (NuRD) complex”. CHD4 and ZFHX4 co-localized at genomic sites of over
4,000 target genes‘ﬁ, including genes involved in oxidative stress and detoxification of xenobiotic substances which have
been previously associated with lung function levels and the prevalence of COPD, such as AB((/ 65707 and S0,
This suggests that Z##¥4 may affect the level of lung function via modulation of expression of genes important in

decreasing the oxidative burden caused by ETS exposure‘g.

Significant genes in the Apoptosis pathway SNP-by-ETS exposure Table 5. Genes significantly enriched in
AG;A"F? Name rslzssrgm Ij_gz(f FEV_‘"(]m i Q@%‘; the apoptosis pathway. Effect estimates
MYC 157829529 3.00 109 1.00E-03 (FEV; (ml)) and pvalues from the SNP-
IRF2 153775574 274 -47 1.81E-03 . . .
BNIP3L 13808578 26 70 235603 by-ETS exposure interaction analysis are
(ASPY 154645983 252 -5 300603 given,

BCL2LN 151877330 247 85 3.40E-03

JUN rs2716129 245 -43 3.52E-03

MAP2K4 152013868 21 -51 7.73E-03

TNFRSF10B rs11784599 191 -48 1.24E-02

MAPKI0 157688651 186 8 1.39E-02

FAS rs1926189 1.75 54 1.76E-02

GIMB rs1957519 1.75 -62 1.79-02

NFKBIE 1s513688 1.72 3 1.91E-02

TNFRSFIB 15235214 167 50 2.14E-02

BCL2L1 rs6060870 1.64 42 2.29-02

FADD rs10751209 157 -3 2.11E-02

BAKI rs210138 155 42 2.80E-02

B(L2 151801018 150 32 3.17E-02

CASP8 1s3769823 147 35 3.40E-02

HRK rs4767462 146 -63 3.43E-02

TNFRSF21 159463313 146 3 3.46E-02

NFKBI 152085548 138 33 4.17E-02

In addition to SNP-by-ETS exposure interaction analysis we performed a pathway analysis based interaction p-values
obtained from the identification analysis in the LifeLines study. Compared to SNP-by-ETS exposure analysis, pathway
analysis may have increased power to detect genetic associations of the phenotype with a gene set/pathwayzo. Three
pathways were significantly or suggestively enriched, i.e. the apoptosis, p38 MAPK and TNF pathways. Interestingly all
three pathways have been implicated in the pathogenesis of COPD, and may mutually interact.

Apoptosis is a programmed form of cell death, and imbalance between apoptosis and proliferation of alveolar epithelial

and endothelial cells has been observed in the lungs of COPD patientsﬂ. Previous investigations within the SAPALDIA
study have found suggestive evidence that genetic variation in the apoptosis pathway modified the effect of packyears
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smoked on the decline of FEV; 2 Moreover, SNPs in apoptosis-related genes modified the effects of packyears smoked
and exposure to ambient air pollution on the decline of lung function (i.e. FEV;, FEVy/FVC and FEFs )™, Apoptoss is
regulated by various pathways. One of the pathways is a response to extracellular signals by binding of members of the
tumor necrosis family, such as TNF-alpha with death receptor TNF-receptor 17, For example, cigarette smoke exposure
was shown to increase TNF-alpha expressionz“. Another pro-apoptotic pathway responds to physical and chemical
stressors via the release of cytochrome C by the mitochondria. Subsequent formation of an apoptosome activates several
caspases which eventually initiate apoptosis. Interestingly, we identified an intronic SNP in AP4F7that interacted with
ETS exposure (p-value = 5.88*10°), the expressed protein of this gene is part of this apoptosome initiating apoptosis
(tables 2 and 5). However, this SNP-by-ETS exposure interaction was not replicated in the SAPALDIA study.

Significant genes in the Tumor Necrosis Factor SNP-by-ETS exposure Table 6. Genes significantly enriched in
JGS; e Name rsZS7'11;29 Iggg) FEV_'A(SmI) gghég the Tumor Necrosis Factor pathway.
MAP2K4 152013868 21 el 1.713-03 Effect estimates (FEV;, ml) and p-values
TNFAIP3 rs11970361 194 -05 114E-02

NFKBIE (5513688 17 3 1907 fromthe SNP-Dy-ETS exposure

TNFRSFIB rs235214 1.67 50 214E-02 interaction analysis are given.

FADD 1510751209 157 3 271E-02

MAP3K7 5205349 147 50 338E-02

(ASP8 153769823 147 % 3.40E-02

NFKBI 52085548 138 3 ATTE-0

The TNF pathway was suggestively enriched in the pathway analysis. TNF-alpha is a cytokine playing an important role in
inflammation through its activation of several downstream signaling cascades, amongst others the p38 MAPK pathway.
Levels of TNF-alpha have been shown to be increased in sputum of COPD patients compared to both non-smoking and
smoking controls, and in response to air pollution exposurezs’%. There was quite some overlap in genes enriched in the
TNF alpha (table 6) and the apoptosis pathway (table 5). The second suggestively enriched pathway was the P38
mitogen activated protein kinase (MAPK) pathway, this pathway has also been implicated in the development and/or
maintenance of a number of chronic airway inflammatory diseases such as CoPD”. The p38 MAPK pathway is activated
by various environmental stressors, growth factors and cytokines and in turn regulates the expression of inflammatory
cytokines such as TNF-alpha and may initiate apoptosis™. Increased activation of p38 MAPK was seen in alveolar walls
and alveolar macrophages of COPD patients compared to non-smoking and smoking controls™.

In the current study we used a large and well documented homogeneous sample of a general population, i.e. the
LifeLines study, to assess SNP-by-ETS exposure interactions. However, none of the SNPs reached the genome-wide
significance threshold (p-value = 2.19*]0'7). We attempted to verify the SNP-by-ETS exposure interactions in a second
independent sample, the SAPALDIA study. The SAPALDIA study had similar mean age, level of lung function and smoking
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history compared to the Lifelines study, importantly exposure assessment was done in the same manner. The main
difference between the two studies was that the SAPALDIA study was enriched in asthmatics (40%), which could have
affected the results. Only 2 SNP-by-ETS exposure interactions were replicated with the same direction of effects, which is
less than expected based on chance only (i.e. 5% of 44 SNPs = 2.2). The SAPALDIA study sample was relatively small,
which may have limited the power to significantly replicate our findings.

To summarize, with the current study we explored gene-by-ETS interactions in association with the level of FEV; in a
hypothesis-free genome-wide manner. Our results show that pathways previously implicated in COPD pathology may
underlie susceptibility to ETS exposure as well.

Significant genes in the p38 MAPK pathway SNP-by-ETS exposure Table 7. Genes significantly enriched in
G;Y"Ce Name rsnsaygpsw 139220 FEV]10(9mI) ]P(')\éghai the p38 MAPK pathway. Effect estimates
TGFBRI 1512686783 3.00 i 1.59E-03 (FEV, (ml)) and p-values from the SNP-
MAP2K6 12716227 274 A5 2.36E-03 . ) .
MAP2KA 152013868 26 5 77503 by-ETS exposure interaction analysis are
CREBI 1722761 252 -38 1.38E-02 given.

MAPK14 1s851023 247 52 147E-02

MEF2A rs7164257 245 -55 1.80E-02

MAP3K9 1s731571 WAl Y] 2.01E-02

TGFB2 152798631 191 35 2.05E-02

HSPBI 152908201 1.86 -39 2.22E-02

MAX 152763887 175 -67 3.32E-02

MAP3K7 15205349 175 50 3.38E-02

MAP3KS 12237268 1n ) 3A41E-02

PLA2G4A 1510489409 1.67 -53 3.81E-02

MAPKAPK2 rsi119447 164 3 3.87E-02

HMGNT 52836992 157 30 3.93E-02
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Genes and environment underlying lung health

ABSTRACT

Rationale

Chronic obstructive pulmonary disease (COPD) is a complex disease characterized by a low level of lung function and
airway obstruction resulting from interactions between multiple genes and multiple environmental exposures. So far,
genome-wide association studies have largely disregarded environmental factors that may trigger the development of
this disease, like occupational exposures that are thought to contribute to 15-20% of the COPD prevalence.

Objectives
We performed a genome-wide interaction study to identify novel susceptibility loci for occupational exposure to
biological dust, mineral dust and gases and fumes in relation to the level of FEV,.

Methods and Measurements

We performed an identification analysis in 12,400 subjects from the LifeLines cohort study, and verified our findings in
1,436 subjects from a second independent cohort, i.e. Vlagtwedde-Vlaardingen. Additionally we assessed whether
replicated SNPs were cis-acting expression (mRNA) quantitative trait loci in lung tissue.

Main Results

0f the 7 replicated SNPs that interacted with one of the occupational exposures, several identified loci were plausible
candidates that may be involved in biological pathways leading to lung function impairment, for example A@H9and
GALNTIZ Two of the 7 replicated SNPs were cis-acting eQTL associated with gene expression of POF4Dand TMEMIZ64in
lung tissue.

Conclusions

This genome-wide interaction study on occupational exposures in relation to the level of lung function identified several
novel genes. Further research should determine whether the identified genes are true susceptibility loci for occupational
exposures, and whether these SNP-by-exposure interactions consequently contribute to the development of COPD.
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INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is a common disease with  large morbidity and mortality worldwide'
Despite the recognition of COPD as a major and increasing public health problem, there is still limited understanding
about the cellular and molecular pathways driving the development of this disease’. COPD is a complex disease
characterized by a low level of lung function and airway obstruction resulting from interactions between multiple genes
and multiple environmental exposures”.

Previous candidate gene approaches have shown that genetic variants may affect the level of lung function, decline of
lung function and the risk for CoPD". For example single nucleotide polymorphisms (SNPs) in #RP/were associated with
the level and decline of lung function’ and SNPs in A04M35were associated with the decline of lung function and COPD
development6. Moreover, genetic variation, for example in the gene coding for the antioxidant enzyme glutamate
cysteine ligase (GCL) has been shown to increase susceptibility to environmental exposures with known detrimental
effects, such as tobacco smoke’. These candidate gene studies have mostly been driven by hypotheses relying on known
biological pathways. More recently, hypothesis free genome-wide association (GWA) studies have identified novel
genetic loci associated with lung function levels and risk for copp*™. However, these studies have so far disregarded
environmental factors that may trigger the development of the disease  Therefore the next step is to perform genome-
wide interaction (GWI) studies to identify genetic loci that affect the susceptibility for the effects of known harmful
exposures. Such findings may consequently contribute to the understanding of biological pathways driving lung function
impairment and the development of COPD. Moreover, they may shed light on the identification of susceptible subgroups
within the general population and eventually may help to set exposure limits based on the most susceptible subgroups.

Although tobacco smoking is still considered the main risk factor for reduced lung function level, accelerated lung
function decline and development of COPD, about 15-20% of all COPD cases have been attributed to occupational
exposuresB. Occupational exposure to vapors, gases, dusts, and fumes is common and has been associated with
decreased levels of lung function and increased risk for copp"?. Recently a genome-wide study was published that
investigated genetic susceptibility to dust exposure in the general population”. This study identified one genome-wide

significant SNP in $7(3844 but did not replicate findings in a second independent cohort.

The current GWI study aimed to identify novel susceptibility loci for several types of occupational exposures, i.e.
biological dust, mineral dust and gases and fumes, in relation to the level of FEV; in a general population cohort. We used
a second independent cohort to verify our initial findings. Furthermore, the functional meaning of newly identified SNPs
interacting with occupational exposure on the level of lung function was extended to gene expression in lung tissue.
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METHODS

Identification sample

Genotyped individuals from the LifeLines cohort study with full data on all covariates were included (n = 12,400). The
LifeLines cohort study is a general population based cohort that started in 2006, including subjects from the three
Northern provinces of the Netherlands™. At baseline all participants filled in a standardized questionnaire and were
subject to a medical examination including spirometry following ATS guidelines.

Occupational exposure

Self-reported job title and description were coded according to the International Standard Classification of Occupations
version 1988 (1SC0-88)". These four-digit codes were used to estimate job-specific exposure to biological dust, mineral
dust and gases and fumes using the ALOHA+ Job Exposure Matrix (JEM)‘& % The ALOHA+ JEM dlassifies subjects based on
the 1SC0-88 job codes into no, low, and high exposure categories (0,1,2).

Genotyping and quality control
Genotyping was performed using llluminaCytoSNP-12 arrays. SNPs that fulfilled the quality control criteria were included:
genotype call-rate >95%, minor allele frequency >1%, and Hardy-Weinberg equilibrium cut-off p-value >10" Non-

(aucasian samples and first-degree relatives were excluded.

Statistical analysis

SNPs were tested in an additive genetic model. Effects of SNP-by-exposure interactions (i.e. SNP-by-low and SNP-by-
high exposure) on the level of FEV; were tested using a linear regression model adjusted for sex, age, height and ever
smoking (no/yes) in the software package PLINK (PLINK version 1.07*). We selected SNPs for replication based on the
SNP-by-high exposure interaction.

Replication sample

We included 1,436 subjects, having full data on genotypes and covariates from the Viagtwedde-Vlaardingen cohort, a
prospective general population based cohort including Caucasians from Dutch decent, to verify our initial findings. We
used data from the last survey in 1989/1990. Genotyping, exposure assessment and statistical analysis were all
performed as described in the identification cohort.
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Selection of SNPs

ldentification

We selected SNPs that interacted with high exposure to biological dust, mineral dust or gases/fumes in the identification
analysis (p-values <10° figure 1). Subsequently, we assessed whether the selected SNPs interacted with high
occupational exposure in the replication cohort (p-values <0.05). Finally, SNPs that had an interaction effect in the same
direction in both cohorts were meta-analyzed and further investigated in the gene expression analysis.

Figure 1. Flow chart showing the Identification sample
selection of SNPs. n= 'ir‘““
Selection of SNPs with
* One SNP reached genome-wide significance interaction p-value <10°%
after meta-analysis. ¥ \ll, v
t Two SNPs reached genome-wide Biological Dust Mineral Dust Gases and Fumes
sianificance after meta-analvsis Identified Identified Identified
g VSE. 10 SNPs p-value = 10 25NPs p-value = 10 35NPs p-value = 107
Total = 10 SNPs 6 SNPs p-value =107 34SNPs p-value=10®
21 SNPs p-value = 10 Total = 37 SNPS
Total = 29 SNPs

|

Replication sample
n=1,436

l

Selectionof SNPs with
interaction p-value <0.05
I

y ) Y
Biological Dust Mineral Dust Gases and Fumes
WSINPS 4SNPs 4SNPs
[ l/ |
Selection of SNPs with
same direction of interaction
]
¥ |2 |2
Biological Dust Mineral Dust Gases and Fumes
Replicated Replicated Replicated
1SNPs 3SNPs® 3SNPst

Gene expression analysis

We assessed whether the replicated SNPs were cis-acting expression (mRNA) quantitative trait loci (cis-eQTLs) in lung
tissue. Lung tissue was collected from patients who underwent lung resectional surgery at three participating sites;
University of Groningen, Laval University and University of British Columbia®. DNA samples were genotyped with
[llumina Human1M-Duo BeadChip arrays, and gene expression profiles were obtained using a custom Affymetrix arrayzs.
Gene expression levels were log transformed (2-Log) and adjusted for the first 25 principal components.
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Linear regression analysis was used to test for association between the SNP genotypes and gene expression levels. We
defined a cis-eQTL as a SNP that was significantly associated with expression levels of a gene within a 2 Mb distance of
that SNP, with a p-value below the Bonferroni corrected threshold (p = 0.05/number of probe sets within the 4 Mb
window).

RESULTS

(haracteristics of the study populations and the prevalence of exposures can be found in table 1. The genomic inflation
factor for the identification sample suggests little population stratification (A = 1.05, online supplement figure ET). The
number of subjects in each exposure category (no/low/high), minor allele frequencies (MAF) (tables El and E2) and more
detailed information about each model, i.e. the SNP and exposure main effects (tables E3-E5) can be found in the online
supplement.

Table 1. Characteristics of the subjects included in the identification (LifeLines) and replication (Vlagtwedde-Vlaardingen)

cohorts.
Lifelines Vlagtwedde-Vlaardingen

N with non-missing data 12400 1436
Males, n (%) 5123 (41) 172 (54)
Age (yrs), median (min-max) 47 (18-89) 53 (35-79)
Smoking status

Never, n (%) 5070 (41) 431 (30)

Ever,n (%) 7330 (59) 1005 (70)
Lung function, mean (sd)

FEV %predicted (%) 102(14) 93(16)

FEV,/VC 76 (1) 74(9)
Exposure, high level of, n (%)

Biological dust 505 (4) 126 (9)

Mineral dust 590 (5) 307@1)

(Gases and Fumes 739 (6) 140 (10)

' FEV; as percentage of predicted following the reference equations of Quanjer et al (1993)38.

SNP by exposures interactions

Blological auust

10 SNPs interacted with high exposure to biological dust on the level of FEV; in de identification sample (p-values for
interaction <10°) (figure 1). The interaction with one SNP was replicated significantly in the second sample (p <0.05), and
this interaction was in the same direction in both cohorts (table 2). SNP rs17490056 is located at an intergenic region at
chromosome 13 nearby profocadherin-9 (PCOH9). The minor allele (AT) of this SNP is associated with a lower FEV; in
subjects with high exposure to biological dust (figure 2).
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The interaction effect did not reach genome-wide significance after meta-analysis of the effect estimates from both
cohorts (table 2).

Vlagtwedde-
Figure 2. Additive associations (for minor allele A1) 200,  LifeLines Vlaardingen
between the SNP and the level of FEV; in subjects with g 100+ {
. o s :
no, low and high exposure to biological dust. z T : ] }
= 100 } :
> H
w .
L -200 H
-300 §
4007 No Low High ~ No Low High
nexposed =8448 3447 505 777 530 126

Biological dust exposure
rs17490056 (A1 =T)

Mineral dust

We identified 29 SNPs that interacted with high exposure to mineral dust on the level of FEV; (figure 1). Interactions with
4 SNPs were significantly replicated (p <0.05), of which 3 interactions were in the same direction in both cohorts (table
2). Of the 3 SNPs, there was one intronic SNP located in GALATIS (table 2). The minor allele of SNP rs6751439 in GALNTIS
was associated with a lower level of FEV; in the subjects with high exposure to mineral dust (figure 3¢). The other 2 SNPs
that interacted with high exposure to mineral dust on the level of FEV, were both intergenic variants located nearby
genes ZMAT4and 0L/65 The minor alleles of rs13278529 (nearby ZMA74) and rs473892 (nearby 0L/63) were associated
with a higher level of FEV; in subjects with high exposure to mineral dust (figure 3a and b). SNP rs13278529 nearby ZM474
reached genome-wide significance after meta-analysis of the effects from both cohorts, meta-analyzed interaction
effects of the other two SNPs were borderline significant (table 2).

Gases and fumes

We identified 37 SNPs that interacted with high exposure to gases and fumes on the level of FEV; (figure 1). Interactions
with 4 SNPs were significantly replicated (p <0.05), of which 3 SNPs had interactions with gases and fumes in the same
direction in both cohorts (table 2). These 3 SNPs were located in intergenic regions nearby genes PDF4D), ODZ7 and
TMEMI76A. Effects of the SNPs in the groups with no, low and high exposure are shown in figure 4. The minor alleles of
1s159497 (nearby PDE4D) and rs2888674 (nearby /MEMIZ64) were associated with a higher level of FEV; in subjects with
high exposure to gases and fumes (figure 4a and ¢), the minor allele of rs516732 (nearby 00Z2) was associated with a
lower FEV; in subjects with high exposure to gases and fumes (figure 4b). The interaction effects of SNP rs159497 nearby
PDF4Pand 15516732 nearby dDZZreached genome-wide significance after meta-analysis, the meta-analyzed interaction
effect of rs2888674 nearby 7MFMI764 was borderline significant (table 2).
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Expression Quantitative Trait Locr (eQL)

We investigated whether the 7 identified and replicated SNPs were associated with gene expression levels in lung tissue
from 1,095 patients. Two SNPs showed cis-eQTL associations with p-values below the Bonferroni corrected threshold
(supplementary table E6). Rs159497, the SNP that significantly interacted with high exposure to gases and fumes was
associated with expression of PDED(p = 1.81*10"') (figure 5a). SNP rs2888674, that also interacted with high exposure to
gases and fumes was significantly associated with expression levels of both its left and right neighboring genes
TMEMIZ64and ABP] p-values were 173+10°° and 1.54*10° respectively (figures 5b and c).

DISCUSSION

This is the first genome-wide gene-hy-occupational exposure interaction study on the level of lung function with
replication in an independent cohort. We identified 7 SNPs that were associated with the level of FEV; in subjects with
high exposure to one of the occupational exposures biological dust, mineral dust or gases and fumes. All SNPs had
relevant main effects in the highly exposed individuals, and in most cases there were no effects in the individuals with
no exposure. This supports the hypothesis that there are individual differences in genetic susceptibility to occupational
exposure to biological dust, mineral dust and gases and fumes.

Most loci are novel and have not been studied in relation to lung function impairment or COPD to date (table 3). Several
identified SNPs were located in or nearby genes that may be involved in biological pathway leading to lung function
impairment (i.e. GALNTISand P(DH9respectively). GALNTI3 belongs to the GalNACT family of enzymes which initiate 0-
glycosylation of mucins. Terminal sugars may affect the physical and/or biological properties of mucins, and altered
glycosylation has been found in airways disease like cystic fibrosis™ ~. Polymorphisms in G4ZA7Zhave been assodiated
with survival time among mice with acute lung injury induced by acrolein”.

Moreover, a recent genome-wide interaction study identified 2 intronic SNPs in GALATIS that interacted with /7 ufero
tobacco smoke exposure on childhood asthma, however these interactions could not be replicatedzg. POHY is a
protocadherin belonging to the cadherin superfamily of adhesion molecules. Family member A(0A7has been identified
as a susceptibility gene for bronchial hvperresponsivenessm. In a recent GWA study two SNPs nearby PCOH9(rs17077331
and rs17077335) were associated with FEV,/FVC decline in non-asthmatics, although this association was only driven by a
single study”. The identified SNPs were not cis-eQTLs for GAZATZ7and AQHin lung tissue in our study, but may be
associated with lung function impairment via other biological mechanisms. For example SNPs may change protein
structure and consequently alter GALNTIS enzyme activity or functionality of PCDH.
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In the cis-eQTL analysis we identified two intergenic SNPs that were associated with expression of nearby genes in lung
tissue. The strongest cis-eQTL association was found for rs2888674 associated with expression of /MEMI764. Decreased
expression of /MFMIZ6A has been shown to increase expression of co-stimulatory molecules (D86 and (D40 in mice
bone-marrow dendritic cells (DCs), thereby causing DC maturation and consequently immune response stimulation like T
cell differentiation and survival™. In humans, Freeman et al found a positive correlation between COPD severity and
increased expression of these co-stimulatory molecules on pulmonary DCs”. In the current study the minor allele for
rs2888674 was associated with higher expression of /MEMI7Z6A. Higher expression of /MEMI76A may lead to lower
expression of co-stimulatory molecules on DCs and consequently decreased immune and inflammatory response to
environmental stimuli like gases and fumes, as was suggested by the higher level of FEV; associated with the minor
allele of rs2888674 found in our study.

The second cis-eQTL is rs159497 associated with higher expression of the nearby gene PDF4D. PDEAD is a regulator of
airway smooth-muscle contractility and there is evidence from the literature supporting a role for PDE4D in lung
pathology, i.e. PDF4Phas been shown as susceptibility gene for asthma’* and for a lower level of FEV; in ever smokers”.
PDE4 enzymes metabolize cAMP to 5 AMP, and inhibition of these PDE4 enzymes decreases the activity of inflammatory
cells in association with bronchodilation. This seems contradictory to our finding that the minor allele for rs2221152 was
associated with increased expression of 2DF4Din lung tissue as well as with a higher level of FEV; in subjects with high
exposure to gases and fumes. We have studied expression in whole lung tissue and expression may be different in
specific cell types, such as epithelial or alveolar cells, where gases and fumes might act on. Moreover, the SNP could be
associated with a specific alternative splice variant of 20F40. Alternative splice variants have been shown to be

differentially expressed and regulated in lung tissue™ .

Compared to the recently published GWI study on general dust exposureﬂ, we investigated several types of occupational
exposures, i.e. biological dust, mineral dust and gases and fumes. Job exposure was estimated using the ALOHA+ JEM
that is specifically designed for population-based studies. In general, job exposure matrix-based exposure estimates are
less likely to be affected by recall bias and differential misclassification compared to self-reportsy. Moreover, to our
knowledge this is the first GWI study on occupational exposures that replicated findings in a second independent cohort.
Both the identification and replication cohorts included only Caucasian individuals from Dutch decent, and occupational
exposure assessment was performed using the same method in both samples. Finally we extended our findings to gene
expression analysis in lung tissue.

The major difference hetween the two samples included in the current study were the higher prevalence of occupational

exposures and current smokers in the replication sample (Vlagtwedde-Vlaardingen) compared to the identification
sample (LifeLines). This may be explained by historical timing of both studies, i.e. the identification sample included data
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from measurements performed between 2006 and 2011, whereas the replication sample included data from
measurements performed in 1989/1990.

Because our GWI study is explorative in character, we wanted to keep the risk low of not detecting a true association and
therefore used a more liberal p-value threshold for identification of SNPs in the first sample (p <10'5). When we assessed
these interactions in the second independent sample we found more significant interactions than expected based on
chance only. Moreover, the additive SNP effects in the highly exposed subjects were of clinical relevance, with effects
between 100 and 200 ml FEV; per minor allele for most replicated SNPs. Finally, the cis-eQTL analysis showed that 2 SNPs
identified in the interaction analysis were significantly associated with expression levels of neighboring genes. This are
unique data and provides additional support for a possible role of these genes in lung function impairment.

In conclusion, this is the first genome-wide study with replication in a second independent cohort that investigated
interactions of SNPs with several types of occupational exposures on the level of lung function. We identified several
plausible candidates that may be involved in hiological pathways leading to lung function impairment, i.e. P(DHY
GALNTIS, PDE4D and TMEMIZ6A. Further research should determine whether the identified (novel) genes are true
susceptibility loci for lung function impairment due to occupational exposure to biological dust, mineral dust and gases
and fumes, and whether these SNP-by-exposure interactions consequently increase the risk to develop COPD. This
information may eventually contribute to the understanding of cellular and molecular pathways driving the
development of COPD. Moreover, since occupational exposures are common, but modifiable, this knowledge may be
used to set exposure limits considering susceptible subgroups.
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Genes and environment unaerlying lung health

Supplementary Table E6. SNPs acting as cis-eQTLS on genes within a 2 Mb distance.

SNP Interaction with (is-gene p-value Threshold"

rs159497 Gases and fumes POFD 1.81E-04 1.35E-03

rs2888674 Gases and fumes TMEMI76A 1.73E-16 3.50E-04
ABPI 1.54E-05 3.50E-04

'p—value from the linear regression model.
"Bonferroni corrected threshold calculated as p=0.05/number of probe sets within the 4 Mb window.
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To the editor,

(hronic obstructive pulmonary disease (COPD) is a common disease characterized by airway obstruction caused by
complex interactions between genes and environmental factors. Recently, there has been growing evidence showing
that pesticide exposure is associated with poorer respiratory outcomes, such as chronic bronchitis and an impaired level
of lung function compatible with airway obstruction®. Different types of pesticides have distinct physicochemical
properties, and may cause direct damage to the cells of the bronchial mucosa or may cause indirect damage via
interaction with pro-inflammatory receptors, for example transient receptor potential (TRP) ion channels on airway
chemosensory nerves'. Genetic susceptibility to the adverse effects of pesticide exposure has been implicated in several
diseases like cancer’ and Parkinson’s disease’. Whether genetic susceptibility is of importance for the effects of pesticide
exposure in the lungs is largely unknown. Therefore, in the current study we performed a genome-wide interaction
study to assess genetic susceptibility loci for occupational exposure to pesticides in relation to the forced expiratory
volume in one second (FEV;), a measurement of lung function.

We used data from two general population based cohorts from the Netherlands, the Lifelines and the Vlagtwedde-
Vlaardingen general population-hased cohort studies. In these cohorts we have previously shown adverse effects of
occupational pesticide exposure on the levels of FEV; and FEVy/FVC’. The LifeLines cohort study started in 2006 and
includes subjects from the three Northern provinces of the Netherlands’. The Vlagtwedde-Vlaardingen longitudinal
cohort study started in 1965, and subjects were followed for 25 years until the last survey in 1989/19908. In the current
study we used data from the last survey. Occupational pesticide exposure in both cohorts was assessed using the
ALOHA+ job exposure matrix (JEM) estimating no, low or high exposure to pesticides (including herbicides and
insecticides) based on self-reported job titles and functions’. Genome-wide genotyping in both cohorts was performed
using lluminaCytoSNP-12 arrays (for detailed information on the measurements, genotyping platform, quality control
and genomic inflation factors, see supplementary material). The Lifelines and the Vlagtwedde-Viaardingen cohorts
include only Caucasian subjects from Dutch decent.

First, in both cohorts separately, SNP-by-exposure interactions on the level of FEV; were assessed using linear regression
adjusted for sex, age, height and smoking status (never/ever smoker). Pesticide exposure was coded by dummy
variables and both the SNP-by-low exposure and SNP-by-high exposure interactions were included in the model. To
have a clear exposure contrast we focussed on SNP-by-high exposure interactions only. SNPs were tested in an additive
genetic model. Subsequently, we meta-analyzed all SNP-by-high pesticide exposure interactions using the software
package PLINK version 107, Meta-analyzed SNP-by-high exposure interactions with a p-value 260" (ie.
0.05/221,444 SNPs available in hoth cohorts) were considered genome-wide significant.
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Genes and environment underlying lung health

Within the LifeLines cohort data were available for 12,400 subjects with a median age of 47 years (range 18-89) in
2006/2011, 41% were males, 59% ever smokers, and only 1% had high occupational exposure to pesticides. Within the
Vlagtwedde-Vlaardingen cohort data were available for 1,436 subjects, median age was 53 years (range 35-79) in
1989/1990, 54% males, 70% ever smokers, and 12% had high occupational exposure to pesticides.

Interactions of 4 SNPs with high occupational exposure to pesticides reached genome-wide significance in the meta-
analysis (table T). There were no significant main effects of these SNPs or interaction effects with low exposure to
pesticides on the level of FEV; (supplementary table 1). Two SNPs were located in phospholjpase  zeta 1(PLCZ). This
gene has been mainly studied in relation to embryonic development i.e. expression of this protein increases calcium
release during fertilization of mammalian eggs". The two SNPs PL(Z7 were in high LD (R-squared 0.99), and effect
estimates from the two samples, i.e. LifeLines and Vlagtwedde-Vlaardingen, were quite heterogeneous (I-squared 68
and 71%)10. Meta-analysis using the random effects model showed less significant p-values. Another significant SNP after
meta-analysis was located nearby /mannosidase, endo-ajpha (MANEA), a protein that processes oligosaccharices in the
Golgi apparatus™.

The most plausible SNP involved in the adverse effects of pesticide exposure in the lungs was located in the gene miric
oxide synthase 1 (NOS). Subjects carrying the minor allele of the SNP were more susceptible to high levels of
occupational exposure to pesticides, indicated by a lower level of FEV; (figure 1). Interestingly, a recent study showed
that 3 SNPs in A0S7increased the susceptibility for the effects of pesticide exposure on the risk for Parkinson’s disease”.
These SNPs (1512829185, rs10774910 and rs2682826) were not in Linkage Disequilibrium (LD) with the SNP (rs482555, 2
squared < 0.1) identified in the current study. SNP rs482555 was not associated with the level of FEVT independently of
pesticide exposure (b = -5 ml FEV1, p-value 0.471; model adjusted for sex, age, height and smoking status), which is in
line with a study that showed no associations between NOST SNP rs41279104 (LD with rs482555 R-squared < 0.1) with
baseline lung function level and 5-year decline in a cohort of smokers'".

The AOS7 gene encodes for neuronal nitric oxide synthase (nNOS) that synthesizes endogenous nitric oxide (NO) from
arginine. In the human lung, NOST was found in submucosal nerves and endothelial cells”. Messenger RNA and protein
levels of MOS7were increased in peripheral lung tissue of moderate to very severe COPD patients compared to healthy
smokers and non-smoking controls, and expression levels increased with increasing COPD severity, as defined by the
Global initiative for chronic Obstructive Lung Disease criteria®. NO has been implicated i several ways in the toxicity of
paraquat, a commonly used herbicide. Paraquat may activate NF-x[3, thereby inducing an increased expression of

naucible NOS, which subsequently increases cytoplasmic NO and enhances nitrosative stress’. Secondly, NO may react
with the superoxice anion (02-) generated by the redox cycling of paraquat, thereby increasing peroxinitrite (ON0O-)

levels”. Interestingly, increased production of NO was shown to be nNOS dependent in COPD patients and potentially
increases the production of peroxinitritew. Increased production of peroxinitrite amplifies nitrosative stress and thereby
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induces expression of other ASisoforms resulting in increased expression of NO'. This mechanism was suggested to be
involved in inflammation and progression of disease pathogenesis in COPD" and to underlie the effects of pesticide
exposure in the lungs".

In the current GWI study we aimed identify novel susceptibility loci for occupational exposure to pesticides in relation to
FEV,. We have used the ALOHA+ JEM to estimate pesticide exposure as no, low or high. Using JEM-based estimates is an
efficient way of exposure assessment in large samples, yet chemical specificity is lacking. Further research should
elucidate the role of A0S7in the development of impaired lung and consequently the development of COPD, and the role
of exposure to specific chemicals in this process.

To conclude, with the current study using a hypothesis free approach and meta-analyzing data from two independent
cohorts, we identified 4 SNPs in 3 genes. The most plausible candidate was A0S7as a novel susceptibility gene for the
adverse effects of pesticide exposure in relation to the level of lung function. Interestingly this gene has been implicated
in pesticide toxicity as well as in COPD pathogenesis. Excess release of NO may underlie pesticide toxicity in the lungs and
subsequently lead to an impaired lung function, a hallmark of COPD.
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METHODS

LifeLines cohort

Genotyped individuals from the Lifelines cohort study with full data on all covariates were included (n = 12,400). At
baseline all participants filled in a standardized questionnaire and were subject to a medical examination. The
Questionnaire included questions regarding personal characteristics, smoking habits, job title and description of current
or last held job. The medical examination included pre-bronchodilator spirometry according to a standardized protocol
following ATS guidelines using a Welch Allyn Version 1.6.0.489, PC-based SpiroPerfect with Ca Workstation software.

Vlagtwedde-Vlaardingen cohort

For replication of our initial finding we included 1,436 subjects with full data on genotypes and covariates from the
Vlagtwedde-Vlaardingen cohort, a prospective general population hased cohort including Caucasians from Dutch decent
only. Pre-bronchodilator spirometry was performed according to a standardized protocol following ERS guidelines with a
water-sealed spirometer (Lode Instruments, the Netherlands). Reported jobs were coded according to ISC0-88
classification and job specific exposures were estimated with the ALOHA+ JEM, similar to the identification sample.

Occupational exposure

Job title and description were coded according to the International Standard Classification of Occupations version 1988
(ISC0-88)(1). These four-digit classification codes were used to estimate job-specific exposures to pesticides using the
ALOHA+ Job Exposure Matrix (JEM) (2, 3). The ALOHA+ JEM classifies subjects based on the ISC0-88 job codes into no, low,
and high exposure categories (0/1/2, respectively). Jobs were averaged and rounded to the nearest integer in case a
participant reported two different jobs simultaneously (0.5 =Tand 1.5 = 2).

Genotyping and quality control

In both cohorts, genotyping was performed using IlluminaCytoSNP-12 arrays. The llluminaCytoSNP-12 is an
oligonucleotide chip designed to have a uniform spacing of markers across all chromosomes, with the far majority of the
markers on this chip reflecting common SNPs: 93% of the 301,232 markers on this chip reflect bi-allelic SNP markers with
callable polymorphic genotypes. Applicability of the CytoSNP12 LifeLines data has been shown before (4).

In the LifeLines cohort 227,981 SNPs fulfilled the quality control criteria: genotype call-rate >95%, minor allele frequency
>1%, and Hardy-Weinberg equilibrium cut-off p-value >10". Non-Caucasian samples and first-degree relatives were

excluded. In the Vlagtwedde-Vlaardingen cohort, 242,926 SNPs fulfilled the quality control criteria.

192



NOST: a susceptibility gene for pesticide exposure | 9

Statistical model

The statistical model was specified as: FEV; = SNP + low exposure (no/yes) + high exposure (no/yes) + SNP*low exposure
+ SNP*high exposure + covariates. Thus both SNP-by-low exposure and SNP-by-high exposure interactions were
included in the model. In order to have a clear exposure contrast we focussed on SNP-by-high exposure interactions
only. SNPs were tested in an additive genetic model. All SNP-by-high pesticide exposure interactions from both cohorts
were meta-analysed using the software package PLINK version 1.07 (5). Meta-analyzed SNP-by-high exposure
interactions with a p-value 2607 (i.e. 0.05/221,444 SNPs available in both cohorts) were considered genome-wide
significant.

Ethical approval

Both the Lifelines cohort study and the Vlagtwedde-Viaardingen studies were approved by the Medical Ethics
Committee of the University Medical Center Groningen, Groningen, The Netherlands. All subjects gave written informed
consent.

Genomic inflation factors for marginal associations
QQ-plots for the marginal association between the SNPs and level of FEV; in the LifeLines (A) and Vlagtwedde-
Vlaardingen samples (B), adjusted for sex, age, height and ever smoking (no/yes).
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SUMMARY

The aim of this PhD project was to assess whether environmental exposures, such as occupational exposures and
environmental tobacco smoke (ETS) exposure, are associated with the level of lung function and the prevalence of COPD,
and to assess inter-individual differences in genetic susceptibility to these exposures. The studies described in this thesis
have shown that environmental exposures are associated with different measures of lung function and a higher
prevalence of COPD. We identified several factors that affect inter-individual susceptibility to these exposures, such as
personal smoking and polymorphisms in (novel) genes.

Chapter 2 describes a study in which we assessed cross-sectional associations between occupational exposure to
vapors, gases, dusts and fumes and their composite measure VGDF, pesticides, herbicides, insecticides and the level of
FEV; and FEVy/FVC and prevalence of COPD. Additionally we assessed whether these associations were different for never
and ever smokers or males and females. In line with previous findings described in the literature we showed that
occupational exposure to VGDF was clearly associated with lower levels of FEV; and FEV}/FVC as well as with a higher
prevalence of COPD. This study added to the current knowledge by showing that occupational exposure to pesticides,
including herbicides and insecticides, was associated with a lower level FEV; and FEV,/FVC and a higher prevalence of
(OPD. For hoth VGDF and pesticides, the associations with the level of FEV; were significantly stronger in ever smokers
compared to never smokers, suggesting a synergistic effect between smoking and occupational exposure. There were no
differences between males and females.

Chapter 3 describes a study in which we assessed cross-sectional associations between occupational exposure to vapors,
gases, dusts and fumes and their composite measure VGDF, pesticides, herbicides, insecticides and obstruction of the
small airways, as measured with FEF;s 5. Because we hypothesized that small airways obstruction could be a secondary
phenomenon associated with obstruction of the large airways, we additionally assessed these associations in subjects
without large airway obstruction (FEV,/FV(=270%, FEV,;=80% of predicted). We found that exposure to the composite
measure VGDF and to the subcategories biological dust and gases and fumes was associated with lower FEFy s levels.
These associations remained present when we restricted our analysis to subjects without large airways obstruction,
indicating that effects of exposure to vapors, gases, dusts and fumes on the small airways are a primary response and
independently from effects on the large airways. In contrast to earlier observed effects on the large airways, associations
between VGDF and FEF;5.35 were similar in ever and never smokers. Although we previously showed consistent
association between pesticides and the large airways, the trend for an association with the FEFys5 did not reach
statistical significance and disappeared when analyses were restricted to subjects without large airways obstruction. It
may be that the aerodynamic diameter of the pesticides aerosols results in deposition predominantly in the larger
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airways, whereas for example fibrous dust and welding aerosols have smaller aerodynamic diameters and may deposit
in the smaller airways as well.

Chapter 4 describes a study in which we assessed associations between occupational exposures to vapors, gases, dusts
and fumes and their composite measure VGDF, pesticides, herbicides, insecticides and the longitudinal decline in FEV;and
FEV,%VC. Additionally we assessed whether these associations were different in never and ever smokers, as was
suggested by the cross-sectional analysis described in chapter 2. In this study we showed that occupational exposure to
pesticides was associated with clinically relevant accelerated annual decline of FEV;and FEV,%VC. In line with our cross-
sectional analysis we found that these associations were significantly stronger in ever smokers, providing additional
evidence for a synergistic effect of smoking and occupational exposure to pesticides. There were no significant
associations between exposure to VGDF and decline of FEV;and FEV,%VC independently of exposure to pesticides.

Chapter 5 describes a study in which we assessed risk factors for chronic mucus hypersecretion ((MH) in subjects with
and without COPD. We found that environmental exposures, such as ETS and occupational exposures contribute
differentially to C(MH in subjects with and without COPD. In COPD patients, a higher risk for C(MH was associated with
higher pack-years smoked and exposure to ETS. In individuals without COPD a higher risk for (MH was associated with
male gender, higher body mass index, higher pack-years smoked, current smoking, and occupational exposure to
mineral dust, gases and fumes.

Chapter 6 describes a candidate-gene study in which we assessed associations between ETS exposure during different
periods throughout the life-span and the level of FEV; and FEV,/FVC during adulthood. The main aim of this study was to
assess whether these associations were modified by genetic variation in Gluthatione-S-Transferases Omega (6570) 7 and
Z These genes were chosen a-priori based on their known role in oxidative stress reactions and detoxification of
xenobiotic substances. /7 ufero ETS exposure was associated with a lower level of FEV}/FVC, and this association was
similar for never and ever smokers. Daily ETS exposure of at least one hour per day was associated with a lower level of
FEV; and exposure to ETS at the workplace was associated with a lower FEV; and FEV,/FVC. Associations of daily and
workplace ETS exposure were more pronounced in never smokers. We found significant interactions between the 6570
SNPs and ETS exposure in relation to the level of FEV,, yet effects for /7 ufero ETS exposure and ETS exposure during
adulthood (daily and workplace ETS) were in the opposite direction. Being homozygote for the minor alleles of the 6570
SNPs was associated with a higher FEV; in subjects that were exposed to ETS /7 ufero. Contrary, being homozygote for
the minor alleles of the G570 SNPs was associated with a lower level of FEV; in subjects that were exposed during
adulthood. Interactions were generally more pronounced in never smokers. We did not find consistent significant
interaction effects of the G570 SNPs and ETS exposure on the level of FEV,/FVC, suggesting a restrictive rather than an
obstructive effect on lung function.
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Chapter 7 describes a genome-wide interaction study in which we aimed to identify novel genetic loci and pathways
that affect individual susceptibility to the effects of ETS exposure on the level of FEV;. ETS exposure was based on the
number of hours a person reports to be exposed to other people’s tobacco smoke per day. Subjects were lassified as
non-exposed when self-reported ETS exposure was 0 hour/day and as ETS exposed when self-reported exposure was at
least 1 hour/day (=21 hour/day). Subjects with self-reported ETS exposure between 0 and 1 hour/day were excluded in
order to have a distinct exposure contrast. SNP-hy-ETS exposure interactions were assessed in 10,817 subjects from the
LifeLines cohort study and verified in 1,276 subjects from the Swiss SAPALDIA study, both population based cohorts.
Subsequently we used the SNP-by-ETS exposure p-values obtained from the identification analysis in Lifelines to
perform a pathway analysis. The top interacting SNP from the identification analysis was located in pofassium voltage-
gated channel sublamily H member 1(KGVH). Other potassium channels (K+) have been found on cells involved in the
disease pathogenesis of asthma and COPD, such as airway smooth muscle and inflammatory cells. However this SNP-hy-
ETS exposure interaction did not replicate in an independent sample from the SAPALDIA study. Two other SNP-by-ETS
exposure interactions were replicated with nominally significant p-values (<0.05), i.e. SNPs in actin, beta-fike 2(ACTBL)
and zinc finger homeobox 4 (ZFHX4) respectively. The latter SNP-hy-ETS exposure interaction was replicated in never
smokers only. In the pathway-level analysis we found three pathways that were significantly or suggestively enriched,
i.e. the apoptosis, p38 MAPK and TNF pathways. Interestingly all three pathways have been previously implicated in the
pathogenesis of COPD and may underlie susceptibility to ETS exposure.

Chapter 8 describes a genome-wide interaction study in which we aimed to identify novel genetic loci that affect
individual susceptibility to common occupational exposures, i.e. biological dust, mineral dust and gases and fumes, on
the level of FEV;. We performed an identification analysis in 12,400 subjects from the LifeLines cohort study, and verified
our findings in 1,436 subjects from a second independent cohort, i.e. the Dutch Vlagtwedde-Vlaardingen cohort.
Additionally we assessed whether these SNPs were cis-acting expression quantitive trait loci (cis-eQTLS) in lung tissue.
We identified and replicated 7 SNPs that interacted with one of the occupational exposures. Several identified loci were
plausible candidates involved in biological pathways leading to lung function impairment, for example GA/ATI5 and
PCDHI, Of these 7 replicated SNPs, 2 SNPs were cis-acting eQTLs associated with gene expression of their neighboring
genes /MEMIZ64and PDE4Din lung tissue. This is unique data and provides additional support for a possible role of these
genes in lung function impairment. Further research should determine whether the identified (novel) genes are true
susceptibility loci for lung function impairment due to occupational exposure to biological dust, mineral dust and gases
and fumes, and whether these SNP-by-exposure interactions consequently increase the risk to develop COPD.

Chapter 9 describes a genome-wide interaction study in which we aimed to identify novel genetic loci that affect

individual susceptibility to exposure to pesticides on the level of FEV,. First, we performed separate analyses in 12,400
subjects from the LifeLines study and in 1,436 subjects from the Vlagtwedde-Vlaardingen cohort study. Subsequently we

201



Genes and environment underlying lung health

meta-analyzed the interaction effects from the two studies. Four SNPs that interacted with high occupational pesticide
exposure on the level of FEV, reached genome-wide significance after meta-analysis. The most interesting SNP was
located in the gene mitric oxide synthase I(NOS). We found that subjects carrying the minor allele of the SNP were more
susceptible to high levels of exposure to pesticides, indicated by a lower level of FEV;. SNPs in A0S7were previously
shown to increase the susceptibility to the effects of pesticide exposure as a risk factor for Parkinson’s disease, and A0S/
has been implicated in inflammation and progression of disease pathogenesis in COPD. Future studies should determine
whether A0S7is a true susceptibility locus associated with the development of COPD in subjects exposed to pesticides.

DISCUSSION

Environmental exposures and COPD

The studies described in this thesis provide evidence that environmental exposures independently from personal
smoking are associated with a lower level of lung function as reflected by a lower FEVy, FEVi/FVC and FEFy5s, an
accelerated decline in FEV; and FEV,/VCand an increased prevalence of COPD (table ).

Table 1. Summary of associations between environmental exposures and the level of FEV;, FEVi/FVC, FEFx 75, the decline
of FEV; and FEV,/VCand the prevalence of COPD and (MH studied in this thesis.

Lung function level Lung function decline (0PD (MH
Environmental FEV/ FEV/ Non-
Exposures FEV, FVC 1FEF25,75 FEV, VC prevalence (OPD  COPD
Occupational  VGDF l l l = = 1 = 1
Biological dust = = l = = = = =
Mineral dust l = = = = t = t
Gases/Fumes l ! 1 1 = 1 = 1
Pesticides l ! = t T t NA NA
Herhicides l l = t T t NA NA
Insecticides l ! = ) 1 1 NA NA
ETs Inutero = l NA NA NA NA NA NA
Daily l = NA NA NA NA 1 =
Workplace l l NA NA NA NA = =

| significantly lower, 1 significantly higher, = not significant, NA not assessed,
1 lower not significant, 1 higher not significant,

"associations with FEF 575, independently of large airways obstruction.
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Within the studies presented in this thesis, occupational exposure to pesticides, including the subcategories herbicides
and insecticides, was the environmental exposure with the strongest and most consistent association with reduced level
of lung function (FEV; and FEV,/FVC), accelerated decline of lung function (FEV; and FEV}/VC) and the prevalence of COPD.
Pesticide exposure was not associated with small airways obstruction. A number of studies conducted within the
Agricultural Health Study, a large cohort of certified pesticide applicators in lowa and North Carolina, showed increased
prevalence of wheeze, chronic bronchitis and asthma, both in the pesticide applicators (farmers)™, as well as in their
spouses”. Apart from a few small scale cross-sectional studies that found associations between specific types of
pesticides and lower levels of FEV; and FVC in occupationally exposed farmers from Sri—Lanka6, South Korea' and Costa
Ricag, relatively few studies have focused on the effects of pesticide exposure on lung function’. To our knowledge no
studies thus far have shown associations between pesticide exposure and the longitudinal decline of lung function.
Globally, the agricultural sector employs more than 1.1 billion workers worldwide (about 34% of the global working
l‘orce)‘0 potentially putting a large amount of workers at risk for pesticide exposure. Additionally, people living in
agriculture-intensive regions may be at risk for exposure due to pesticide drift”. This may be especially relevant in a
densely populated country as the Netherlands where large numbers of people live near greenhouses and pesticide-
treated farmland. We found that occupational exposure, i.e. handling and spraying of pesticides, affected lung function
values. However, little is known about the risks of people living in the vicinity of these pesticide-treated areas in the
Netherlands, and such risks were not taken into account during the approval process for pesticides’ entry on the Dutch
market. Growing concerns about these risks have recently led to a first advisory report of a Committee of the Health
Council of the Netherlands, and consequently the initiation of an exposure study among people living in the vicinity of
greenhouses and pesticide-treated farmland that will be carried out in 2015 and 2016™™ In order to protect (respiratory)
health of appliers and people living nearby, further studies are needed for better understanding of specific chemicals
associated with (respiratory) health risks, the underlying biological mechanisms and the exposure-response
relationshipg.

Occupational exposure to VGDF was associated with a lower level of FEV; and FEV,/FVC, and obstruction of the large
airways, i.e. mild (FEVy/FV(<70%) and moderate/severe COPD (FEV,/FV(<70% and FEV; percent of predicted<§0%). Al
described associations were adjusted for co-exposure to pesticides. Independently of obstruction of the large airways
(FEV,/FV(=70%, FEV;=80%), VGDF exposure was associated with a lower FEFy.ss4, indicating obstruction of the small
airways. Speifically exposure to mineral dust and gases and fumes was associated with a lower level of FEV; and COPD
prevalence, whereas such an association with FEVy/FVC was less clear (table 1). High exposure to mineral dusts, i.e.
aerosols originating from minerals, is common in agricultural workers and gardeners (mineral dusts from the soil),
construction workers (fibrous dust from insulation materials, such as asbestos, mineral wool and glass fibers) and
concrete placers and tile setters (non-fibrous silica dust) (table )" Interestingly exposure to mineral dusts, such as

21-2

coal and silica, has been associated with both restrictive and obstructive effects on lung function g Although smoke
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exposure has been most consistently shown to he associated with obstructive lung disease, we found a restrictive rather
than an obstructive effects of ETS exposure on lung function in subjects carrying the minor allele of ¢570SNPs (chapter
6). This may suggest the presence of interstitial abnormalities, which have been shown to be present in about 8% of high
resolution (T scans in a cohort of 2,146 smokers”. Restrictive patterns were also seen in 8% of subjects with asthma®,
Additional measures such as total lung capacity (TLC) are needed to support our findings suggesting restrictive effects of
ETS on lung function as seen with spirometry”.

The trend for a negative association between mineral dust exposure and the level of FEFys.s disappeared when we
restricted our analysis to subjects without obstruction of the large airways, indicating that the effect on the small
airways was secondary to large airway obstruction. A study investigating small airway function in silica dust exposed
workers with an FEV)/FVC>75% and FVC>75% predicted did show a small difference in FEF;s.55 between low and highly
exposed workers, but did primarily show differences in FEF75.8527, indicating obstruction of the smallest airwayszg. Yet this
measure of the end-expiratory flow may be unreliable since it is highly effort dependent. Studies using non-invasive
effort-independent techniques such as impulse oscillometry (10S) or multiple breath nitrogen washout (MBNW), could
provide additional insight in the effects of environmental exposures by discerning obstruction of the large and small

airways (IOS)Zg and the proximal conducting and acinar airways (MBNW)EO, respectively.

Compared to the larger mineral dust particles, fumes are smaller particles originating from condensation of materials
which have been subjected to high temperatures. Welding fume is the most common type of fume construction workers
are exposed to. Other examples include fume from coal tar used in built-up roofing and fume from diesel engineszo. The
[atter seems relevant for heavy truck drivers and in motor and machinery mechanics (table 2). Examples of toxic gases
are carbon monoxide from engine exhaust and hydrogen sulphide produced by bacterial breakdown of organic matter”.

Interestingly, biological dust was consistently not associated with obstruction of the larger airways, as indicated by FEV;,
FEV,/FVC, and the prevalence of COPD in our cohorts. In contrast, biological dust was most strongly associated with FEFs.
5 indicating obstruction of the small airways, independently of obstruction of the larger airways. From our findings we
could conclude that biological dust exposure rather affects the small than the larger airways. Biological dust exposure
includes fungal and bacterial spores/cells, pollen, viruses, aggregates of these particles and fragments of larger
organisms including cotton and wood dust, flour, textile and paper fibers”, which is reflected by the occupations with
high estimated biological dust exposure in the LifeLines sample (table 2).
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Contrary to our findings, several studies showed associations hetween organic dust or endotoxin exposure in farmers
and a reduced level of FEV,, an accelerated dedline of FEV,, and an increased risk for non-atopic asthma and COPD™. In
addition, studies using the same JEM-based exposure estimates have shown associations between high occupational
exposure to hiological dust and a lower level of FEV;, as well as higher prevalence of chronic obstructive bronchitis,
emphysema and oP>**. An important difference between studies presented in the literature and our study is that we
have adjusted our exposures models for co-exposure, for example our model with biological dust exposure was
adjusted for co-exposure to pesticides. It could be that the association between biological dust and lower levels of lung
function and an increased prevalence of COPD in other studies were driven by workers in occupations with high
biological dust exposure with additionally high exposure to pesticides which was not accounted for. If we had not
adjusted our models for co-exposure to pesticides we had found significant cross-sectional associations between high
exposure to hiological dust and the level of FEV; (-81 ml, 95% CI = -124; -38) and FEVi/FVC (-0.7 %, -1.3; -0.1) in the
LifeLines cohort. This would have been in line with the majority of findings published in the literature.

The above mentioned studies found reduced lung function levels and a higher prevalence of COPD associated with

biological dust exposure, but not with exposure to mineral dust and gases and fumes™***

, as we found in our study
(table T). The heterogeneity in findings between studies published in the literature could be due to the heterogeneity of
exposure within one exposure category, for example the category mineral dust. Although the job exposure matrix
efficiently classifies exposures in a diverse population, the chemical specificity is lacking. Specific exposure composition
(i.e. specific chemicals) likely differs between the various occupations grouped to one exposure category (table 2), and
additionally may be dependent on the specific tasks, protective equipment and ventilation. These exposure differences

may become even larger when comparing studies from different countries.

Although the discrepancies between studies could be due to methodological aspects, an important aspect when
considering these heterogeneous findings are differences in personal or other environmental factors, such as age (as
proxy for cumulative exposure), personal smoking, genetic susceptibility and the possible interaction between these
factors. In our studies we have additionally assessed whether associations of occupational exposures and environmental
tobacco smoke with the level of lung function and lung function decline were different for never and even smokers and
for males and females. In both the cross-sectional and longitudinal studies presented in this thesis (chapters 2 and 4) we
found that the effects of occupational exposures on the large airway function were more pronounced in ever smokers,
indicating a synergistic effect between occupational exposure and tobacco smoking. Two US studies showed almost
additive effects for combined exposure to VGDF and (heavy) smoking on the risk for COPD, i.e. the odds ratios of VGDF
exposure with <10 packyears, heavy smoking (=10 packyears) without VGDF exposure, and VGDF exposure with heavy
smoking (210 packyears) were 2.0, 3.7 and 5.9 compared to the reference category (<10 packyears without VGDF
exposure) respectively”™. Interestingly, when we assessed associations between VGDF exposure and smoking on the
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small airways in chapter 3 we found similar associations in never and ever smokers, indicating that possible synergistic
effects of these exposures are mainly relevant in the larger airways.

In our study we found strong interactions between exposure to pesticides and personal smoking, indicating synergistic
effects of tobacco smoke and pesticides on the level of lung function. Interactions between smoking and pesticide
exposure have heen implicated in relation to mortality rates in the US NHANES population, i.e. ever smokers had
significantly higher mortality rates compared to never smokers, yet only in subjects with high serum concentrations of
organocholorine pesticides 2™ and 3 tertiles). No associations between ever smoking and mortality were found in
subjects with serum concentrations in the lowest tertile®. Synergistic effects of pesticide exposure and smoking are
biological plausible since both induce free radicals and consequently oxidative stress, and depletion of the antioxidant

system by one exposure may increase the susceptibility to the other™".

In chapter 2 we stratified our analysis, and found no consistently significant differences in associations between
occupational exposures and the level of lung function between males and females. There were subtle differences
suggesting that the associations with exposure to vapors, gases, dusts and fumes are somewhat more pronounced in
males, whereas the associations with pesticides seem somewhat more pronounced in females. Based on the aggregated
type of exposure assessment used in our studies (JEM-based) it is difficult to assess gender differences, since it has been
shown that occupational exposure patterns differ between males and females, even when they have the same
occupation”. Females seem to be more susceptible to effects of tobacco smoke on lung function level given the same

43’44, and it is conceivable that females are also more susceptible to occupational exposures than males.

exposure history
In relation to lung cancer risk, females were more susceptible to the effects of air pollution (Cadmium and Nickel) in
areas close to coal-fired power stations, which was suggested to be due to differences in metabolism of toxicants under
the influence of estrogen levels™. Other explanations for the increased susceptibility of females compared to males
include gender specific genetic susceptibility and a relatively higher exposure dose locally in the airways due to their
smaller size in females. Finally, differential effects of environmental exposures on DNA methylation patterns in males
and females should be considered, potentially mediated by sex hormones. Further studies with specific exposure
assessment, i.e. specific chemicals and doses, are needed to determine whether there are gender differences in

susceptibility to occupational exposures.

Interactions between smoking and occupational exposures are of importance for determining the optimal strategy and
effects of preventive strategies. Smoking cessation will likely be the most effective strategy. Yet the available evidence
shows that occupational exposures, whether or not in synergy with other exposures such as (environmental tobacco)
smoking, are important contributors to the global burden of COPD. Interestingly also in COPD patients occupational
exposure to VGDF was associated with an increased risk for having an FEV; below 30% of predicted, independently of
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packyears smoked". Moreover, VGDF exposure was associated with a larger prevalence of respiratory® and COPD”
related work inactivity in COPD patients. This may advocate the need for screening and monitoring programs for early
detection of reduced and accelerated decline in lung function in the occupational setting. Preventive strategies may
become increasingly important since the health-care costs associated with COPD are expected to rise along with the
rising COPD prevalence. For example in the Dutch situation it is expected that 70% more people will have COPD in 2032,
which will cause health-care associated costs to rise to 1.4 billion euro in 2032, more than triple the amount of 2007",

Genetic susceptibility

Despite the successes of GWA studies in identifying novel loci associated with COPD, the newly identified genetic variants
have so far only explained a small proportion of the genetic contribution to this complex disease. Explanations for this
“missing heritability” are amongst others gene-environment interactions, rare genetic variants and epigenetic
mechanisms. Thus far, genome-wide association studies aiming to find novel susceptibility genes associated with COPD
have disregarded environmental factors that may underlie the development of this disease. Hancock et al (2012) were
one of the first showing that genome-wide gene-environment interaction studies, in their case with personal smoking
(ever smoker or packyears), yields novel loci associated with the level of lung function (FEV;, FEV,/FVC) that would be
missed when only focusing on direct genetic effects. It is likely that genetic susceptibility is also of importance for
occupational exposures and environmental tobacco smoke exposure.

Therefore, the second aim of this PhD project was to assess whether there is inter-individual difference in genetic
susceptibility to the effects of occupational exposures and environmental tobacco smoke exposure on the level of lung
function. With the studies presented in this thesis we are one of the first assessing gene-by-environmental exposure
interactions in a genome-wide hypothesis free manner, and identified several genetic variants that affected individual
susceptibility to effects of environmental exposures in relation to the level of FEV; (table 3).

Most identified genes have not been identified in previous genome-wide association studies assessing the direct link
between genetic variants and lung function levels or COPD prevalence. Based on their biological function they are
plausible candidates involved in exposure mediated disease development (table 3). In order to get additional insight in
the biological plausibility of this genes and potential pathways involved in disease development we have performed
pathway and gene expression analysis. In chapter 7 we have performed a pathway analysis based on p-values obtained
from the SNP-level interaction analysis with environmental tobacco smoke exposure, using i-GSEA-4-GWAS, an online
tool based on gene-set enrichment analysis5‘. This analysis revealed three pathways, i.e. the apoptosis, P38 MAPK and
TNF pathways, which are all plausible biological pathways involved in environmental tobacco smoking mediated
impaired lung function. This approach may yield additional insight in the interactions between exposure and genetic
variation because it takes all genes in a pathway into account, instead of focusing only on the genome-wide significant
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hits”. In chapter 8 we extended our findings from GWI analysis to gene expression analysis and found that two of the
SNPs in interaction with mineral dust and gases and fumes exposure were cis-eQTLS in lung tissue. This suggests that
these SNPs may affect individual susceptibility to occupational exposures by altering gene expression levels. The other
SNPs identified in the GWI study were no cis-eQTLs in lung tissue but may affect individual susceptibility to occupational
exposures via other mechanisms, i.e. changed protein structure, altered miRNA levels or methylation. Determining the
functional mechanisms of the identified genetic variants will be an important focus in future studies.

Table 3. Genes and pathways identified in this thesis that interact with environmental exposures on the level of FEV;.

Environmental Identified Identified

Exposures Outcome gene pathway Pathway/Function
Occupational ~ VGDF . . .
Biological dust FEV, POHI . cell adhesion, calcium ion binding
Mineral dust FEV, IMAT4 . DNA binding and zinc ion binding®
s . DNA binding, RNA polym_era;e I t_ran;criptiqn_ coa—
repressor activity, protein dimerization activity
CAINTIS . mucin type 0-Glycan hiosynthesis
Gases/Fumes FEV, PDED _ signal transdct;\crslilt))r;i [(]tée;EAagrger:]ae"rr%c) receptor via
or . cell cell adhesion (neuronal)
TMEMIT6A . regulation of dendritic cell differentiation
Pesticides FEV, NOsT . NOS signaling, apoptosis
Herbicides
Insecticides . .
ETS Inutero FEV, 165/'0//2 . oxidative stress, detoxification
Daily FEV, 165/'0//2 . oxidative stress, detoxification
FEV, ACTIBLZ . ATP binding’®
FEV, ZHiX4 . sequence-specific DNA binding transcription factor®
FEV, Apoptosis apoptosis
FEV, P38 MAPK cellular responses to cytokines and stress
FEV, N induce; varjous signalling pathways (apoptosis, cell
survival, inflammation and immune response)
Workplace FEV, ‘estone . oxidative stress, detoxification

'Candidate gene approach, no significant interaction on the level of FEV,/FVC.
*Proposed Molecular/cellular function by the Gene Ontology Database (http://www.geneontology.org/).

209



Genes and environment underlying lung health
FUTURE PERSPECTIVES

Epidemiological studies

In this thesis we have shown that environmental exposures independently or in interaction with personal smoking are
associated with the level of lung function, the decline of lung function and the prevalence of COPD. Moreover, the GWI
studies presented in this thesis have yielded several novel loci, adding to those already known to be associated with
lung function or the development of COPD directly. However, several important issues remain to be studied.

First, associations between environmental exposures and lung function level and the prevalence of COPD were studied in
cross-sectional settings. In chapter 4 we studied associations with the longitudinal decline of lung function, yet this study
was somewhat limited by the fact that occupational exposure was ascertained at the last visit. Prospective longitudinal
studies are needed to assess associations hetween environmental exposures and the development of COPD. Within the
prospective LifeLines cohort study such data will be available in the near future.

Second, the genome-wide interaction studies presented in this thesis have focused on the level of FEV; as proxy for the
level of lung function. People with a lower level of lung function are more prone to experience respiratory symptoms
and limitations in exercise capacity, and are at increased the risk to develop COPD later in life. However, in order to fully
unravel the pathways leading to the development of COPD, future studies should focus on other phenotypes as well.
These studies could start with assessing associations with the level of FEV,/FVC, which is a better indicator of airway
obstruction than the level of FEV;. Additionally gene-by-exposure interactions should be studied in association with COPD
prevalence. COPD could be spirometry defined COPD, i.e. using FEV}/FV(<70% and severity stages according to the level
of FEV; or the lower limit of normal (LLN). The latter is considered less likely to result in misclassification of COPD in
subjects of young or older age. However, it may miss subjects with mild airflow obstruction that are still at increased risk
for COPD-related hospitalization and all-cause mortality compared to subjects with normal lung function™. Potentially
more sensitive criteria could be used to define COPD, including symptoms and risk for exacerbations as proposed in the
new Global Initiative for Chronic Obstructive Lung Disease (GOLD) riteria”. Moreover, studies assessing associations with
sub-phenotypes of COPD (i.e. chronic bronchitis, small airways disease and emphysema) may give additional insight in
specific pathways underlying development of the different COPD phenotypes and may lead to the development of
specific therapeutic targets. More detailed information on COPD sub-phenotypes may be acquired for instance by adding
multiple nitrogen breath washout”, impulse oscillometry® or low-dose CT scans™ to the characterization of individuals
participating in LifeLines.

Finally to answer the question why and how never smokers develop COPD, associations between genes, exposures, and
their interactions on lung function levels and COPD prevalence should be studied in a subgroup including only never
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smokers. Concordantly with studies in smokers, even more valuable will be studies in longitudinal settings focusing on
never smoking individuals that develop COPD. GWA or GWI studies in these settings will teach us whether the same or
different pathways underlie smoking and non-smoking COPD. If different pathways underlie smoking and non-smoking
(OPD this may have consequences for both prevention and treatment of this non-smoking ‘phenotype’, i.e. different
underlying pathways could imply different options for therapeutics and different responses to existing therapeutics.

Post-GWAS

With the studies presented in this thesis we are one of the first assessing genome-wide interactions with environmental
exposures such as occupational exposures and environmental tobacco smoke exposure in relation to lung function level
and identified several novel loci. An important future challenge of these studies will be to understand the functional
consequences of these loci, for example does a SNP change protein structure or gene-expression? Going from an
identified and replicated SNP to a functional meaning of this newly identified variant is important to fully unravel the
pathways underlying both smoking and non-smoking COPD, and to be able to translate findings into clinical benefits,
such as biomarkers, drug targets, screening and prevention strategies”. There are several options to go from identified
SNPs to functional mechanisms. Expression analysis assesses whether a SNP is associated with expression of a gene
nearby (cis-eQTL) or further away (trans-eQTL). In chapter 8 of this thesis we have assessed whether identified SNPs
were cis-eQTLs in lung tissue, which gave us additional insight in potential pathways underlying the observed
associations. Other options for post-GWAS analysis include re-sequencing, experimental models and epigenetic
mechanisms. Re-sequencing or fine mapping may be used to capture the causal SNP that is in LD with the SNP associated
with the outcome under study. In addition, fine mapping, or deep sequencing in genetically isolated populations may
also be used to identify rare variants associated with COPD, thereby potentially explaining some of the “missing
heritability” of the disease. £pigenetic mechanisms, such as methylation, histone modification and micro RNAS
contribute to gene regulation, and may mediate associations between SNPs and disease found in GWA or GWI studies™
* Once there is substantial suggestive evidence for a gene involved in the disease (development), exverimental models
such as knock-out or over-expression of a gene in animals or cells may vield better understanding of biological
pathways leading to disease.

Epigenetics

An important focus of future studies will be on the role of epigenetic (“above” genetic) mechanisms in COPD. Epigenetic
mechanisms are crucial for normal development of multi-cellular eukaryotic organisms; it allows cells to develop into
differential cell types by altering gene expression without changing the nucleotide sequence57. Epigenetic mechanisms,
including histone modifications, micro RNA and DNA methylation, are affected by environmental exposures and may be
an important link between these exposures and the development of complex airway diseases™ (figure 1). DNA
methylation, i.e. binding of a methyl group to a cytosine base adjacent to a guanine base (CpG site), has probably been
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most extensively studied thus far. Many (pG sites are found in regulatory regions of genes and active demethylation of
these sites is needed to allow gene transcription. Platforms have recently become available for high throughput DNA
methylation profiling of (pG sites. Genome-wide methylation patterns were shown to be associated with smoking status
and time since quittinge%z, as well as with the presence and severity of oPD®. Other epigenetic mechanism include
histone modifications (acetylation and methylation) that affects the accessibility of the DNA for transcription, and non-
coding RNAs such as micro RNAs (miRNA) that regulate gene expression post-transcriptionally through degradation of
gene transcripts or inhibition of protein translation. Cigarette smoke has been associated with both histone
modifications® and altered expression of MIRNA®, Moreover, histone-4 acetylation was increased at the NF-kB binding
site of /nferteuin 8in COPD patients compared to non-smokers™ and differential miRNA expression was seen in the
lungs tissue of COPD patients compared to healthy smokers”" Unraveling the role of epigenetic mechanisms in
mediating associations between the environment and gene expression and their role in the development of COPD will be
an important focus of further studies. Findings from these studies may improve our understanding of biological
pathways underlying COPD development and may provide new targets for screening as well as therapeutic
interventions™.

inflammatory factors
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Figure 1. Genetic and epigenetic mechanisms: potential targets for mediating the association between genes,
environmental exposures and disease. (picture modified from Qui, 200668).
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Focusing on DNA methylation, thus far most studies have focused on a small part of the puzzle, i.e. they either
investigated associations between exposures and methylation levels, associations between methylation levels and
disease prevalence, associations between methylation and gene expression levels, or associations between gene
expression levels and disease (figure 2a). An important next step will be to perform mediation analysis studying
associations between environment and disease via epigenetic mechanisms, such as DNA methylation (figure 2b).
Another important and challenging focus of future studies will be on integrating genotype (SNP), epigenetic
(methylation) and expression data in order to explain potential associations between environmental exposures and
disease development. For example the role of SNPs in altering the potential for methylation or the expression of miRNAs
(figure 2b - dashed lines). Additionally DNA methylation may affect the association between genetic variants and
disease, as was shown for a genetic variant and DNA methylation levels of the /nferfeukin-4 recepforgene in relation to
asthma risk at age 18 years”. Integrating and analyzing genotype, methylation, gene expression and phenotype data
will be an important challenge in future studies and will require new approaches such as network analysis as well as
large computational power, especially for genome-wide data.

Within the LifeLines cohort study whole-genome methylation data will be available in a subsample of 2,000 subjects,
which will allow assessment of DNA methylation, SNPs and their interactions with environmental exposures such as ETS,
occupational exposure and ambient air pollution in relation to COPD development. This may contribute to early
identification of groups at increased risk to develop COPD and the discovery of novel biological mechanisms underlying
disease development, with the ultimate goal to open new possibilities for targeted interventions to prevent the
development of this burdensome disease”.

Figure 2. Investigated associations thus A
far (A). The important and challenging
N ®_)® E = exposure
focus of future studies will be on the M = methylation
effect of environmental exposures on D = disease
P mRNA = gene expression

disease via epigenetic mechanisms (B) SNP = genetic variant

and the role of (disease) associated SNPs, miRNA = microRNA

i.e. inducing a methylation site or

altering the expression of miRNAs (B -

dlashed lines).
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SAMENVATTING

(OPD (Chronic Obstructive Pulmonary Disease of chronisch obstructieve longziekte) is een chronische vernauwing van de
luchtwegen en/of aantasting van het elastische longweefsel al dan niet gepaard gaand met chronisch opgeven van
slijm. COPD wordt veroorzaakt door een abnormale reactie op de inademing van schadelijke stoffen, zoals tabaksrook.
De luchtwegvernauwing is permanent aanwezig, is grotendeels onomkeerbaar, en heeft in de meeste gevallen een
progressief verloop.

De inademing van schadelijke deeltjes leidt tot ontsteking, structurele verandering en slijmproductie in de centrale
luchtwegen (chronische bronchitis), ontsteking en structurele veranderingen in de perifere luchtwegen (bronchiolitis,
kleine luchtweg ziekte), en verlies van longweefsel en elastische retractiekracht van het longweefsel (emfyseem). Deze
drie kenmerken van COPD kunnen samen en in verschillende ernst voorkomen.

Roken wordt gezien als de belangrijkste risicofactor voor de ontwikkeling van COPD, echter 25-45% van alle COPD
patiénten heeft nooit gerookt. Andere risicofactoren voor COPD in de Westerse wereld zijn passief roken (meeroken),
blootstelling aan verschillende werkgerelateerde stoffen (stoffen, gassen en dampen) en luchtvervuiling (industrie en
verkeer). Ook speelt genetische gevoeligheid een belangrijke rol. Slechts een deel van alle rokers ontwikkelt uiteindelijk
(OPD, dit wordt grotendeels bepaald door individuele verschillen in genetische gevoeligheid. Genetische gevoeligheid
speelt zeer waarschijnlijk ook een rol bij de reactie op blootstelling aan andere risicofactoren zoals passief roken en
blootstelling aan werkgerelateerde stoffen. Het is belangrijk te onderzoeken welke factoren naast actief roken
geassocieerd zijn met de ontwikkeling van COPD, en welke biologische mechanismen hier aan ten grondslag liggen.

In dit proefschrift onderzochten we of passief roken en werkgerelateerde blootstelling geassocieerd zijn met het
longfunctie niveau en met de prevalentie van COPD, en welke genetische varianten een rol spelen bij de individuele
gevoeligheid voor de effecten van deze blootstellingen in relatie tot longfunctieniveau.

In hoofdstuk 2 lieten we zien dat werkgerelateerde blootstelling aan gassen, dampen, mineraal stof en pesticiden
geassocieerd is met een lagere longfunctie en een hogere prevalentie van COPD. Met name de effecten van blootstelling
aan pesticiden op longfunctieniveau waren van Klinisch relevante grootte. Deze effecten waren sterker bij rokers dan bij
niet rokers, dit suggereert een synergistisch effect: het effect van de twee blootstellingen is samen groter dan de som
van elk van de blootstellingen afzonderlijk. We vonden geen verschillen in effecten tussen mannen en vrouwen.

In hoofdstuk 3 onderzochten we specifiek de effecten van blootstelling aan werkgerelateerde stoffen op de kleine
luchtwegen en vonden dat blootstelling aan biologisch stof, gassen en dampen geassocieerd is met obstructie van de
kleine luchtwegen. Deze effecten waren onafhankelijk van obstructie van de grote luchtwegen (zoals beschreven in
hoofdstuk 2). In tegenstelling tot de effecten op de grote luchtwegen (hoofdstuk 2) waren de effecten op de kleine
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luchtwegen niet verschillend bij rokers en niet rokers. In tegenstelling tot de grote luchtwegen, vond we geen associatie
tussen blootstelling aan pesticiden en obstructie van de kleine luchtwegen.

In hoofdstuk 4 onderzochten we de effecten van blootstelling aan werkgerelateerde stoffen op de afname van
longfunctie over de tijd. Afname van longfunctie over de tijd treedt bij iedereen op en hoort bij normale veroudering.
Echter, bij een versnelde afname van longfunctie is er een verhoogd risico op de ontwikkeling van respiratoire klachten
(kortademigheid) en uiteindelijk de ontwikkeling van COPD. In onze studie vonden we dat werkgerelateerde
hlootstelling aan pesticiden is geassocieerd met een versnelde afname van longfunctie. Deze associaties waren sterker
bij rokers dan bij niet-rokers, wat wederom een synergistisch effect van actief roken en blootstelling aan pesticiden
suggereert.

In hoofdstuk 5 onderzochten we de risicofactoren voor chronische mucus (slijm) productie (CMH) bij individuen met en
zonder COPD. We vonden verschillende risicofactoren voor (MH bij individuen met en individuen zonder COPD. Bij
individuen met COPD zagen we dat een hoger risico op (MH was geassocieerd met een sterkere rookgeschiedenis (langer
en meer roken) en blootstelling aan passief roken. Bij individuen zonder COPD zagen we dat een hoger risico op (MH was
geassocieerd met het mannelijk geslacht, hogere BMI, sterkere rookgeschiedenis, op dit moment actief roken, en
werkgerelateerde blootstelling aan mineraal stof, gassen en dampen.

In hoofdstuk 6 onderzochten we de effecten van roken tijdens de zwangerschap (blootstelling /7 uzero) en blootstelling
aan passief roken tijdens volwassen leeftijd in relatie tot longfunctieniveau op volwassen leeftijd. Zowel blootstelling /7
uteroals op volwassen leeftijd was geassocieerd met een lagere longfunctie op volwassen leeftijd, deze effecten waren
sterker in niet-rokers dan in rokers. Het belangrijkste doel van deze studie was om te onderzoeken of genetische variatie
in de genen Gluthatione-S-Transferases Omega (6570) 7and Zde gevoeligheid voor de effecten van passsief roken
heinvloeden. Deze ¢570genen spelen een belangrijke rol in oxidatieve stress reacties en de detoxificatie van schadelijke
stoffen, en zijn daarom plausibele kandidaten voor onderzoek naar genetische gevoeligheid voor schadelijke
blootstellingen zoals passief roken. In onze studie vonden we dat dragers van de minder voorkomende genetische
variant een hoger longfunctieniveau hadden vergeleken met niet-dragers, echter alleen als hun moeder rookte tijdens
de zwangerschap. Dragers van deze variant hadden echter een lagere longfunctie vergeleken met niet-dragers bij
passief roken op volwassen leeftijd. We vonden dus dat genetische variatie in biologisch plausibele genen de
gevoeligheid voor de effecten van factoren zoals passief roken beinvioeden, maar de effecten kunnen anders zijn in
verschillende levensfasen.

In tegenstelling tot hoofdstuk 6 waar we kandidaat genen hebben onderzocht, gebruikten we in hoofdstuk 7 een
hypothese vrije methode met als doel nieuwe genen en biologische mechanismen te vinden die de individuele
gevoeligheid voor het effect van blootstelling aan passief roken beinvioeden. We onderzochten eerst 10.817 individuen in
de LifeLines studie en verifieerden onze bevindingen in 1.276 individuen in de Zwitserse SAPALDIA studie. We vonden 2
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nieuwe genen, acti, bela-ike Z (ACTBLY) en zinc finger homeobox 4 (ZFHX4) die in beide studies (Lifelines en
SAPALDIA) geassocieerd waren met longfunctie niveau bij individuen die één uur per dag of meer werden blootgesteld
aan passief roken. Deze genen zijn niet eerder in verband gebracht met passief roken, longfunctie of COPD. Naast de
specifieke genen onderzochten we mogelijk onderliggende biologische mechanismen (pathways). We vonden drie
biologische mechanismen die, in onze dataset, vaker naar boven kwamen dan verwacht op basis van kans. Dit waren de
z0genaamde apoptosis, p38 MAPK and TNF pathways. Deze mechanismen zijn eerder in verband gebracht met (OPD
pathologie en kunnen mogelijk een rol spelen de gevoeligheid voor passief roken in relatie tot longfunctie.

In hoofdstuk 8 onderzochten we, wederom gebruikmakend van een hypothese vrije methode, de genetische
gevoeligheid voor de effecten van werkgerelateerde blootstelling aan biologisch stof, mineraal stof en gassen en
dampen, allen in relatie tot longfunctie niveau. We onderzochten 12.400 individuen in de LifeLines studie en verifieerden
onze bevindingen in 1.436 individuen in de Vlagtwedde-Vlaardingen studie. We vonden 7 genetische varianten die
geassocieerd waren met longfunctie niveau in de individuen met blootstelling aan één van de drie onderzochte stoffen
(biologisch stof, mineraal stof of gassen en dampen). Enkele gevonden genetische varianten zijn biologische gezien
mogelijk relevant voor longfunctie niveau, zoals GA/N7IS and PCDHY. In een additionele analyse keken we naar de
effecten van deze 7 genetische varianten op de expressie van dichtbij liggende genen. We vonden dat 2 van de 7
varianten geassocieerd waren met genexpressie van /MEMI764and PDE4D, Effecten op genexpressie geven een indicatie
voor de onderliggende biologische mechanismen waarbij deze genetische varianten individuele genetische gevoeligheid
kunnen beinvloeden, bijvoorbeeld door te zorgen voor een lager of hoger eiwitniveau.

Tenslotte onderzochten we in hoofdstuk 9 de genetische gevoeligheid voor de effecten van werkgerelateerde
blootstelling aan pesticiden in relatie tot longfunctie, wederom gebruikmakend van een hypothese vrije methode. We
onderzochten 12.400 individuen in de LifeLines studie en 1.436 individuen in de Vlagtwedde-Vlaardingen studie. Daarna
meta-analyseerden we de effecten uit beide studies (de afzonderlijke effecten samenbrengen tot één effectschatting).
We vonden 4 genetische varianten in 3 verschillende genen. De meest interessante variant lag in het gen mifric oxide
synthase 1(NOS). Dragers van de minder voorkomende genetische variant waren meer gevoelig voor de effecten van
pesticide blootstelling wanneer er gekeken werd in relatie tot longfunctie niveau. Dit gen is eerder beschreven als
gevoeligheidsgen voor pesticide blootstelling als risicofactor voor de ziekte van Parkinson, en in relatie tot het
ontstekingsproces en de ziekteprogressie die wordt waargenomen bij mensen met COPD. Daarom is dit A057gen een
geschikte kandidaat voor verder onderzoek naar pesticide gevoeligheid in relatie tot longfunctie niveau en de
ontwikkeling van COPD.

(oncluderend, de verschillende studies die zijn beschreven in dit proefschrift laten zien dat passief roken en
beroepsblootstelling geassocieerd zijn met een lagere longfunctie en een hogere prevalentie van COPD. Daarnaast
identificeerden we verschillende factoren die mogelijk een rol spelen bij de individuele gevoeligheid voor de effecten
van deze blootstellingen, zoals actief roken en genetische varianten in nog niet eerder gevonden genen. Verder
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onderzoek zal zich moeten richten op de biologische functie van de nieuw gevonden genetische varianten, en de
onderliggende biologische mechanismen via welke deze genetische varianten uiteindelijk kunnen leiden tot de
ontwikkeling van COPD. Tenslotte kunnen interventies gericht op het voorkomen van blootstelling aan tabaksrook
(meeroken) en werkgerelateerde stoffen bijdragen aan betere gezondheid van de longen en uiteindelijk leiden tot een
lagere COPD prevalentie.
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DANKWOORD

Het is zover. Nog steeds wat onwerkelijk, maar na drieénhalf jaar is mijn proefschrift af, ik mag het loslaten! Voordat ik
het proefschrift “definitief” loslaat wil ik graag een aantal mensen bedanken die hieraan hebben bijgedragen en de tijd
binnen en buiten mijn werk aangenamer hebben gemaakt.

Allereerst mijn promotores Marike Boezen, Dirkje Postma en Judith Vonk. Drie begeleiders met verschillende
achtergronden en persoonlijkheden. Hoewel ik het soms lastig vond om op elk gebied telkens weer bij te blijven, ben ik
erg blij dat deze samenstelling van begeleiders mij op veel verschillende vlakken heeft doen ontwikkelen.

Judith, bij jou staat de deur altijd open. Ik kon (en kan nog steeds) altijd bij jou terecht met vragen. Er was altijd de
mogelijkheid om even te overleggen, of op kantoor, of snel even via een belletje of de e-mail. Jij bent altijd positief,
makkelijk toegankelijk en relaxt, dit maakt de drempel om bij je langs te gaan heel laag. Dankzij jou heb ik heel erg veel
geleerd over statistiek. Bovendien was het ook altijd ontspannen en gezellig tijdens onze overleggen, practicums
statistiek, borrels, etentjes en congressen. Jij bent niet alleen geinteresseerd in het werk, maar ook in de mens achter
jouw collega’s. Dat waardeer ik in je.

Marike, jij bent altijd positief, recht door zee en direct. [k waardeer het enorm dat je mij zoveel hebt gestimuleerd om
mijzelf verder te ontplooien als epidemioloog. Jij hebt me niet alleen de kansen geboden, maar mij zelfs meerdere
malen gewezen op cursussen die mogelijk interessant voor me waren. Verder ben je altijd heel “supportive”, zoals
tijdens congressen en praatjes. Zelfs als je er niet bij kon zijn was je zeer betrokken en liet dit blijken via de e-mail of
sms. 0ok koester ik de borrels, etentjes, en de avonden tijdens congressen. Deze vonden vaak op jouw initiatief plaats en
hebben gezorgd voor een zeer positieve sfeer hinnen onze (jouw) unit.

Dirkje, vooral in het begin vond ik jouw vragen erg moeilijk. Jouw vragen gingen immers vaak over het deel van het
project dat ik het minst beheerste, hijvoorheeld de moeilijke(!) hiologische mechanismen achter onze bevindingen. Toch
heb ik gemerkt dat ik door deze kritische vragen snel leerde en me hierdoor verder heb ontwikkeld. Hieraan hebben de
nauwere samenwerking op het gebied van de 6570s en de kleine luchtenwegen zeker bijgedragen. Ik waardeer het dat
je altijd tijd wist te vinden om stukken van mij, als één van jouw vele aio’s, te lezen en beter te maken.

Hans en Roel, bedankt voor de zeer productieve samenwerking op het gebied van de beroepshlootstellingen. Ik hoop
dat er nog veel studies met mooie resultaten zullen volgen.

Reading committee, professors Sigsgaard, van Duijn en Kerstjens, thanks for your effort of judging this thesis. | am proud
of having you in my reading committee.

Anna en Leanne, fijn dat jullie mijn paranimfen willen zijn. Jullie zijn beiden nuchter, positief ingesteld en staan altijd
open voor “het ei” dat even kwijt moet, erg aangename eigenschappen. Af en toe even een wandelingetje doet ook
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wonderen. Anna, ik denk nog vaak aan de smoezelige hotelkamer in Rotterdam tijdens WEON, gelukkig zaten er dit jaar
in Leiden geen beestjes in jouw bed.

De damesclub van de respiratoire epidemiologie: Olga, Simona, Despo, Sylwia, Niloofar, Asia, Marjan, Salome en Nienke.
Fijn dat we met zo’n grote groep waren, we hadden, zeker als aio’s, veel steun aan elkaar en konden altijd bij elkaar
terecht voor een vraag. Daarnaast kijk ik ook met plezier terug aan de borrels, etentjes en congressen.

(ollega’s van de Epidemiologie. Een zeer verscheiden groep aan mensen met elk hun eigen interesses en kwaliteiten.
Juist die verscheidenheid maakt de afdeling leuk en levendig. Een speciaal bedankt voor de dames van het secretariaat
Epidemiologie die altijd klaar staan voor alle “domme” en “minder domme” vragen: Roelian, Aukje en Petra, en Sietske
van de Longziekten.

(ollega aio’s van de ‘Fourth Floor’. Het dagelijks half uurtje ontspanning tijdens de lunch was soms echt even nodig,
even over iets anders praten. Ook de pubquizzen, jaarlijkse voetbaltoernooien en andere activiteiten waren goed voor
de nodige ontspanning en droegen bij aan een goede werksfeer.

GRIAC, ondanks dat we uit alle hoeken van het UMCG en de RuG komen is het mooi dat we zo’n hechte groep zijn. Vooral
tijdens congressen waren wij veelal ruim vertegenwoordigd. Er was altijd GRIAC ‘support’ tijdens praatjes of poster
sessies. Fijn om niet alles helemaal alleen te hoeven doen. Ook was er altijd ruimte voor discussie of overleg. Ik herinner
me in het speciaal de ERS en ATS. Maartje, Akkelies, Sussan, Despo en Nienke, wat heb ik gelachen met en om ons bonte
gezelschap tijdens de ATS in San Francisco en daarna de city trip in New York. lise, de ATS in Philadelphia was ontzettend
leuk en ontspannen, vooral het hardlopen in 30+ graden op de “Rocky trap” om daarna in een enge achterwijk te
belanden. Olga, heel fijn om met zo’n positief, nuchter en ontspannen persoon op pad te zijn tijdens de ERS in Wenen
(erbij te vermelden dat jij natuurlijk ook alleen maar kwam om te “consumeren”).

People from the department of Occupational and Environmental Medicine in Lund, Sweden. | had a fantastic time at your
department during my Master research, | think my Epidemiology roots are planted here. My special gratitude goes to
Maria Albin and Jonas Bjérk. During my PhD project we kept good contact, finished the papers about the green
environments, and whenever | came to Lund | always experienced a very warm welcome.

En dan natuurlijk de mensen die het leven naast het werk leuk maken. Marieke en Teunis, zonder jullie was het Lund
avontuur destijds niet zo fantastisch geweest. Al wonen jullie tegenwoordig beiden in het hoge noorden, ik ben blij dat
we elkaar af en toe kunnen opzoeken en onze PhD perikels met elkaar kunnen delen. Gelukkig gaan we dan zo weer
verder waar we gebleven waren.

Eline, jij zat in het zelfde schuitje van het aio zijn, en daarnaast zijn er ook nog de enorme gelijkenissen in karakter. De
vele wandelingen van en naar het UMCG waren dan ook vaak gevuld met praten over het onderzoek, over de
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wetenschap, en over hoe om te gaan met de mogelijkheden en de valkuilen die we op ons pad tegenkwamen. Verder
waren de vrijdagmiddagborrels, de etentjes en de wintersport, samen met Frank, Miriam, Mark en Pieter, natuurlijk een
aangename afwisseling.

Familie de kampioenen. Al zijn we inmiddels al een paar jaar geen voetbalteam meer, het is mooi dat we nog steeds
z0’n hechte ‘familie” zijn. Al zijn er ook wel wat dingen veranderd: trouwen, huizen en kinderen. Maar ook deze
levensfase is leuk en hijzonder om met elkaar mee te maken.

Laura, het is bijzonder dat sommige vriendschappen altijd goed blijven. Hoe weinig we elkaar soms ook zien. Gelukkig
doet dit niets onder aan onze vriendschap, wederzijdse interesse blijft altijd bestaan. Mede hierdoor is de vriendschap zo
waardevol.

0ok bedankt voor alle andere vrienden voor wie geldt: We zien elkaar te weinig, maar het is altijd leuk, gezellig en goed
als we elkaar weer zien. Jullie dragen bij aan een warm sociaal netwerk.

Familie van Dijk, altijd erg attent en volop interesse in wat ik doe, vooral in het begin vaak de vraag “heb je al iets
nieuws ontdekt?”. Die vraag is de laatste tijd iets minder gekomen. Misschien is het duidelijk geworden dat in de
wetenschap de stapjes vaak, vooral voor de buitenwereld, relatief klein zijn en niet zo snel gaan. Verder zorgt de immer
aanwezige gezelligheid altijd voor de nodige ontspanning. Ook tijdens de prachtige reis naar Israél en Jordanié was het
altijd relaxt, gezellig en waren de grappen flauw; het was fantastisch.

Pappa, mamma en Jos, jullie zijn de basis van alles wat ik heb bereikt. Al is het van een afstandje, jullie hebben altijd
meegeleefd. Soms een tikkeltje bezorgd, maar altijd trots. Ik weet dat jullie altijd voor me klaar staan. Bedankt, ik ben
super blij dat ik jullie heb. Jos, ik ben heel trots op wat je allemaal al hebt bereikt. [k hoop dat je een succesvol architect
wordt, met wie weet ooit je eigen bedrijf.

Pieter, vaak zat ik na een werkdag uitgeblust op de bank of aan de eettafel. Dat was vast niet altijd even gezellig, maar
je hebt hier nooit moeilijk over gedaan. Verder weet je, denk ik, inmiddels behoorlijk hoe je hier mee om moet gaan. Je
bent nuchter, maar vooral altijd positief en onuitputtelijk vrolijk. Mede daardoor ben ik zelf meer ontspannen en kan ik
dingen beter loslaten. Ik ben super trots dat je naast je werk nog een opleiding hebt gedaan en ik kijk uit naar jouw
beédiging.
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