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General introduction,
background & scope of this
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Chapter I

BACKGROUND
The clinical features, causes and treatment of COPD
Chronic Obstructive Pulmonary Disease (COPD) is a severe and debilitating lung disease characterized by
progressive and largely irreversible airway obstruction and accelerated lung function decline.6 COPD is
characterized by chronic inflammation of the bronchi and bronchioles, leading to mucus hypersecretion
(chronic bronchitis), thickening of the (small) airway walls (remodeling), and airspace enlargement and alveolar
destruction (emphysema).9 COPD is clinically manifested by breathlessness, cough, wheezing, fatigue and chest
tightness. Periodically, COPD patients can experience a sudden worsening of symptoms, also called COPD
exacerbations, characterized by a further increase in inflammation and accelerated decline in lung function,
resulting in a decrease in quality of life and increased mortality and healthcare costs.2 COPD is a complex disease,
with variation between patients in the type of inflammation, the experienced symptoms and severity of the
disease. COPD patients can be divided into different endotypes based on their symptoms, such as disease
characterized by a predominance of emphysema, or alternatively of bronchitis, or by a mixed disease presenting
with a combination of the two. Endotypes can also be based on the nature of the observed inflammatory infiltrate,
leading to the distinction between neutrophilic or eosinophilic/ T helper (Th)2 endotypes, distinction on basis
of the severity of symptoms and on basis of responsiveness to corticosteroids.36 This disease heterogeneity
significantly complicates studies using clinical samples of COPD patients, as the different endotypes may
respond differently towards various stimuli and treatments and most studies are unable to differentiate between
the various endotypes.
COPD is caused by chronic inhalation of noxious gases or particles, of which cigarette smoke (CS) is the main
risk factor. Recently, it has been shown that up to 30% of the COPD patients are never-smokers, underlining the
importance of other risk factors in the inception of COPD, including exhaust fumes, indoor burning of biomass
fuels, air pollution or secondary smoking.12,21 In addition, exposure-independent COPD can occur in patients
with alpha-1 antitrypsin deficiency, caused by a mutation in the serpin peptidase inhibitor, clade A, member
1 (SERPINA1) gene, which leads to the early onset of COPD.27 This mutation is only present in 1-2% of all COPD
patients.4 In the remainder of COPD patients, the disease is also not caused by environmental exposure alone,
but is thought to result from an interaction between environmental and genetic factors, supported by the fact
that only 20% of the smoking population develops COPD.38 Over the years, candidate gene-association studies,
linkage studies and genome wide-association studies have identified many different candidate genes for COPD,
including IL6R, MMP12, HHIP, AGER, FAM13A and CHRNA3.27,4 These different genes are not linked to a common
pathway, indicating the complexity of COPD. The multitude of genetic factors involved in COPD may in part be
explained by the heterogeneity of the disease, as for instance emphysema is likely associated with different
genes than bronchitis. Differentiation between different endotypes of COPD is necessary to further unravel the
genetic factors involved in the pathophysiology of COPD. However, to date this is not routinely performed in
genetic studies identifying candidate genes for COPD. In this thesis, we focus on cigarette smoke-induced airway
inflammation as the first step in the development of exposure-dependent COPD, as the molecular mechanisms
of this process are to date largely unknown.
COPD is diagnosed by spirometry according to the Global Initiative for Chronic Obstructive Lung Disease
(GOLD) standards, which states that a patient has COPD when the ratio between the post-bronchodilator forced
expiratory volume in 1 second (FEV1) and forced vital capacity (FVC) is below 70%.26 The disease is categorized
into four severity stages based on the FEV1, which is ≤80% in GOLD stage I, between 50-79% in GOLD stage II,
between 30-49% in GOLD stage III and <30% in GOLD stage IV. The World Health Organization showed in 2012
that COPD was the fourth leading cause of death worldwide, and the incidence is expected to rise even further
for the coming 10 years.32 The prevalence and mortality rates are still increasing and it is expected that by 2020
approximately 7.8% off all deaths worldwide will be directly caused by COPD.23,21 Furthermore, COPD is a major
economic burden for society as the healthcare costs for COPD are estimated to be €38.7 billion in the European
union alone, which is approximately 4.8% of the total health care budget.21 The economic and societal costs are
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largely caused by COPD exacerbations, which is the main cause for hospitalization of COPD patients.3 Currently,
treatment is aimed at reducing the severity of symptoms, improve the quality of life and reduce complications
related to COPD, but no curative treatment options are available for COPD patients.11,1 Pharmacotherapy mostly
consists of the use of bronchodilators, antibiotics and inhaled corticosteroids which can be used in several
combinations.28 The effectiveness of these medications is largely patient dependent and none of the treatments
is able to fully stop the progression of COPD. A large subgroup of COPD patients is partially or completely
unresponsive to inhaled corticosteroids, and this treatment is mainly effective in patients with the eosinophilic
endotype and in frequent exacerbators with chronic bronchitis.22 Furthermore, no treatment is currently
available reducing or reversing the alveolar tissue damage seen in patients with emphysema, rendering the
need for novel treatments aimed at tissue regeneration.
The innate immune response in COPD, a role for neutrophils and airway epithelial cells
In COPD patients, lung mucosal, submucosal and glandular tissues are infiltrated by immune cells.10 This infiltrate
exists of both innate and adaptive immune cells. With respect to innate immune cells, an increase has been
observed for alveolar macrophages, neutrophils and dendritic cells in the airways of COPD patients compared
to smoking controls.6 Neutrophilic granulocytes are the most abundant cell type in the inflammatory infiltrate
of the airways of COPD patients.16 Neutrophils are responsible for the production of anti-microbial peptides,
pro-inflammatory cytokines, lipid mediators, chemokines and damaging enzymes, e.g. neutrophil elastase and
metalloproteases, and contribute to the mucus hypersecretion and tissue destruction in COPD patients.30
An important cell type of the innate immune system in the development of COPD are the respiratory
epithelial cells. The bronchial epithelium is the first line of defense against inhaled toxicants. The bronchial
epithelial layer forms a continuous physical barrier lining the airway lumen, and is responsible for mucus
production and clearance of pathogens and foreign particles by ciliary movement.13 Additionally, the bronchial
epithelium acts as a chemical barrier, producing both anti-oxidants and anti-proteases.15 Moreover, the
bronchial epithelium contributes to the defense against invading pathogens by the production of anti-microbial
peptides, including defensins, mucins, pro-inflammatory cytokines and chemokines, the latter especially when
damaged.13 The muco-ciliated pseudostratified bronchial epithelial layer consists of several cell types, including
ciliated cells, goblet cells, basal cells and club cells. Approximately 50% of the bronchial epithelium consists of
ciliated cells, which are important for the transport of particles trapped in the mucus. Goblet cells, which account
for 5-15% of all bronchial epithelial cells in the large airways, are responsible for the production of mucus, while
club cells produce anti-microbial peptides and immune regulatory cytokines and are progenitor cells for ciliated
and goblet cells.19 Additionally, basal cells serve as progenitor cells that are responsible for the regeneration
of the epithelial layer. The alveolar epithelium consists of type I and type II pneumocytes. The type II cells are
essential for the production of surfactant and can differentiate into type I pneumocytes, which are structural
cells important for gas exchange.5 It has been shown that bronchial epithelial cells become activated upon
exposure to CS and subsequently release high levels of pro-inflammatory cytokines, including the neutrophil
chemoattractant CXCL8.42,44 Furthermore, CS induces oxidative stress in the epithelial layer, causing damage,
disruption of cell-cell contacts and cell death.46,42 In this thesis we investigate the damage induced to airway
epithelial cells by CS exposure, and how this can contribute to airway inflammation and COPD.
It has been proposed by Cosio et al. that innate immune responses play an important role in the early
phases of COPD, while the adaptive immune system is more important in the advanced stages of the disease.9
The innate immune system is activated by pattern recognition receptors (PRRs), unlike the adaptive immune
cells that carry unique antigen-binding receptors. PRRs are involved in the immune response against invading
pathogens and damaged endogenous cells, triggering innate immune pathways and inducing inflammation.37
They are expressed at the cell surface and in the endosomal compartment of a wide variety of cells in the
airways, including epithelial cells, endothelial cells, macrophages and dendritic cells.45 PRRs recognize a wide
range of conserved molecular patterns present in pathogens, the pathogen associated molecular patterns
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(PAMPS), e.g. LPS, lipopeptides and flaggelin, as well as molecules released from damaged and necrotic cells,
the damage associated molecular patterns (DAMPs). Well known families of PRRs are Toll-like receptors (TLRs),
NOD-like receptors, C-type lectin receptors, Retinoic acid-inducible gene-I-like receptors and the receptor for
advanced glycation end-products (RAGE).41 Upon activation of PRRs, pro-inflammatory signaling pathways will
be activated, leading to activation of transcription factors, most notably the NF-κB pathway, and subsequently
the production and release of pro-inflammatory cytokines and chemokines, e.g. CXCL8, TNF, IL-1β and IL-6.41
These cytokines activate the immune system and attract cells of the innate immune system to the airways. The
downstream signaling pathways of PRRs will be extensively discussed in chapter 2. The activation of PRRs on
immature dendritic cells induces maturation, enabling them to migrate to the lymph nodes and activate T-cells.9
This alerts and subsequently activates the adaptive immune system.
Concerning the adaptive immune system both CD4+ (helper) T-cells, CD8+ (cytotoxic) T-cells and B-cells are
increased in the airways of COPD patients.30 However, both in the small and the large airways, the adaptive
immune response in COPD patients is thought to be mainly driven by CD8+ cytotoxic T-cells, as these are the
predominant cells in both the large and small airway walls.30 The increased activity of the CD8+ T-cells that
has been observed in COPD,30 may be in part due to lack of immune regulation by regulatory T-cells, as these
cells are present in lower numbers in the airways of COPD patients compared to smoking and non-smoking
controls.10 Also, the pro-inflammatory, IL-17-producing Th-17 cells have shown to be increased in the airways of
COPD patients compared to smoking and non-smoking controls.40 IL-17 is an important cytokine which upon
stimulation leads to release of CXCL8, an important chemo-attractant for neutrophils, from bronchial epithelial
cells, further aggravating the neutrophilic infiltration in the airways of COPD patients in a self-augmenting loop.40
Damage associated molecular patterns, the danger from within
During recent years our understanding of the processes involved in cell death has increased. The differentiation
between regulated, apoptotic cell death and unregulated, necrotic cell death is outdated and over-simplified.
Recently, many cell death modalities have been described, including pyroptosis, paraptosis, NETosis, autophagy,
secondary necrosis, accidental necrosis, intrinsic- and extrinsic-apoptosis and necroptosis. For the sake of
simplicity we will use the term immunogenic cell death when we refer to a cell death modality which induces
a pro-inflammatory response mediated by the release of DAMPs. Furthermore, we will use the term necrosis
to describe all cell death modalities which lead to uncontrolled rupture of the cell membrane followed by
the release of the intracellular content, including accidental necrosis, secondary necrosis which occurs as a
consequence of failed apoptosis and the regulated form of necrosis, necroptosis.
As mentioned above, CS can lead to epithelial damage, inducing the release of endogenous danger signals
that activate PRRs and induce immune responses.44,31 Already in 1994 Polly Matzinger proposed the danger
hypothesis, in which she postulated that not only infectious agents originating from strangers can activate
the immune system, but also endogenous danger signals originating from damaged or necrotic cells can
induce an inflammatory response.24 To date more than 20 different endogenous danger signals or DAMPs are
known, all showing great homology with PAMPs and activating the same receptors. It was not until 2009 that
the danger theory of Matzinger was first applied to the pathogenesis of COPD, as it was postulated that CS
induces damage to the airway epithelium, leading to the release of DAMPs and triggering an innate immune
response in the airways.14,9 Later it was proposed that toxic compounds present in CS, e.g. bacterial products
and genetic material of the tobacco plant, can also directly activate PRRs in addition to the DAMPs released
from damaged and/or necrotic epithelial cells.6,25 Evidence is accumulating that DAMPs indeed contribute to
the pathophysiology of COPD. For instance, several DAMPs, including S100A8/A9, β-defensin, LL-37, HMGB1 and
ATP have been found increased in the bronchoalveolar lavage (BAL) fluid or the epithelial lining fluid (ELF) of
COPD patients compared to smoking and non-smoking controls,33,8,47,39 indicating that the number of damaged
and necrotic cells, releasing DAMPs, is increased in COPD patients. Furthermore, the expression of several PRRs
e.g. TLR2, TLR4 and RAGE, was found to be increased in the lungs of COPD patients compared to both smoking
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and non-smoking controls.33 Thus, the CS-induced release of DAMPs may induce a stronger pro-inflammatory
response in the lungs of COPD patients. Furthermore, the gene encoding the pattern recognition receptor RAGE,
AGER, was identified as a susceptibility gene for the decline in lung function and the inception of COPD.33,34,7 A
single nucleotide polymorphism (SNP) within the AGER gene that shows a strong association with lung function
decline and serum soluble RAGE levels (rs2070600), might be functionally involved in COPD, as this SNP changes
the glycosylation pattern of the ligand-binding domain of RAGE.18 This may induce increased activation of RAGE,
leading both the release of pro-inflammatory mediators and increased lung tissue damage.35
Exposure of the airways to CS does not only induce damage to airway epithelial cells, but also to the
connective tissue surrounding the epithelium.9 Breakdown products of the extracellular matrix (ECM) have also
been shown to activate PRRs and thus act as a DAMP.20 These ECM products have found to be increased in COPD
patients compared to smoking controls.29,33 DAMPs released from damaged epithelial cells and ECM breakdown
products both are able to activate neighboring epithelial cells in a PRR-mediated and NF-κB-dependent
way, inducing the release of pro-inflammatory cytokines, like CXCL8. As mentioned above, CXCL8 is a strong
neutrophil chemotactic factor, leading to neutrophilic infiltration in the airways. Neutrophils in turn secrete
proteolytic enzymes and reactive oxygen species which together damage the lung tissue further, leading to cell
death and DAMP release, inducing a positive feedback loop.9 Thus, DAMP signaling may play an important role
in the pathophysiology of COPD.
Nevertheless, much is still unknown about the role of DAMPs in the pathobiology of COPD. For instance, it
is unknown which DAMPs are released upon inhalation of toxic gases like CS and whether cells in the airways
of COPD patients release the same levels and profile of DAMPs in response to CS exposure as those of healthy
individuals. Additionally, it is unknown whether COPD patients have an altered susceptibility for CS-induced
DAMP release and DAMP-induced airway inflammation, and which genes are involved in these processes.
THE SCOPE OF THIS THESIS
The DAMP theory for COPD: a novel concept for airway inflammation induced by exposure to inhaled
toxicants
We propose a novel concept for the development of the inflammatory response in the airways of COPD patients,
in which we hypothesize that DAMPs play a critical role. In this theory we hypothesize that in individuals who
are genetically susceptible for the development of COPD, chronic inhalation of toxicants induces exaggerated
immunogenic cell death and DAMP release by lung structural cells and immune cells, which subsequently leads
to the initiation and maintenance of airway inflammation, ultimately leading to the development of COPD.
In chapter 2, we provide an overview of the available literature on DAMPs in COPD. Here, we divided
most known DAMPs into different categories based on the sub-cellular origin of the DAMPs, e.g. cytoplasm,
mitochondria, other subcellular organelles and the extracellular matrix. For all these DAMPs we provide an
overview of the available data on their role in COPD at the start of this thesis.
In chapter 3 we investigated the basic molecular mechanism underlying the DAMP theory for COPD. Here,
we tested the hypothesis that exposure of bronchial epithelial cells to CSE induces immunogenic cell death
and subsequent DAMP release and that these DAMPs are able to activate pro-inflammatory responses in
neighboring epithelial cells. Furthermore, we investigated whether this process of CS-induced DAMP release
and airway inflammation could be pharmacologically inhibited in vitro and in vivo.
Next in chapter 4, we aimed to study whether these processes are dysregulated in COPD patients. To this end
we utilized samples from the TIP study, which was designed to investigate genetic susceptibility for COPD.43,17 In
this cohort, subjects were divided in four groups of old (40-75 year old) and young (18-40 year old) individuals,
where the old individuals were either COPD patients (GOLD stage I-IV) or age- and smoking history-matched
controls, while the young individuals were party smokers with normal lung function and either a high or low
familial risk to develop COPD. Party smoking was defined as irregular smoking with the ability to quit smoking
for at least two days. The young subjects were classified as susceptible for the development of COPD when the
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prevalence of COPD in smoking first or second degree relatives older than 45 years meets the following criteria:
2 out of 2, 2 out of 3, 3 out of 3, 3 out of 4 or 4 out of 4 smoking family members have developed COPD and
were classified as non-susceptible to COPD only when none of the smoking first or second degree relatives who
are at least 45 years of age (at least two should be identified) have been diagnosed with COPD. Families with
alpha-1 antitrypsin deficiency were excluded in this study. Bronchial brushings were collected from all subjects
as a source for bronchial epithelial cells. Furthermore, serum, induced sputum and ELF samples were taken at
two time-points: 1) after two days of smoking cessation and 2) upon smoking three cigarettes within one hour.
Next, we investigated whether the processes of CS-induced immunogenic cell death and levels of released
DAMPs are different in primary epithelial cells from these subjects. Here, we tested the hypothesis that the
airway epithelium from COPD patients displays exaggerated CS-induced DAMP release and/or DAMP-induced
pro-inflammatory responses. To this end we studied the effect of CS on DAMP release from epithelial cells in vitro
and in vivo, on DAMP release in serum and on the expression of 30 genes encoding DAMPs and their receptors,
the DAMP gene-set, in airway epithelial cells from COPD patients, matched controls and individuals either
susceptible or non-susceptible for COPD. Furthermore, to test whether differences in CS-induced inflammation
are caused by a different sensitivity to DAMPs, we investigated the effect of specific DAMPs in vitro as well as
in vivo by investigating the effect of intranasal treatment with one single DAMP, i.e. mtDAMPs or LL-37, on
neutrophilic airway inflammation in mice either genetically susceptible or non-susceptible for CS-induced
airway inflammation.
In chapter 5 we asked whether there is a genetic factor involved in CS-induced DAMP release and the
subsequent airway inflammatory response. Therefore, we utilized a mouse model for CS-induced airway
inflammation. In this thesis we aimed to investigate CS-induced DAMP release and subsequent neutrophilic
airway inflammation, in which the early responses to CS exposure are important, before chronic manifestations
of COPD have developed. Therefore, we used a short-term smoke exposure model with five subsequent days of
CS exposure. In this model, mice were exposed to CS via the full body smoke exposure system by placing mice
in a 16 liter Perspex box and pumping CS mixed with ambient air in the box.50 Upon exposure of mice to CS for
five days with 20 cigarettes per day, divided over two exposure sessions, neutrophilic airway inflammation and
airway hyper-responsiveness is induced without the formation of emphysema.24 In this chapter we utilized 30
inbred mouse strains with known genetic background to identify which genes are associated with CS-induced
neutrophilic airway inflammation. Furthermore, with this study we showed which mouse strains are susceptible
for CS-induced neutrophilic airway inflammation and which strains are non-susceptible. In chapter 6 we aimed
to test whether susceptibility for CS-induced airway inflammation is associated with an altered DAMP release
profile upon CS exposure. Therefore, we selected two susceptible and two non-susceptible mouse strains and
studied whether the levels of a panel of six DAMPs in BAL fluid correlate with susceptibility for CS-induced
airway inflammation. Next, in chapter 7 we investigated which genes are associated with the susceptibility
for CS-induced DAMP release. To this end, we utilized the genetic screen of 28 different inbred mouse strains
which were all exposed to CS and control air and measured the BAL levels of several DAMPs. Furthermore, the
identified candidate genes were validated by measuring the expression of the candidate genes in lung tissue of
susceptible and non-susceptible mouse strains. In addition, we evaluated whether knockdown of these genes
altered the susceptibility of human alveolar epithelial cells to CS-induced cell death and DAMP release, and
tested whether these genes were differentially regulated by CS exposure in human primary bronchial epithelial
cells from individuals with a family history indicative of either presence or absence of susceptibility for COPD.
Next, in chapter 8 we investigated the role of DAMP signaling during COPD exacerbations, for the reason
that the inflammatory reaction in the airways of COPD patients is most severe during exacerbations. Therefore,
we hypothesized that the levels of released DAMPs are increased during an exacerbation compared to stable
disease. To this end, we used samples from the exacerbation study cohort. This cohort was designed to be
able to directly compare COPD patients when they are in stable disease and when they are experiencing an
exacerbation. Serum, induced sputum and ELF samples were collected from COPD patients in stable disease,
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after which the treatment with inhaled corticosteroids and long acting β2-agonists was discontinued. After the
collection of samples the patients had to be in stable disease for at least 60 days. The moment they report an
exacerbation, a second set of samples was taken, allowing the direct comparison between stable disease and
exacerbation within the same patients. Here, we measured a profile of DAMPs in serum and induced sputum of
COPD patients during an exacerbation and in the same patients when they are in stable disease. Furthermore, in
chapter 9 we hypothesized that the expression of DAMP receptors is increased on circulating neutrophils during
exacerbations. To assess this, we measured the expression of several PRRs on peripheral blood neutrophils of
COPD patients during exacerbation and stable disease. Additionally, we measured the levels of soluble RAGE,
the decoy receptor for RAGE, in serum of these patients, as the levels of soluble RAGE may influence the activity
of RAGE.
After the initial response of CS-induced damage and DAMP release from airway epithelial cells, neutrophils
are attracted to the site of damage. The neutrophil is the predominate cell type in the inflammatory infiltrate
in the airways of COPD patients. Therefore, in chapter 10 we asked whether neutrophils are also an important
source of DAMPs upon inhalation of CS and whether DAMPs released from epithelial cells can directly activate
PRRs on neutrophils to aggravate the inflammatory response in COPD. To this end, we investigated the CSinduced DAMP release and airway inflammation in human and murine neutrophils using in vitro and in vivo
models. Hitherto, mice were exposed to CS for five days and the level of inflammation and DAMP release in the
airways was determined. Furthermore, neutrophils were isolated from healthy subjects and were subsequently
exposed to smoke to investigate the effects on DAMP release and cell death.
RAGE is one of the most important DAMP receptors and has shown to be strongly associated with COPD.
Therefore, we hypothesized that the expression of RAGE and RAGE-ligands is increased with the severity of
COPD and that the expression of the decoy receptor sRAGE, is decreased with the severity of COPD. In chapter
11 we studied the association between the expression of RAGE, sRAGE and RAGE-ligands in different body
compartments and the severity of COPD. Finally, in chapter 12 the findings of this thesis are summarized and
discussed and the future perspectives are described.
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ABSTRACT
Chronic Obstructive Pulmonary Disease (COPD), a progressive lung disease characterized by sustained
neutrophilic airway inflammation, is caused by chronic exposure to noxious stimuli, e.g. cigarette smoke. This
chronic exposure can induce immunogenic cell death of structural airway cells, inducing the release of Damage
Associated Molecular Patterns (DAMPs). Levels of several DAMPs, including S100 proteins, defensins and High
Mobility Group Box-1 (HMGB1), are increased in extracellular lung fluids of COPD patients. Since DAMPs can
attract and activate immune cells upon binding to pattern recognition receptors, we propose that their release
may contribute to neutrophilic airway inflammation. In this review, we discuss the novel role of DAMPs in COPD
pathogenesis. Relevant DAMPs are categorized based on their subcellular origin, i.e. cytoplasm, ER, nucleus and
mitochondria. Furthermore, their potential role in the pathophysiology of COPD will be discussed.
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INTRODUCTION
Chronic obstructive pulmonary disease (COPD) is a major cause of morbidity and mortality, with a worldwide
prevalence of 9-10%.1 Currently, COPD is the fourth leading cause of death worldwide and it is estimated to
become the third leading cause of death by 2030.2 The disease is characterized by progressive airway obstruction
that is not fully reversible and accelerated lung function decline. Furthermore, COPD is associated with an
abnormal inflammatory reaction in the lungs, causing destruction of lung parenchyma (emphysema) and/or
chronic bronchitis.3,4,5 A major risk factor for development of COPD is chronic exposure to noxious particles and
gasses, e.g. cigarette smoke, coalmining dust, diesel exhaust particles and fumes from burning biomass fuels
for cooking or heating.6 The chronic airway inflammation in COPD is characterized by activation of the innate
immune system, as defined by increased numbers of innate immune cells like neutrophils, macrophages, natural
killer cells and mature dendritic cells in lung tissue and airway lumen. In addition, the adaptive immune system is
activated in COPD, as defined by lung infiltration of CD8+ T-cells, B-cells and both the Th17 and Th1 types of CD4+
T-cells, along with a decrease in regulatory T-cells (Tregs) in the airways.5,7,8
At present, little is known about the initial steps in the activation of innate- and adaptive immune
responses observed in COPD. Curtis and colleagues postulated that during early stages of COPD, innate immune
inflammation increases with the progression of COPD, whereas in more advanced COPD (GOLD stages III and
IV)9 adaptive T- and B-cell responses become increasingly important for pathologic abnormalities.10 Although
the exact nature of the triggers for these innate- and adaptive immune responses is at present largely unknown,
we hypothesize that cell damage upon environmental insults is involved. (See figure 1) According to the danger
hypothesis of Polly Matzinger, ‘danger signals’ or Damage Associated Molecular Patterns (DAMPs) from injured
cells can alarm the immune system by activation of pattern recognition receptors (PRRs).11 Cigarette smoke
and other noxious gasses and particles can cause damage to resident cells in the lungs, which can induce
multiple types of both regulated and non-regulated cell death.12 Different forms of cell-death, e.g. apoptosis,
necrosis (accidental, non-programmed) and necroptosis (programmed), may cause distinct signatures of DAMPs
released into the extracellular space (ECS).13 Regulated forms of cell death encompass both apoptosis, a form
of programmed and caspase-dependent cell death, and necroptosis, a form of receptor-interacting protein
kinase-1 (RIPK1) and RIPK3 dependent regulated necrosis. Non-regulated cell death encompasses accidental
necrosis, where cells when subjected to harsh physic-chemical injuries disrupt through uncontrolled physical
events, releasing cellular constituents into the microenvironment. Necrotic and necroptotic cell death are the
main, but not the only forms of cell death that lead to DAMP release.14,13 During early apoptosis, most DAMPs are
retained in apoptotic bodies and phagocytized before they can ligate PRRs, yet during secondary necrosis DAMPs
can be released.14 Secondary necrosis occurs when apoptotic cells are not cleared sufficiently by phagocytosis,
such as has been observed in COPD patients.15
The airway epithelium forms the first barrier towards inhaled insults, separating lung tissue from the
environment. Consequently, epithelial cells are one of the first cells to be exposed to inhaled noxious gasses and
particles present in cigarette smoke and diesel exhaust fumes. An increase in apoptotic epithelial cells has been
shown in lungs of emphysema patients.16,17 Our group has shown that exposure of bronchial epithelial cells to
cigarette smoke extract (CSE) causes a switch from apoptotic to necrotic cell death.18 Unpublished observations
indicate that this switch is in fact a switch from apoptosis to necroptosis. In addition to these direct effects,
decreased phagocytosis of apoptotic cells by airway macrophages has also been observed in COPD.15 Taken
together, these two effects might result in inducing an increased DAMP release in COPD. Some studies show that
danger signals released from secondary necrotic cells are often inactivated by caspases, which are expressed
during apoptosis and secondary necrosis, resulting in poor immunogenicity of such DAMPs.19,13
In addition to the release of DAMPs, cell damage or death also induces the release of several cytokines and
chemokines that can induce or regulate immune responses. In particular, IL-1α, IL-6 and IL-33 have been described
as danger signals or alarmins, released during immunogenic cell death.20,21,22 Although these interleukins can
have important pro-inflammatory properties upon release during accidental necrosis, their function as DAMP is
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Figure 1: Hypothetical scheme of CS-induced airway epithelial immunogenic cell death followed by DAMP release and
subsequent triggering of the innate- and adaptive immune responses in COPD. Inhalation of toxic gasses and particles, e.g.
cigarette smoke and diesel exhaust particles, cause damage and subsequent cell death to airway epithelial cells. The main immunogenic
cell death pathway induced by chronic cigarette smoke exposure is up to date unknown. Upon immunogenic cell-death DAMPs, e.g.
HMGB1, HSPs and S100 proteins, are released which can activate PRRs on adjacent epithelial cells as well as innate - and adaptive
immune cells. Upon ligation of PRRs, epithelial cells become activated and release pro-inflammatory cytokines, e.g. TNF, IL-6, IL-8 and
Type I IFN. Pro-inflammatory cytokines can activate and attract cells of both the innate immune system, e.g. Neutrophils, Macrophages
and Dendritic cells, as well as cells from the adaptive immune system, e.g. T-lymphocytes and B-lymphocytes. Furthermore, DAMPs
can also activate and mature cells of the innate as well as the adaptive immune system directly upon binding of PRRs on these cells.
(see color image on page 208)

not different from their function under physiological conditions and therefore the role of interleukins in COPD
will not be discussed in this review.
As mentioned above, a critical feature of DAMPs is that they specifically bind PRRs, which upon ligation
lead to activation of the innate immune system. There are at least five classes of PRRs: Toll-Like Receptors
(TLRs), C-type lectin receptors (CLRs), NOD-like receptors (NLRs), RIG-I-like receptors (RLRs) and the Receptor for
Advanced Glycation End products (RAGE), all of which upon ligation activate downstream signaling pathways.
These include, nuclear factor-κB (NF-κB), mitogen-activated protein kinase (MAPK) and type I interferon
pathways, initiating the release of pro-inflammatory cytokines and chemokines (e.g. IL-6, IL-8, Type I IFN and
TNF) and ultimately resulting in activation of the immune system and attraction of immune cells to the site of
damage.23 (See figure 2) Furthermore, some DAMPs, e.g. HSPs, HMGB1, Galectins and Cathelicidins, can stimulate
the adaptive immune system by inducing maturation of dendritic cells, yet when immunogenic (auto)-antigens
are presented and tolerance mechanisms (e.g. suppression by Tregs) fail.14 Thus, DAMPs can directly activate cells
of the innate immune system and either directly or indirectly promote adaptive immune responses.
To date, no standard classification system for DAMPs is available. In this review we will divide DAMPs into
several subclasses based on their physiological localization. These subclasses consist of DAMPs derived from
the cytoplasm (HSPs, S100 proteins, galectins, anti-microbial peptides), subcellular organelles, i.e. the nucleus
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Figure 2: Ligation of PRRs by DAMPs, relevant for COPD, initiates the release of pro-inflammatory cytokines by multiple
pathways. TLR2/4 receptors can be activated upon binding of DAMPs, e.g. HMGB1, HSPs, defensins and Hyaluronan, which can
cause IRF3 mediated release of type I interferons by activation of the Trif/Traf3/IRF3 pathway and subsequent translocation of IRF3
to the nucleus where it initiates transcription of type I interferons. Ligation of TLR2/4 can also cause NF-κB mediated release of proinflammatory cytokines, by activation of the MyD88/Traf6/NF-κB pathway and subsequent translocation of NF-κB to the nucleus
where it induces transcription of pro-inflammatory genes, including TNF, IL-6, IL-8. TLR-7/9 ligation by DAMPs, e.g. dsDNA, RNA and
LL-37, can cause IRF7 mediated release of type I interferons and MyD88/NF-κB mediated release of pro-inflammatory cytokines.
Ligation of RAGE by DAMPs, e.g. HMGB1, LL-37 and S100 proteins, cause MAPK/NF-κB pathway mediated release of pro-inflammatory
cytokines. ATP can ligate purine receptors (P2X and P2Y Receptors) which cause K+ efflux and subsequent activation of the NLRP3
inflammasome which activates Caspase-11 and Caspase-1 which in turn can cleave Pro-IL-1β and Pro-IL-18, that are transcribed upon
NF-κB activation, into their mature forms, after which they will be secreted. DAMPs and receptors underlined in the figure are shown to
be up-regulated in COPD patients. (see color image on page 208)

(HMGB1), endoplasmic reticulum (ER) (Calreticulin (CRT)) or mitochondria (mtDNA, N-formylated peptides and
ATP) and the extracellular matrix (versican, fibronectin, hyaluronan). For all these subclasses, specific DAMPs will
be discussed with their relation to COPD pathogenesis.
DAMPS DERIVED FROM THE CYTOPLASM
Heat Shock Proteins
HSPs are proto-typical DAMPs derived from the cytoplasm. HSPs are chaperone proteins that are upregulated
during various types of physiological and environmental stress conditions, including infections, wounding or
heat.24 In physiological concentrations, HSPs act as intracellular molecular chaperones that assist the folding
of nascent or mis-folded proteins and thereby prevent the aggregation of proteins.24 The mammalian HSPs are
classified into five different families based on their molecular weight, namely: HSP20, HSP60, HSP70, HSP90 and
HSP100. Normally, HSPs are contained intracellularly, but during cellular stress, HSPs are also present at the cell
surface or secreted into the extracellular matrix (ECM).25 HSPs released into ECS can function as DAMPs due to
their activity as a signaling molecule. Therefore, the term chaperokine was introduced to describe the function
of extracellular HSPs.26 HSPs have been shown to activate both TLR2 and TLR4 signaling in a MyD88 dependent
fashion, leading to the initiation of the NF-κB and IRF signaling pathways, which ultimately leads to the release of
pro-inflammatory cytokines (e.g. TNF, IFNs, IL-1β, IL-6 and IL-8).24,27 Furthermore, HSPs can initiate the maturation
and activation of dendritic cells.28
The role of HSPs in COPD is not fully elucidated, but in the past few years several studies have been performed
to investigate the role of HSPs in COPD and in vitro models. Already in 1997, in vitro studies revealed that HSP70
and HSP90 protein levels are up-regulated by cigarette smoke exposure in monocytes.29 More recently, it has
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been shown that the levels of HSP27, HSP70 and HSP90 are significantly higher in serum of COPD patients
compared to non-smoking individuals.30 Furthermore, HSP10, HSP27 and HSP40 protein levels are increased in
airway epithelial cells of COPD patients in comparison to healthy controls and control smokers.30 Additionally,
increased HSP60 expression has been observed in bronchial biopsies of patients with severe COPD (GOLD
stage III/IV) compared to healthy non-smoking volunteers.31 This increase in HSP60 was positively correlated
with neutrophil numbers in the biopsies, an important pathological hallmark of COPD. Whether this is related
to increased extracellular HSP60 levels remains unknown, however, human bronchial epithelial (16HBE) cells
actively released HSP60 upon H2O2 stimulation, to mimic oxidative stress in COPD.31 Furthermore, increased
release of HSP60 was induced by CSE in human umbilical cord endothelial cell,32 indicating that cigarette smoke
can induce active secretion of HSP60.
In conclusion, an increased expression and release of several HSPs has been found in the circulation and
lungs of COPD patients. Although some studies only examined intracellular expression of HSPs, increased
expression may cause increased release upon accidental necrosis. Further studies are needed to determine if
HSPs may play a causal role in the cigarette smoke-induced neutrophilic airway inflammation and pathogenesis
of COPD.
S100 proteins
S100 proteins are a family of low-molecular weight calcium-binding proteins. To date, 25 members are known of
which S100A8, S100A9 and S100A12 have been recognized as DAMP. All S100 proteins can form non-covalent
homodimers and some, including S100A8/S100A9, can form heterodimers. Intracellularly, S100 dimers interact
with downstream effector molecules to regulate cell differentiation and growth, cell attachment, cell cycle
progression and cell motility.33 Furthermore, S100 proteins have anti-microbial properties. S100 proteins are
expressed in a wide range of cell types, with high constitutive expression of S100A8 and S100A9 in neutrophils,
their cytosolic content consists for ~45% of S100 proteins.34 S100 proteins can be passively released upon
accidental necrosis as well as actively secreted by a regulated but unconventional pathway without using a
leader sequence for secretion.35 Once in the ECS, S100 proteins can activate multiple receptors, including RAGE
and TLR4, both leading to NF-κB activation.36
Although still largely uncovered, some studies have indicated a role for S100 proteins and their receptor
RAGE in the pathophysiology of COPD. Mass spectrometry has revealed that levels of S100A8 and S100A9 are
increased in bronchoalveolar (BAL) fluid of COPD patients in comparison to control smokers and non-smokers.37
Later, a trend towards higher S100A12 levels was observed in sputum of COPD patients compared to healthy
controls, although the levels of S100A8 and S100A9 were not different between the groups in this study.38,39
Furthermore, a recent meta-analysis shows a 1.6 fold increase in S100A12 in serum of COPD patients compared
to healthy smokers and non-smokers.40 The discrepancy in results between studies can have multiple causes. For
instance, studies may differ in their technique to assess S100 proteins, their collection of lung specimen, or in
COPD population characteristics like smoking status and disease severity.
Additionally, studies were performed concerning the role of S100 receptor RAGE in COPD, showing an
increased expression of RAGE in lung mucosal cells, bronchial epithelial cells, airway smooth muscle cells
and lung macrophages of COPD patients compared to healthy controls.41 Additionally, RAGE expression was
increased in bronchial epithelial cells and airway smooth muscle cells from COPD patients compared to control
smokers.41 Other studies show that levels of soluble RAGE (sRAGE), which blocks binding of ligands to RAGE,
are reduced in plasma and BAL fluid of COPD patients compared to healthy controls.42,43,44 Furthermore, an
association has been shown of RAGE with lung function using a genome-wide association study and RAGE
has been proposed as susceptibility gene for COPD.45,46 The combined increase in S100 proteins and RAGE and
decrease in sRAGE highlights the importance of further studies on the involvement of the S100 - RAGE pathway
in the pathophysiology of COPD.
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Galectins
Galectins are β-Galactoside-binding lectins that have a variety of physiological functions in humans, including
the control of intracellular trafficking of glycoproteins.47 Yet, upon release from damaged or dead cells, galectins
exhibit a pro-inflammatory function, qualifying them as DAMPs.47 Most galectins are widely expressed in many
cell types, including structural and immune cells of the lungs.48 Galectins can be secreted both passively upon
accidental necrosis and actively by a leaderless secretory pathway similar to the secretion of HMGB1 and
S100 proteins.48 Galectin-1 and Galectin-3 are the most studied galectins and have the strongest reported
pro-inflammatory properties.48 The pro-inflammatory properties of galectin-3 include induction of oxidative
bursts in neutrophils, chemoattraction of monocytes, neutrophils and macrophages and the induction of IL-8
production by naïve and primed neutrophils.49,50 For Galectin-3 an increase in intracellular protein expression
has been observed in the small airways of COPD patients compared to control smokers and non-smokers,
while no significant difference was observed between non-smoking and smoking controls, suggesting that the
increase in Galectin-3 is specific for COPD.51 Unfortunately, to our knowledge no studies have been performed
studying the levels of Galectin-3 in lung fluids.
Similarly to Galectin-3, increased Galectin-1 protein expression has been observed in epithelial cells
of the small airways of control smokers in comparison to non-smokers and COPD patients, yet, the levels of
COPD patients were still significantly higher than the levels of non-smokers.51 However, the BAL levels of yet
another galectin, Galectin-9, were not different between COPD patients and healthy controls.52 Thus, specifically
Galectin-1 and 3 could contribute to the innate immune response involved in the pathogenesis of COPD,
although more research will be required to confirm this.
Anti-microbial peptides
Antimicrobial peptides derived from the airway epithelium protect the lungs against infections. Some of
these antimicrobial peptides can also function as DAMPs. The most well-known antimicrobial peptides with
DAMP properties are defensins and cathelicidins. α- and β-defensins are expressed in the human lungs and are
categorized by their molecular weight and the arrangement of their cysteine disulfide bonds.53 Defensins belong
to a family of small (3-6 kDa) proteins that share a characteristic β-sheet and six cysteine residues forming three
intra-chain disulfide bonds.54 Defensins may function as a DAMP by activating TLR4 downstream signaling.55,56
In addition, α-defensins 1-3 have chemotactic activity towards monocytes, naïve T-cells and immature dendritic
cells.54 Furthermore, α-defensins have been shown to activate the production of pro-inflammatory cytokines,
including IL-1α and TNF-α by monocytes, leading to the upregulation of adhesion molecules, including
ICAM-1, CD11b and CD11c by neutrophils.57,56 Human β-defensin 1-2 attract memory T-cells, especially of the
Th17 subtype, neutrophils and immature DCs by binding to the chemokine receptor CCR6.54,58 Furthermore,
β-defensins increase the expression of several pro-inflammatory cytokines and chemokines (e.g. CXCL5, IL-6,
IL-8, MCP-1 and GM-CSF) and induce necroptotic cell death.59
The concentrations of α-defensins 1-3 are higher in the sputum of COPD patients than in non-symptomatic
smokers and β-defensin-1 mRNA expression is significantly higher in bronchial epithelial cells of COPD patients
compared to healthy volunteers.60,61 Contradictory findings have been reported on β-defensin-2 levels in COPD
patients. Pace and co-workers showed an increased concentration of human β-defensin-2 in mini-BAL samples
of COPD patients compared to non-symptomatic smokers and healthy volunteers,62 whereas Tsoumakidou et al.
found no detectable levels of human β-defensin in BAL samples of COPD patients, while levels were detectable
in control smokers and non-smokers.63 Limited data is available from (pre)-clinical studies, where it has been
shown that the level of β-defensin-2 was increased after cigarette smoke exposure in rats, in a NF-κB dependent
fashion.64 Of note, COPD patients have a higher bacterial and viral load in their lungs compared to healthy
controls especially during exacerbations.65,66 Although it is possible that increased levels of defensins in COPD
patients are a consequence of this increased bacterial load, visa versa, the increased bacterial load could also be
consequence of an impaired antimicrobial response in COPD patients. Nevertheless, the increased β-defensin
levels in COPD do not support the latter and increased β-defensin release could exert a pro-inflammatory DAMP
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function, contributing to the disease pathogenesis.
In addition to defensins, cathelicidins are also antimicrobial peptides with DAMP properties. Cathelicidins
are characterized by a highly conserved pre- and pro-region, where the pre-region is located at the N-terminus
and the pro-region has a structure similar to the cathepsin-L-inhibitor cathalin. At the C-terminus, cathelicidins
are very variable. The C-terminus forms the mature peptide with the antimicrobial properties.67 LL-37/hCAP-18 is
the only cathelicidin that is known to be expressed in humans to date.68 LL-37 is expressed by various cell types,
including airway epithelial cells, macrophages, lymphocytes, neutrophils, natural killer cells, monocytes, B-cells
and mast cells.53 Airway epithelial cells are thought to secrete cathelicidins in the airway surface fluid, since LL37 is found in human BAL fluid and in supernatant of primary bronchial epithelial cell cultures.69,70 Cathelicidins
have a clear DAMP function, as they can provoke a pro-inflammatory response through TLR7, TLR9 and RAGE
activation, either alone or in complex with extracellular DNA.71,72,73 Furthermore, LL-37 has chemotactic activity
towards eosinophils and neutrophils, which is mediated via the formyl peptide receptor.74 LL-37 can also induce
necrosis upon stimulation in human airway epithelial cells, although this only occurs when concentrations
exceed a certain threshold, rendering the clinical relevance of this finding debatable.75 A dose-dependent
increase in IL-8 release and apoptosis has been observed in airway epithelial cells stimulated with recombinant
LL-37.76 Furthermore, CSE dose-dependently increased the protein expression of LL-37 in airway epithelial cells.76
Multiple studies show that the levels of LL-37 in sputum of COPD patients during exacerbations as well as in
stable disease are significantly higher compared to smoking and non-smoking controls.77,78,76 Importantly, this
increase in LL-37 levels is inversely correlated with lung function, although further research needs to elucidate
whether this is cause or consequence of COPD.78,76 No increase was found in serum of COPD patients compared
to smoking and non-smoking controls,76 indicating a local increase of LL-37 instead of a systemic increase.
Recently it was shown that LL-37 levels in BAL fluid and epithelial lining fluid (ELF) of early stage COPD (GOLD
stage I-II) patients were significantly increased compared to healthy controls. The same study showed that in
late stage COPD (GOLD stage III-IV) patients, BAL and ELF levels of LL-37 are significantly decreased compared to
healthy controls.79 Interestingly, it has been shown that LL-37 can bind extracellular DNA and facilitate binding
of DNA to TLR9 inducing a pro-inflammatory response.72 Thus, LL-37 has properties that may be relevant in COPD
pathogenesis and higher levels have been observed in extracellular fluids of COPD patients, although it needs to
be established whether increased LL-37 levels actually lead to increased airway inflammation in COPD.
DAMPS DERIVED FROM SUBCELLULAR ORGANELLES
HMGB1
One of the most extensively studied DAMPs is HMGB1, a 215 amino acid non-histone molecule that is normally
resident in the cell nucleus, where it binds DNA to facilitate the assembly of nucleoprotein complexes.80
HMGB1 can exert pro-inflammatory functions when it resides in the ECS.81 This occurs either when HMGB1
is released actively by a non-conventional secretory mechanism upon stimulation with pro-inflammatory
mediators (e.g. LPS, pro-inflammatory cytokines, nitric oxide) or passively upon necrosis.82 During apoptosis and
secondary necrosis, HMGB1 cannot be released due to its irreversible binding to chromatin which undergoes
structural modifications upon apoptosis.80 This can result from post-translational modifications, including
histone acetylation and DNA methylation.83 When HMGB1 is secreted, either passively or actively, it has been
demonstrated to bind to different PRRs, including TLR2, TLR4 and RAGE.84,85 TLR9 is also mentioned as a receptor
for HMGB1, although this is controversial,86 as HMGB1 readily forms complexes with various molecules including
DNA, a known TLR9 ligand, indirect binding of HMGB1 to TLR9 cannot be ruled out.87,88 Moreover, HMGB1 exerts
direct chemotactic activity towards monocytes, macrophages, neutrophils and dendritic cells.89 Furthermore
HMGB1 can promote the activation, migration and maturation of dendritic cells.90,91 However, there is debate
about the direct immunostimulatory properties of HMGB1, as some studies show that highly purified HMGB1
does not exert pro-inflammatory properties itself,92 but that the pro-inflammatory properties are caused by
formation of complexes of HMGB1 with DNA, lipids, LPS or cytokines.93,91 These complexes are possibly highly
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inflammatory and may stimulate cytokine production via binding of TLRs or IL-1R. The fact that other studies
have shown an immunostimulatory effect of purified HMGB1 may be explained by LPS contamination.93 Another
reason for discrepancies in the results could be that the redox state of HMGB1 was not taken into account, which
is important for the regulation of its functions. When the three cysteine residues (C23, C45 and C106) of HMGB1
are all in a reduced form, HMGB1 has chemotactic but no immunostimulatory properties, while HMGB1 has no
chemotactic or immunostimulatory activities at all when all three cysteine residues are present in their oxidized
form.94 Finally, when C106 is reduced, while C23 and C45 form an intermolecular disulfide-bond, HMGB1 has
immunostimulatory properties.91 In this intermediate state it will bind RAGE and the TLR2/4 receptors, leading to
activation of the NF-κB pathway and subsequent secretion of pro-inflammatory cytokines.94
Some interesting studies have been performed in the past few years to investigate the role of HMGB1 in
cigarette smoke-induced inflammation and COPD. Ferhani et al. were the first to show elevated levels of HMGB1
in BAL fluid of current smoking COPD patients compared to smokers without COPD and non-smokers.41 This
up-regulation was positively correlated with IL-1β levels and negatively correlated with the Forced Expiratory
Volume (FEV1%), the most important parameter for the severity of COPD. Later, it was shown that levels of HMGB1
are also higher in sputum and serum of GOLD stage II, III and IV COPD patients compared to healthy controls and
in ELF derived from the peripheral airways of COPD patients compared to control smokers and non-smokers.95,96
Altogether, these data suggest that HMGB1 levels in the ECS are increased in COPD patients compared to control
individuals, however, it is at present unclear if this is the result of necrotic cell death and subsequent release
or active production and/or secretion. Moreover, it is currently unknown if the release of HMGB1 is a direct
consequence of smoking or whether it is related to the underlying inflammatory process in COPD, since HMGB1
levels are also increased in other unrelated chronic inflammatory diseases such as rheumatoid arthritis, systemic
lupus erythematosus, scleroderma and pulmonary fibrosis.80
In C57BL/6 mice chronic cigarette smoke exposure (12 cigarettes per day, 60 days) was shown to induce
an up-regulation of HMGB1 protein expression in the lungs.97 Additionally, the amount of HMGB1 was shown
to increase in the serum of rats after sub-chronic cigarette smoke exposure (8 cigarettes per day, 4 weeks, 5
days per week),98 together indicating that cigarette smoke-exposure alone is sufficient to induce increased
extracellular HMGB1 levels. For future studies it is important to assess the role of cigarette smoke-exposure in
increased HMGB1 levels in extracellular fluids of COPD patients. Furthermore, the redox state of extracellular
HMGB1 is important to determine as different redox forms have different functions.
Calreticulin
Another well-known DAMP is Calreticulin99, a 46-kDa Ca2+-binding chaperone molecule that usually resides in
the lumen of the ER. CRT is translocated from the lumen of the ER to the cell membrane during immunogenic
apoptotic cell death.100,21,101 When CRT is expressed at the outer surface of the cell membrane it serves as an ‘eat
me’ signal, being an essential recognition signal for phagocytosis.102 Exposure of CRT at the cell surface is a result
of activation of ER stress pathways.100 ER stress is an imbalance between ER protein folding load and capacity,
and severe ER stress can result in the activation of pro-apoptotic signaling pathways.21 ER stress is induced in
bronchial epithelial cells upon cigarette smoke-exposure,103,104 and an exaggerated ER stress response was found
in the lungs of COPD patients, potentially leading to the release of CRT.105,106
Very limited data are available on the role of CRT as a DAMP in the pathophysiology of COPD. It has been
shown that CRT protein expression is significantly up-regulated in CSE-treated human bronchial epithelial 16-HBE
cells.107 Furthermore, the expression of CRT is up-regulated in lung tissue lysates of smokers in comparison with
non-smokers and ex-smokers, which may serve as a regulatory mechanism to cope with misfolded proteins.107
Although CRT release has to our knowledge not been determined in COPD patients, increased protein expression
may lead to increased levels upon immunogenic cell death and trigger inflammatory responses contributing to
the development of COPD.102
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DAMPS DERIVED FROM THE MITOCHONDRION
mtDNA
Besides DAMPs derived from the cytoplasm, nucleus or ER recent data show that mitochondria are also an
important source for DAMPs, the so-called mitochondrial DAMPs (mtDAMPs).108 This is a group of DAMPs that
is currently known to exist of mitochondrial DNA (mtDNA), N-formylated peptides (NFPs), ATP and Carbamoyl
phosphate synthetase-1 (CPS-1).108 The concept that mitochondria are a rich source of DAMPs derives from the
endosymbiont hypothesis, which states that mitochondria originate from protobacteria that have committed
an endosymbiotic relationship with ancestral, phagocytic, unicellular anaerobes more than a billion years ago.109
Mitochondria still possess morphological and biochemical features of their prokaryotic ancestors, which may
explain why many of their molecular patterns are recognized by PRRs.108 MtDNA contains more unmethylated CpG
motifs than genomic DNA.110 These unmethylated CpG motifs are responsible for the immunogenic properties
of mtDNA, acting on TLR9.111 As for genomic DNA, mtDNA readily forms complexes with other DAMPs, including
HMGB1 and LL37, which increases its immunostimulatory effects by facilitating uptake via RAGE after which it
can bind to intracellular DNA sensors, including TLR9.72 The role of mtDNA in COPD remains to be elucidated,
although it has been shown that mice develop rapid inflammation in the lungs when mitochondrial lysates are
intravenously injected.112 This suggests a potential role of mtDAMPs in the pathophysiology of neutrophilic lung
inflammation and COPD, although levels in extracellular lung fluids have not been studied.
N-formylated peptides
The protein synthesis process of mitochondria resembles that of prokaryotes. Unlike eukaryotes, where protein
synthesis is initiated by a non-formylated methionine residue, mitochondria and prokaryotes initiate protein
synthesis by N-formylmethionine, creating N-formylated peptides or NFPs. Already in 1972 it has been shown
that NFPs derived from bacteria are very potent chemo-attractants for neutrophils,113,114 and in 1982 it was shown
that NFPs derived from mitochondria also have this activity.115 NFPs are recognized by high-affinity formylpeptide receptors (FPRs), which are G-coupled receptors expressed by numerous cells, including neutrophils,
monocytes, dendritic cells, hepatocytes and endothelial cells.116 There are three human FPR receptors, FPR1,
FPR2 and FPR3.117 NFPs can activate neutrophils by binding FPR1, leading to the release of pro-inflammatory
signals like MMP-8 and IL-8.118 NFPs released from necrotic cells have been shown to attract neutrophils to the
site of injury causing sterile inflammation.119
Although at present no studies have been performed investigating the role of NFPs as DAMPs in COPD
patients, studies performed in mice indicate a critical role for NFP in cigarette smoke-induced lung inflammation
and emphysema. Intratracheal application of fMLP, a synthetic FRP ligand, leads to increased inflammation, as
shown by increased IL-13 staining, as well as emphysema and goblet cell metaplasia, characteristics of COPD.120
Importantly, it was recently shown that genetic ablation of the fpr1 gene, encoding for the mouse homologue
of the FPR1 receptor, provides protection against cigarette smoke induced emphysema in mice.121 In addition, a
deficiency for fpr1 in mice resulted in a strong decrease in lung infiltration of neutrophils and macrophages after
exposure to cigarette smoke.121 This effect could also be achieved by using a FPR1 or FPR1/2 antagonist.121 Taken
together, these data strongly suggest that NFP release upon cigarette smoke activates FRP1 leading to lung
inflammation and emphysema. In line with the previous study, suggesting a role for NFPs in COPD, increased
expression of FPR receptors on peripheral neutrophils has been observed in COPD patients and smoking
controls, compared to non-smoking controls, reflecting a smoking-related, thus not disease-related, effect.122
ATP
Adenosine 5’-triphosphate (ATP), a molecule that belongs to the purine family, is critical for transport of chemical
energy within a cell, while it also has many signaling functions. ATP can be released into the ECS both actively and
passively upon apoptotic and (secondary) necrotic cell death, where it can function as DAMP.123 ATP is produced
in the mitochondrion but can be released from multiple subcellular compartments, including the cytoplasm,
ER and the mitochondrion. Extracellular ATP can activate purinergic receptors, which consists of two classes:

28

| DAMPs activating innate and adaptive immune responses in COPD

the G-coupled protein P2Y class and the cation-permeable ligand gated ion channel P2X class of receptors.124
Activation of P2Y receptors induces recruitment of neutrophils, macrophages and dendritic cells to the side of
injury.125,126 On the other hand, binding to P2X7 receptor leads to NLR-family pyrin domain containing 3 (NLRP3)
inflammasome activation and subsequent release of the pro-inflammatory cytokine IL-1β from innate immune
cells, such as macrophages and dendritic cells.127 A role of extracellular ATP in COPD pathogenesis has been
proposed, based on experimental animal models.128,126 Balb/c mice exposed to cigarette smoke for three months
showed increased ATP in BAL fluid compared to air exposed control mice.128 Furthermore, CSE induces the
release of ATP in human neutrophils.128 This increase in ATP may initiate release of IL-8 and elastase by immune
cells. The role of ATP in the pathogenesis of COPD was further confirmed by the observation that ATP levels were
increased in BAL fluid of COPD patients.126 Moreover, higher ATP levels have been observed in current and exsmoking COPD patients, compared to both smoking and non-smoking controls, while levels were also increased
in smokers compared to non-smokers.126 Importantly, this increase in ATP was negatively correlated with the
FEV1%. Furthermore, acute smoke exposure (8 cigarettes in 4 hours) has been shown to induce an immediate
increase of ATP in BAL fluid of healthy controls, indicating a direct effect of smoking on BAL ATP levels. Since
ATP levels in BAL of COPD patients were even higher, there may be an additional disease-related effect.126 The
same study also showed that in current smoking and ex-smoking COPD patients, the expression of P2Y2 and
P2X7 receptors on blood neutrophils and macrophages is higher than in smoking and non-smoking controls.
The role of purinergic receptors in smoke-induced lung inflammation was supported by in vivo mice studies
showing an up-regulation of P2X7 and P2Y2 receptors on neutrophils, macrophages and lung tissue in mice
after short-term smoke exposure.129,130 When either one of these receptors was knocked-out, less inflammation
and emphysema was observed in lungs of mice after smoke exposure.129,130 Furthermore, P2Y2R knock-out mice
showed attenuated inflammation in the lungs after acute cigarette smoke exposure compared to C57Bl/6J wild
type mice.130 Together, these studies suggest that there may be a role for ATP in the pathogenesis of COPD, both
with respect to neutrophilic airway inflammation and emphysema.
Besides the mtDAMPs discussed above, additional mtDAMPs may exist, e.g. carbamoyl phosphate
synthetase-1108 and cardiolipin131. To date there is little evidence indicating a role in COPD, although it has
previously been shown that BAL levels of cardiolipin are significantly higher in COPD patients than in nonsmoking controls.132 Further research needs to clarify whether all or specific mtDAMPs are increased in lungs of
COPD patients and whether they play a role in disease pathogenesis.
DAMPs derived from the ECM
Recently, the awareness has arisen that not only intracellular molecules, but also molecules from the ECM
can activate the immune system in response to danger when released from the ECM upon cleavage by
metalloproteases.133,27 As this review focuses on cellular derived DAMPs, we will not extensively discuss ECM
DAMPs, although there is some evidence that ECM DAMPs are involved in COPD pathogenesis. Increased protein
expression of versican134,135,136 and fibronectin,137,138 has been observed in lungs of COPD patients, whereas for
other ECM DAMPs, e.g. low molecular weight (lmw)-hyaluronan,139,140 higher levels of pro-inflammatory breakdown products have been found in BAL fluid of COPD patients. (See table 1) These DAMPs may play a role in the
pathogenesis of COPD, since most of these DAMPs can activate TLR2 and TLR4 downstream NF-κB pathways,
thereby inducing or maintaining pro-inflammatory activation of the innate immune system.8
CONCLUDING REMARKS
In this review, various relevant DAMPs and their potential roles in COPD pathogenesis are discussed. Since the
proposal of the danger hypothesis by Matzinger in 1994, many danger signals have been discovered, several
of which may have a pathogenic role in COPD.11 Increasing numbers of publications have studied the presence
of DAMPs in extracellular lung fluids, including BAL, ELF and sputum. Higher levels of HMGB1, S100A8/A9,
lmw-Hyaluronan, ATP and β-defensin have been observed in BAL fluid of COPD patients compared to controls,
providing possible biomarkers for the detection of COPD at early disease state. (See table 1) To date, no studies
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Table 1: DAMPs and their levels in COPD patients.
DAMP group

Receptor(s)

DAMP

Effect

Biological Sample

References

HSPs

TLR2, TLR4

HSP60
HSP70/90/27
HSP10/27/40

↑ NSC
↑ NSC
↑ SC/NSC

Bronchial biopsies
Serum
Protein expression in bronchial
epithelial cells

31
30
30

S100 Proteins

RAGE, TLR4

S100A8/A9
S100A12

↑ SC/NSC
↑ SC/NSC

BAL
Serum

37
40

Galectins

Β-Galactose containing
receptors

Galectin-3
Galectin-1

↑ SC/NSC
↑ NSC

Expression in small airways
Expression in epithelial cells of small
airways

51
51

Defensins

TLR2, TLR4

α-Defensin 1-3
β-Defensin 1

↑ SC
↑ NSC

60
61

β-Defensin 2

↑ SC/NSC

Sputum
Expression in bronchial epithelial cells
Mini-BAL

Cathelicidins

TLR7, TLR9, RAGE

LL-37

↑ SC/NSC
↑ HV
↑ HV

Sputum
ELF
BAL

76, 77, 78
79
79

HMGB1

TLR2, TLR4, RAGE

↑ SC/NSC
↑ HV
↑ HV
↑ SC/NSC

BAL
Sputum
Serum
ELF

41
95
95
96

Versican

TLR2

↑ HV
↓ HV
↑ NSC

Expression in alveolar walls
Expression alveolar walls
Production by isolated fibroblasts

134
135
136

Fibronectin

TLR4

↑ SC/NSC

Isolated fibroblast supernatant
Expression in bronchial lung tissue

137

Hyaluronan

TLR2, TLR4, NLRP3

↑ HV

Subgroup with high levels in sputum

139

ATP

P2X, P2Y receptors

↑ SC/NSC

BAL

126

↑ HV

62

138

Effect in (ex)-smoking COPD patients compared to NSC, Non-Smoking Controls; SC, Smoking Controls; HV,
Healthy Volunteers with unknown smoking status. HSPs, Heat Shock proteins; TLRs, Toll-Like Receptors; RAGE,
Receptor for Advanced Glycation End products; BAL, Bronchoalveolar Lavage; ELF, Epithelial Lining Fluid; HMGB1,
High-Mobility Group Box-1; NLRP3, NLR-family Pyrin domain containing 3; ATP, Adenosine 5’-triphosphate.
have been performed to assess a larger set of DAMPs in order to identify the DAMP signature in COPD patients.
This could be of interest considering that not all DAMPs are equally increased in lung tissue and/or released
in the ECS of COPD patients. Furthermore, it is currently unknown what the contribution of individual DAMPs
is in the progression of COPD, and whether all DAMPs have similar effects, whether specific DAMPs are more
pathogenic than others or whether simultaneous release of multiple DAMPs is required to drive innate and
adaptive immune responses in COPD. The latter can be examined by intervention studies both in vitro and in
pre-clinical in vivo models. After identifying the DAMP signature in lungs of COPD patients, the next step will
be to interfere with the immune stimulatory effect of DAMPs and to assess whether this will attenuate chronic
lung inflammation. The immunologic effects of DAMPs can be inhibited by the use of neutralizing peptides
or antibodies to specific DAMPs, preventing their binding to PRRs. Another possibility is to inhibit the release
of DAMPs by inhibiting immunogenic cell death. This can be done by: promoting damaged cells to go into
non-immunogenic apoptosis instead of necrosis or necroptosis, since apoptosis does not lead to release of
immunogenic DAMPs,19,99 by inhibiting necroptosis141 or by initiating more efficient phagocytosis.15 Furthermore,
DAMP mediated inflammation can be reduced by inhibition of specific PRRs, thereby disabling specific DAMPs
to exert their functions. It has already been shown that TLR4, fpr1 and P2Y2R knock-out mice have attenuated
inflammation in the lungs after acute cigarette smoke exposure.130,142,121 However, an even stronger reduction
in inflammation was observed after acute cigarette smoke exposure when multiple PRRs were inhibited
simultaneously by knocking out MyD88, a crucial signaling adaptor molecule for most TLRs.142 Nevertheless, this
decrease in inflammation was only seen after acute and not after prolonged cigarette smoke exposure, when the
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adaptive immune reaction is thought to crucially contribute to COPD pathogenesis.143
To the best of our knowledge, targeting DAMPs or their signaling pathways in COPD patients have not yet
been performed. More research into the critical forms of cell-death and DAMP signatures in COPD patients as
well as the critical down-stream PRRs may open new avenues for therapeutic intervention in this chronic disease
for which current medication is lacking.
In conclusion, multiple studies have shown that the levels of specific DAMPs are higher in BAL fluid of COPD
patients compared to healthy individuals and there is suggestive evidence for a role in the initiation of chronic
airway inflammation in COPD. Thus, DAMPs may provide potential therapeutic targets to reduce the chronic
inflammation in lungs of COPD patients as well as potential biomarkers for the detection of COPD at an early
disease state.
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ABSTRACT
Recent data indicate a role for airway epithelial necroptosis, a regulated form of necrosis, and the associated
release of damage associated molecular patterns (DAMPs) in the development of COPD. DAMPs can activate
pattern recognition receptors (PRRs), triggering innate immune responses. We hypothesized that cigarette
smoke (CS)-induced epithelial necroptosis and DAMP release initiate airway inflammation in COPD.
Human bronchial epithelial BEAS-2B cells were exposed to CS-extract (CSE) and necrotic cell death
(membrane integrity by PI staining) and DAMP release (i.e. dsDNA, HMGB1, HSP70, mtDNA, ATP) were analyzed.
Subsequently, BEAS-2B cells were exposed to DAMP-containing supernatant of CS-induced necrotic cells and
the release of pro-inflammatory mediators (CXCL-8, IL-6) was evaluated. Further, mice were exposed to CS in
the presence and absence of necroptosis inhibitor Necrostatin-1 and levels of DAMPs and inflammatory cell
numbers were determined in bronchoalveolar lavage fluid.
CSE induced a significant increase in the percentage of necrotic cells and DAMP release in BEAS-2B cells.
Stimulation of BEAS-2B cells with supernatant of CS-induced necrotic cells induced a significant increase in the
release of CXCL8 and IL-6, in a MyD88 dependent fashion. In mice, exposure of CS increased the levels of DAMPs
and numbers of neutrophils in BAL fluid, which was statistically reduced upon treatment with Necrostatin-1.
Together, we showed that CS exposure induces necrosis of bronchial epithelial cells and subsequent DAMP
release in vitro, inducing the production of pro-inflammatory cytokines. In vivo, CS exposure induces neutrophilic
airway inflammation that is sensitive to necroptosis inhibition.
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INTRODUCTION
Chronic Obstructive Pulmonary Disease (COPD) is a major cause of morbidity and mortality worldwide and
is characterized by irreversible airway obstruction, accelerated lung function decline and a heterologous
combination of bronchitis and emphysema.12 The pathogenesis of COPD involves an uncontrolled inflammatory
response to noxious particles and gases, including cigarette smoke (CS).10 COPD patients show chronic
neutrophilic inflammation in the airways, which is accompanied by aberrant tissue repair and remodeling.39,6,38
However, little is known about the initial events in CS-induced airway inflammation that set off the cascade of
events inducing chronic inflammation.5 Susceptibility to COPD has a strong genetic component, and only 1020% of all smoking individuals eventually develop COPD.28 Multiple susceptibility genes for COPD have recently
been identified, including AGER encoding the RAGE receptor, TLR2 and TLR4,29,2,3 providing information on the
pathways involved in CS-induced airway inflammation. These data indicate that pattern recognition receptors
(PRRs) have a relevant role in the pathophysiology of COPD. Upon activation of PRRs by pathogen- or damage
associated molecular patterns (PAMPs and DAMPs, respectively) pro-inflammatory responses are induced in
innate immune cells.
The airway epithelial layer forms the first physical barrier to inhaled noxious substances and therefore,
epithelial cells play an important regulatory role in the induction of subsequent pro-inflammatory responses.16
Previously, we have shown that exposure of airway epithelial cells to CS causes cell death in vitro,34 and is associated
with a switch from apoptotic to necrotic cell death, mainly due to the inhibition of caspase activity.37,42,15 Upon
necrotic cell death DAMPs are released,14 including ATP, HMGB1, HSP70, dsDNA and S100 proteins,44 which all
trigger inflammation, whereas upon apoptotic cell death no DAMPs are released and no inflammatory reaction
is initiated and even tolerance can be promoted.33,35,13 However, recently it has been shown that certain types
of cellular stresses can also induce a programmed form of necrosis, called necroptosis. Necroptosis is initiated
by the activation of receptor-interacting protein kinase-1 (RIPK1), RIPK3 and MLKL leading to loss of cellular
integrity and release of cytoplasmic contents and DAMPs.40,14,22 Interestingly, necroptosis was recently shown to
potentially contribute to the pathogenesis of COPD, through activation of RIPK3 and the autophagy-dependent
elimination of mitochondria induced by CS exposure of airway epithelial cells.18 DAMP release upon necrosis
and/or necroptosis and the subsequent activation of PRRs on lung resident cells have been proposed to
initiate and maintain the chronic airway inflammation observed in COPD.25 In support of this, several DAMPs
have been found elevated in lung fluid and serum of COPD patients compared to smoking and non-smoking
healthy controls,25 and several DAMPs were found increased in serum of COPD patients during exacerbations
compared to stable disease.24 Nevertheless, it is still unknown whether exposure of airway epithelial cells to CS
induces DAMP release and whether this contributes to innate immune activation in vivo. Recently, we showed
that susceptibility for CS-induced neutrophilic airway inflammation was associated with the release of a specific
DAMP profile in bronchoalveolar lavage (BAL) of inbred mouse strains.26 Therefore, we hypothesized that CSinduced necrotic or necroptotic cell death of airway epithelial cells results in DAMP release, activation of PRRs and
initiation of neutrophilic airway inflammation. We tested this by in vitro and in vivo approaches and demonstrate
that CS exposure induces necrotic cell death and DAMP release in bronchial epithelial cells. This leads to the
production of the neutrophil attractant CXCL8 in vitro, while the use of a RIPK1 inhibitor demonstrates the
involvement of necroptosis in DAMP release and neutrophilic airway inflammation in vivo.
MATERIALS AND METHODS
Cell culture
The human bronchial epithelial cell line BEAS-2B was purchased from American Type Culture Collection
(ATCC, Manassas, VA). Cells were cultured in RPMI-1640 growth medium (BioWhittaker, Verviers, Belgium)
supplemented with 10% heat-inactivated fetal calf serum (BioWhittaker) and 100 U/mL penicillin, 100 µl/mL
streptomycin (Penstrep; BioWhittaker). Cells were grown onto 6 well, 24 well and 75 cm2 plastic culture flasks
(Costar, Cambridge, MA) coated with 10 μg/ml BSA (Sigma-Aldrich Chemie, Zwijndrecht, The Netherlands) and
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30 μg/ml Purecol collagen (Purecol, Advanced BioMatrix Inc, San Diego, CA, USA) at 37°C in an atmosphere of
5% CO2 until 90% confluency was reached and then passaged. Before experiments were performed, cells were
incubated for 16 hours in serum free RPMI-1640 medium. Fresh cigarette smoke extract (CSE) was prepared
just prior to experiments using Kentucky 3R4F research reference cigarettes with cut filters (Tobacco Research
Institute, University of Kentucky, Lexington, KY, USA). Smoke from two cigarettes was bubbled through 25 ml
RPMI-1640 medium using a peristaltic pump and this was considered as 100% CSE for in vitro experiments.
Ethical statement
Mouse experiments were performed after ethical review by, approval from and in accordance to the guidelines
of the Institutional Animal Care and Use Committee (IACUC) at the University of Groningen (Permit number:
6018).
Animals
Specified pathogen-free female BALB\cByJ mice (8 weeks old) were obtained from Charles River (Wilmington,
Massachusetts). Mice were housed in individually ventilated cages with food and water ad libitum.
For in vivo smoke experiments, each Kentucky 3R4F research reference cigarette (Tobacco Research Institute,
University of Kentucky, Lexington, KY, USA) was smoked in five minutes at a rate of 5 L/hr in a ratio with 60 L/hr air
using whole body exposure as described previously.26 Mice were placed inside a 6-liter Perspex box and exposed
to smoke from 10 cigarettes per session. Six hours after the first smoking session mice received another exposure
of 10 cigarettes. Two, six and eighteen hours after the final smoking session, mice were euthanized and BAL fluid
was collected. Control mice were exposed to air with similar conditions.
Necrostatin-1 (6.25 μg/g, i.p.) (Bachem, Bubendorf, Switzerland) was administered 24 h before the CS
exposure. A second dose of Necrostatin-1 was administered one hour before the first CS exposure. Control
animals were injected with an identical volume of dimethyl sulfoxide (DMSO) dissolved in saline (Sigma-Aldrich).
Mice were exposed to CS or ambient air as before, and sacrificed eighteen hours after the final smoking session.
DAMP release by sonication or freeze thawing
BEAS-2B cells were suspended in 1 ml of RPMI-1640 medium (0.75 x 106 cell/ml) and lysed by sonication using a
Bandelin Sonoplus HD2070 Sonifier (Bandelin electronic, Berlin, Germany) set to 70% power. The sonication was
performed in 3 treatments of 10 seconds each, while the cells were cooled on ice. Cell debris was pelleted by
centrifugation for 5 minutes at 3000g and the DAMP containing supernatant was collected. Freeze thawing was
performed in 6 well culture plates (Costar, Cambridge, MA) containing 0.75 x 106 cell / well, which were placed
at -80 °C for one hour, before being thawed at room temperature. Medium from thawed cells was collected and
centrifuged for 5 minutes at 3000g and the DAMP containing supernatant was stored at -80 ºC.
DAMP release by CSE exposure
BEAS-2B cells were grown in 75 cm2 plastic culture flasks. Cells were pre-incubated for 6 hour with 35% CSE.
Afterwards, the CSE-containing medium was removed and cells were washed with PBS and incubated for 18
hours in 5 ml of fresh RPMI-1640 medium. The supernatant was centrifuged for 5 minutes at 3000g and the
DAMP containing supernatant was collected. PI staining was used to confirm CS-induced cell death.
Flow cytometric analysis of cell death
Plasma membrane disruption was measured by propidium iodide (PI) staining according to the manufacturer’s
instructions (IQ Products, Groningen, The Netherlands). Cells were analyzed by flow cytometry (Calibur, Becton
Dickinson Medical Systems, Heidelberg, Germany).
Detection of DAMPs in BEAS-2B cell free supernatant
In supernatant of untreated, freeze/thawed, sonicated and CSE-exposed cells the several DAMPs were measured.
HMGB1 was measured using a commercially available enzyme-linked immunosorbent assay (ELISA) kit for
HMGB1 (IBL International GMBH, Hamburg, Germany). HSP70 was analyzed by western blotting in cell-free
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supernatant of BEAS-2B cells and by ELISA in mouse samples. Supernatants were suspended in 5 x sample buffer.
The samples were loaded on SDS 10% PAGE gel and blotted to a Nitrocellulose membrane (0.2 μm by Bio-Rad,
Veenendaal, The Netherlands). Immunodetection was performed using an antibody against HSP70 (Santa Cruz
Biotechnology, Santa Cruz , USA) using enhanced chemiluminescence and a Bio-Rad Universal Hood II Gel Docking
Station (Bio-Rad, Veenendaal, The Netherlands). PCR reactions were performed to detect mtDNA. Primer pairs
for mtDNA were obtained from Biolegio BV (Malden, The Netherlands): 5’CCCCACAAACCCCATTACTAAACCCA3’
sense and 5’TTTCATCATGCGGAGATGTTGGATGG3’ antisense. The PCR reaction occurred in a Bio-Rad iCycler (BioRad), initial denaturation at 94°C for 2 minutes during one cycle, denaturation at 94°C for 30 seconds, annealing
at 58°C for 30 seconds and extension at 72°C for 45 seconds all during 30 cycles; final extension at 72°C for 7
minutes during one cycle. PCR products were put for 45 minutes on a standard 1,5% agarose gel at 100V. ATP
levels were measured using the Enliten® ATP assay from Promega (Leiden, the Netherlands) and a microplate
luminometer (Berthold microplate Luminometer). Release of dsDNA in the supernatant was analyzed using the
Quant-iT Picogreen assay from Invitrogen (Invitrogen, Breda, The Netherlands) and a FL600 fluorescence plate
reader (Bio-Tek instruments, The Netherlands) with an wavelength of 485 nm through a 590 nm band-pass filter.
Initiation of an innate immune response in human bronchial epithelial cells
BEAS-2B cells were cultured in 24 well plates. After starvation, cells were stimulated for 24h with CSE-free DAMP
containing supernatants from CSE-exposed cells. Supernatants of healthy, freeze/thawed and sonicated cells
were used as control. At the end of the incubation period, supernatant was collected. IL6 and IL8 were measured
in cell-free supernatant, using ELISA (Sanquin, Amsterdam, The Netherlands), according to the manufacturer’s
instructions.
Blocking Toll-like receptor pathways using a MyD88 inhibitor
Healthy BEAS-2B cells were cultured in 24 well plates. After starvation, cells were treated with or without MyD88
inhibitory peptide Pepinh-MYD (20 μM, InvivoGen, San Diego, USA) for 6h prior to adding the DAMP containing
supernatants from sonicated and CSE-exposed cells. At the end of the 24h incubation period, supernatant was
centrifuged for 5 minutes at 1000g and the cell free supernatant was collected. IL8 was measured in cell-free
supernatant, using ELISA, according to the manufacturer’s instructions.
Bronchoalveolar lavage and cell differentiation
BAL was performed immediately after mice were anesthetized. In short, the airways were lavaged 4 times
through a tracheal cannula with 1 ml aliquots of pyrogen-free saline. The first lavage was performed with 1 ml
saline containing BSA (5%) and protease inhibitors (Complete mini tablet (Roche Diagnostics GMbH, Penzberg,
Germany) of which the supernatant was stored at -80 °C. Recovered BAL fluid of the second, third and fourth
milliliter was pooled together with the cell pellet of the first BAL aliquot. The cells in these fractions were
pelleted (590 x g, 4°C, 10 min) and resuspended in 0.2 ml cold PBS. The total number of cells in the BAL fluid was
determined using a Coulter counter (Z1™ Series, Beckman Coulter Nederland BV). For differential cell counts,
cytospin preparations were made using a cytocentrifuge (Shandon Life Science, Cheshire, UK). Cells were fixed
and stained with Diff-Quick (Dade A. G., Dudingen, Switzerland). All cytospin preparations were evaluated using
immersion-oil microscopy (magnification: 400x). Cells were identified and differentiated into mononuclear cells,
neutrophils and epithelial cells by standard morphology and staining characteristics. Per cytospin, 300 cells were
counted, and the absolute number of each cell type was calculated.
Detection of DAMPs in bronchoalveolar lavage fluid
Levels of HSP70 were measured by sandwich ELISA according to the manufacturer’s protocol (R&D systems,
Minneapolis, USA). Levels of S100A8 were measured by sandwich ELISA according to the manufacturer’s
protocol (Uscn Life Science, Wuhan, China). Quantitative PCR reactions were performed to detect mouse
mtDNA in the BAL. Primer pairs for mouse mtDNA were obtained from Invitrogen (Breda, The Netherlands):
5’ATGAACGGCTAAACGAGGG3’ sense and 5’CCAACATCGAGGTCGTAAAC3’ antisense. The quantitative PCR
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reaction occurred in a Bio-Rad iQ5 system (Bio-Rad); initial denaturation at 95°C for 5 minutes during one cycle;
denaturation at 95°C for 10 seconds, annealing and extension at 58°C for 30 seconds during 40 cycles. The iQ5 Ctvalues and amplification data were analyzed using the Bio-Rad iQ5 optical system software, version 2.1. Relative
mtDNA expression was calculated as the difference between the Ct values, determined using the equation 2-ΔCt.
Detection of inflammatory markers in bronchoalveolar lavage
Levels of MPO were measured by sandwich ELISA according to the manufacturer’s protocol (Hycult biotech,
Uden, The Netherlands). The levels of KC and MIP2 were measured in BAL fluid using Luminex according to the
manufacturer’s protocol (LXSAMS-04 R&D Systems, Minneapolis, USA).
Statistics
In all cell line experiments significance was tested using a one-way ANOVA with Dunnett post-hoc analysis. In in
vivo experiments significance was tested using a Mann-Whitney U test. All in vitro data is shown as mean ±SEM
and all in vivo data is shown as median and single measurements.
RESULTS
CS exposure induces necroptotic cell death in cultured bronchial epithelial cells
We first assessed whether CS exposure induces necrotic cell death in human bronchial epithelial cells. Exposure
of BEAS-2B cells to an optimized concentration of 35% CSE for 6 hours followed by 18 hours of incubation in
CSE-free medium resulted in loss of cell membrane integrity, as shown by positivity for Propidium Iodide (PI)staining in 34.3 ± 5.8% of CSE-exposed cells compared to 3.7 ± 0.3% in untreated cells, while 99.9 ± 0.1% of
BEAS-2B cells treated by freezing and thawing (as a positive control) showed loss of membrane integrity (Figure
1A). To distinguish between necrotic and apoptotic cell death, we determined activity of caspases-3, -7 and
-8,37 and observed that CSE exposure decreased activity of caspase-3 and caspase-7, which was even more
pronounced upon the induction of apoptosis using Staurosporin (Figure 1B). This indicates that the observed
loss of membrane integrity is not associated with execution of apoptosis. In addition, we observed that CSE
inhibits caspase-8 activity, suggestive for the induction of necroptosis (Figure 1C).14 The necroptosis inhibitor
Necrostatin-1 inhibits the CSE-induced decrease in cell viability, (Figure 1D) and the CSE-induced increase in
extracellular dsDNA release, (Figure 1E) indicating that CSE induces cell death in a necroptotic fashion. Together,
these data confirm previous studies by us and others,11 that CSE induces necrotic and/or necroptotic cell death
in human bronchial epithelial cells in vitro.
CS-induced necrosis results in the release of DAMPs
To test whether CS-induced necroptotic cell death is associated with DAMP release, we assessed the levels of
several DAMPs in supernatant of BEAS-2B cells exposed to CSE, using BEAS-2B cells forced into necrosis by
sonication or freeze-thawing as positive controls. Upon exposure of BEAS-2B cells to CSE a significant increase
in several DAMPs, i.e. dsDNA, HMGB1, HSP70 and mtDNA release was observed (Figure 2A-D). Strikingly, HSP70
levels were significantly higher in the supernatant of CSE-exposed cells compared to those of the positive
controls, suggesting that CSE induces de novo synthesis of HSP70 prior to or during CSE-induced necrotic cell
death (Figure 2C). No increase in the levels of ATP release were observed in supernatants of CSE exposed cells
(Figure 2E), which is in line with our previous data showing that CSE exposure induced intracellular ATP depletion
in cultured bronchial epithelial cells.37 Taken together, these data indicate that CSE exposure induces necrotic
cell death and DAMP release in bronchial epithelial cells.
CS-induced DAMP release induces release of pro-inflammatory cytokines
Next, we assessed whether DAMPs released by CSE exposure induce pro-inflammatory cytokine production
in bronchial epithelial cells that have not been exposed to CSE. Incubation of BEAS-2B cells with CSE-freesupernatants of CSE-exposed BEAS-2B cells induced a significant increase in the levels of IL-8 and IL-6. Similar
levels of IL-8 and IL-6 were secreted by BEAS-2B cells treated with supernatant from freeze-thawing or sonication-
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Figure 1: Cigarette Smoke Extract (CSE) exposure induces epithelial necrosis and prevents apoptosis through
inhibition of caspases. (A) BEAS-2B cells were exposed to 35% of CSE for 6 hours or freeze-thawing and necrotic cell
death was measured by analysis of membrane integrity by PI using flow cytometry. PI-positive cells are viable cells
that are shown as intact and PI-negative cells are necrotic cells that are shown as disrupted. (B) BEAS-2B cells were
stimulated with 35% CSE for 6 hours with and without one hour of pre-incubation with Staurosporin (2 µM). Caspase-3
and -7 activation by STS is prevented by CSE. (C) Caspase-8 activation is prevented in BEAS-2B cells by stimulation
with 35% CSE. (D)Viability was measured using a 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4sulfophenyl)-2H-tetrazolium (MTS) assay. The cellular metabolic activity is shown as percentage of the control group.
Necrostatin-1 was added one hour before 6 hours of 30% CSE incubation. The MTS assay was performed after 18 hours
incubation in CSE-free medium. (E) dsDNA was measured in CSE-free supernatant of BEAS2B cells exposed to CSE for
6 hours, with or without pre-incubation of one hour with Necrostatin-1. All data is shown as mean ±SEM (n=3-6).
Significance was tested using a one way ANOVA and Dunnett post-hoc analysis, * = P <0.05, ** = P < 0.01.
treated cells (Figure 3A, C). Of note, IL-6 and IL-8 were not detectable in the supernatants from CSE, freeze-thaw
or sonication-treated cells (data not shown). Since the supernatant of CSE-exposed cells contains both soluble
fractions and insoluble cellular debris, we next determined which fraction of the supernatants induced the proinflammatory response in BEAS-2B cells. In line with a role for soluble DAMPs in the production of IL-6 and IL-8,
we observed that the soluble fraction induced IL-6 and IL-8 to a similar extent as the total fraction, whereas the
insoluble fraction was not able to do so (Figure 3B, D).
Induction of pro-inflammatory cytokines by CSE-induced DAMPs is largely dependent on MyD88 signaling
To confirm the involvement of DAMPs and subsequent PRR signaling in this response, BEAS-2B cells were
pretreated with MyD88 inhibitory peptide before the addition of CSE-exposed cell supernatants. Inhibition
of MyD88 significantly reduced the IL-8 production induced by supernatant of sonification-treated and CSEexposed cells (Figure 4A-B). The specificity of the MyD88 inhibitor was confirmed by the finding that the TNFα-induced IL-8 production was not suppressed but even increased by inhibition of MyD88 (Figure 4A). Taken
together, these data show that exposure of bronchial epithelial cells to CSE induces necrosis and DAMP release,
which activates unexposed bronchial epithelial cells to produce pro-inflammatory cytokines in a, at least
partially MyD88-dependent fashion.
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Figure 2: Cigarette Smoke Extract (CSE) exposure induces the release of DAMPs in bronchial epithelial cells.
BEAS-2B cells were exposed to 35% of CSE for 6 hours, freeze-thawing (freeze) or sonication and in cell free supernatant
the levels of the DAMPs (A) dsDNA, (B) HMGB1, (C) HSP70, (D) mtDNA and (E) ATP were measured. All data is shown
as mean ±SEM (n=3-6). Significance was tested using a one way ANOVA and Dunnett post-hoc analysis, * = P < 0.05,
** = P < 0.01.

CS exposure induces neutrophilic inflammation and DAMP release in mice
To test whether our in vitro observations of CS-induced DAMP release in bronchial epithelial cells are also present
in an in vivo model, we next determined the effects of acute CS exposure on release of DAMPs and subsequent
airway recruitment of inflammatory cells in mice. Mice were exposed two times during one day to the smoke
of 10 cigarettes per exposure, and DAMPs and inflammatory cells were measured in BAL fluid 2, 6, and 18 hours
after the final CS exposure. The short-term CS exposure did not increase the total cell count in BAL fluid, which
was even significantly reduced 18 hours after the final CS exposure compared to air-exposed mice (Figure 5A).
This was mainly caused by a reduction in mononuclear cells upon CS exposure (Figure 5B). Interestingly, absolute
numbers of neutrophils were significantly higher at all measured time points in CS-exposed compared to airexposed mice (Figure 5C). Furthermore, the levels of the neutrophil attracting cytokines KC and MIP-2 were also
increased in BAL fluid by exposure to CS (Figure 5D-E). The levels of KC were only increased 18 hours after CS
exposure and not at two hours after CS exposure, while the levels of MIP-2 were increased both at two and at
18 hours after CS exposure. Of note, 6 hours after the final CS exposure, detached ciliated epithelial cells were
observed in BAL fluid of CS-exposed mice, which were absent in BAL fluid of air-exposed mice (Figure 6A-C) and
may reflect cell death in the airway epithelium.
To determine whether CS exposure induces necrotic cell death and subsequent DAMP release in vivo, several
DAMPs were measured in BAL fluid of mice that were exposed to CS or air. In line with our in vitro findings,
significantly higher levels of HSP70, HMGB1, mtDNA, dsDNA and S100A8 were observed in BAL fluid at multiple
time points after CS exposure compared to air-exposed mice, of which only S100A8 showed a significant timedependent increase (Figure 6D-I), while ATP levels were not significantly increased at any time point after CS
exposure (Figure 6D).
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Figure 3: DAMPs released from necrotic cells induce the release of pro-inflammatory cytokines in BEAS-2B
cells. BEAS-2B cells were stimulated with the cell free supernatant of BEAS-2B cells that were exposed to 35% CSE for
6 hours, freeze thawed (freeze) or sonicated. The cytokine levels of (A) IL-6 and (C) IL-8 were measured in the cell free
supernatant. To study which content of necrotic cells cause the inflammatory response, BEAS-2B cells were treated
with the total, soluble or insoluble content of necrotic cells. The cytokine levels of (B) IL-6 and (D) IL-8 were measured
in the cell free supernatant. All data is shown as mean ±SEM (n=3-6). Significance was tested using a one way ANOVA
and Dunnett post-hoc analysis, * = P < 0.05, ** = P < 0.01.

Figure 4: Induction of pro-inflammatory cytokine production by DAMPs is regulated by the adaptor protein
MyD88. BEAS-2B cells were stimulated with TNF-α as positive control for non-DAMP mediated IL-8 release, or with the
cell free supernatant of BEAS-2B cells that were exposed to 35% CSE for 6 hours or sonicated, all with and without preincubation with the MyD88 inhibitory peptide. Afterwards, the cytokine levels of (A) IL-8 were measured in the cell free
supernatant. The effect of MyD88 inhibition on (B) IL-8 production by BEAS-2B cells was tested with a dose response of
DAMPs from sonicated cells. All data is shown as mean ±SEM (n=3-6). Significance was tested using a one way ANOVA
and Dunnett post-hoc analysis, * = P <0.05, ** = P < 0.01.
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Figure 5: Cigarette smoke exposure induces neutrophilic airway inflammation in BALB/cByJ mice. BALB/
cByJ mice were exposed to cigarette smoke (CS) or air as a control (con) twice during one day with 10 cigarettes per
exposure. Mice we euthanized either two, six and eighteen hours after the final exposure and (A) total cell count, (B)
mononuclear cell (MNCs) count and (C) neutrophil counts were determined in BAL fluid. The levels of the cytokines (D)
KC and (E) MIP-2 were measured in BAL fluid in air-exposed (con) and CS-exposed mice two and eighteen hours after
the final exposure. Significance was tested using a Mann Whitney-U test, * = P < 0.05, ** = P < 0.01, *** = P < 0.001.

Figure 6: Cigarette smoke exposure induces epithelial detachment and DAMP release in BAL fluid of mice.
Microscopic imaging of BAL fluid cytospins from (A) air-exposed control mice, (B) CS-exposed mice and (C) CS-exposed
mice at a 60x magnification. BALB/cByJ mice were exposed to cigarette smoke (CS) or air as a control (con) twice
during one day with 10 cigarettes per exposure. Two, six and eighteen hours after the final exposure the levels of (D)
ATP, (E) HSP70, (F) HMGB1, (G) mtDNA, (H) dsDNA and (I) S100A8 were measured in BAL fluid. Data is shown as median
and single measurements. Significance was tested using a Mann Whitney-U test, * = P < 0.05, ** = P < 0.01, *** = P <
0.001. (see color image on page 209)
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Figure 7: Necrostatin-1 treatment suppresses the cigarette smoke-induced neutrophilic airway inflammation
in mice. BALB/cByJ mice were exposed to cigarette smoke (CS) or air as a control (con) twice during one day with
10 cigarettes per exposure. Mice were treated either with the necroptosis inhibitor Necrostatin-1 or with DMSO as a
control. Eighteen hours after the final CS exposure (A) the neutrophil counts were determined in BAL fluid. Neutrophil
activation was assessed by (B) MPO measurements in BAL fluid. Data is shown as median and single measurements.
Significance was tested using a Mann Whitney-U test, * = P < 0.05, ** = P < 0.01, *** = P < 0.001.
Treatment with the necroptosis inhibitor Necrostatin-1 reduces neutrophilic inflammation induced by
cigarette smoke
To study the involvement of necroptotic cell death in the CS-induced inflammatory response, we used the RIPK1
inhibitor Necrostatin-1.7,18 After intra-peritoneal injection of Necrostatin-1, mice were exposed to CS as described
above. Interestingly, pre-treatment with Necrostatin-1 strongly and significantly reduced the CS-induced
infiltration of neutrophils (Figure 7A), which was no longer significant when compared to air-exposed mice.
Accordingly, the levels of the neutrophil effector molecule MPO were significantly reduced in BAL of Necrostatin1-treated mice (Figure 7B). CS exposed mice still displayed higher MPO levels in BAL compared to air-exposed
mice, suggesting that remaining neutrophils present upon Necrostatin-1 treatment were still activated by CS
at this dose of Necrostatin-1. Together, these data indicate that necroptosis is indeed involved in CS-induced
neutrophil influx into the airways.
DISCUSSION
In the current study we show that exposure of bronchial epithelial cells to CS induces cell death that is
characterized by the release of DAMPs in the absence of caspase-3, -7 and -8 activity, consistent with necroptotic
cell death.14 Moreover, DAMPs released by CS-exposed bronchial epithelial cells activate the epithelium to
produce pro-inflammatory cytokines in a partially MyD88-dependent fashion. Finally, we showed that CS
exposure induces DAMP release and neutrophilic airway inflammation in vivo and that this neutrophilic airway
inflammation is sensitive to the inhibition of necroptosis.
Previously, it has been shown that CS exposure induces neutrophilic airway inflammation in both humans39
and mice,26 and that this acute response to CS has been implicated in the early phases of the development
of chronic airway inflammation in COPD. Furthermore, in line with our studies multiple studies have shown
that individual mouse strains respond differently towards CS exposure, with BALB/cJ mice among the highest
responders and that the amount of neutrophilic inflammation is highest between 3 and 24 hours after the final
exposure.19,23 We show that short-term CS exposure increases DAMP levels in BAL fluid of mice, accompanied by
neutrophilic airway inflammation within several hours after the last exposure. Unfortunately, to date we were
unable to detect the degree or the exact type of cell death in cells isolated from murine BAL fluid, to support
our in vitro data showing that CS-exposure induces necroptotic cell death. Previously, it was shown that human
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neutrophils release DAMPs upon exposure to CS.9 Moreover, we observed a decrease in mononuclear cells upon
CS exposure, suggesting that cell death is also induced in this subpopulation (Figure 5B). This indicates that
at least part of the DAMPs released into BAL fluid of mice upon CS exposure comes from non-epithelial cells,
including alveolar macrophages and neutrophils. Nevertheless, since airway epithelial cells have an important
barrier function in the airways and come in direct contact with the inhaled CS, and given our current in vitro data
showing that epithelial cells release DAMPs upon exposure to CSE, it is plausible that at least part of the DAMPs
released in vivo upon CS exposure is coming from epithelial cells.
Recent data indicate that CS-induced necroptosis of airway epithelial cells potentially plays a role in COPD
pathogenesis.18 Here, we show that inhibition of RIPK1-mediated necroptosis completely prevents neutrophilic
influx into the airways of mice in response to CS, stressing the critical role for this programmed form of necrotic
cell death in the activation of CS-induced innate immune responses. Furthermore, we observed that CS exposure
induces the release of DAMPs both in vitro and in vivo. These DAMPs subsequently induce pro-inflammatory
responses, including the production of neutrophil attractant CXCL8, in airway epithelium by activating MyD88coupled PRRs in vitro. In line, CS exposure resulted in neutrophil infiltration and the release of the mouse
homologue for IL-8, KC and MIP-2 in BAL fluid in vivo. Furthermore, our data identifies necroptosis-induced
DAMP release as a mechanism for CS-induced neutrophilic airway inflammation.
Recently, a role for DAMPs has been suggested in the pathophysiology of COPD.25 Several DAMPs, including
HMGB1 and ATP, have been found increased in BAL fluid of COPD patients compared to smoking and nonsmoking controls.9,17 While we did observe increased HMGB1 levels upon CS exposure in vitro and in vivo, in the
current study CS did not induce the release of ATP. This is presumably a consequence of the direct effect of CSE
on mitochondrial activity, which induces acute ATP depletion in CS-exposed cells.37 Interestingly, we additionally
observed a significant increase in HSP70, dsDNA and mtDNA upon CS exposure in bronchial epithelial cells and
in mice.
Furthermore, our data shows that the CS-induced pro-inflammatory response in bronchial epithelial cells
is at least partially regulated by MyD88-dependent signaling, e.g. TLR and RAGE signaling. Therefore, it is
tempting to speculate that differences in PRR expression contribute to the increased epithelial release of IL-8
and subsequent attraction of neutrophils in that has been observed in COPD.31 Indeed, higher numbers of TLR4and TLR9-positive cells were found in BAL fluid of COPD patients.21,20 Moreover, increased expression of RAGE
was shown in airway epithelium and smooth muscle cells of COPD patients compared to smoking and nonsmoking controls.9 In addition, polymorphisms in the genes encoding RAGE, TLR2 and TLR4 have been shown
to be associated with FEV1 decline and higher inflammatory cell numbers in COPD.3 Experimental models of CSinduced airway inflammation indicate that both TLR4 and RAGE signaling contribute to CS-induced inflammatory
responses.8,30 Furthermore, RAGE signaling has been shown to promote CS-induced emphysema, as evidenced
by data showing that RAGE-knock out mice are protected against both CS- and elastase-induced emphysema,
while RAGE-overexpressing mice develop spontaneous emphysema.32,27,36,41 On the other hand, TLR4 signaling
appears to have an opposing function, as downregulation of TLR4 promotes the progression of emphysema.43,1,4
Future studies are needed to determine whether epithelial cells from COPD patients are more susceptible to CSinduced DAMP release and/or to subsequent pro-inflammatory responses due to increased expression of PPRs,
including RAGE, TLR2 and TLR4 compared to cells derived from smoking controls. Additional studies are required
to address the role of CS-induced necroptosis and DAMP signaling pathways in COPD pathogenesis.
In conclusion, our data shows that CS exposure induces necroptotic epithelial cell death with subsequent
release of DAMPs. These DAMPs signal through PPRs and induce the production of pro-inflammatory cytokines,
leading to neutrophilic airway inflammation.
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ABSTRACT
Cigarette smoke (CS) exposure is a major risk factor for COPD. We investigated whether CS-induced DAMP
release or DAMP-mediated inflammation contributes to susceptibility for COPD.
Samples, including bronchial brushings were collected from young and old individuals, susceptible and
non-susceptible for the development of COPD, before and after smoking, and used for gene profiling and airway
epithelial cell (AEC) culture. AECs were exposed to CS extract (CSE) or specific DAMPs. BALB/cByJ and DBA/2J
mice were intranasally exposed to LL-37 and mitochondrial (mt)DAMPs.
Functional gene-set enrichment analysis showed that CS significantly increases the airway epithelial geneexpression of DAMPs and DAMP receptors in COPD patients. In cultured AECs, we observed that CSE induces
necrosis and DAMP release, with specifically higher galectin-3 release from COPD-derived compared to controlderived cells. Galectin-3, LL-37 and mtDAMPs increased CXCL8 secretion in AECs. LL-37 and mtDAMPs induced
neutrophilic airway inflammation, exclusively in mice susceptible for CS-induced airway inflammation.
Collectively, we show that in airway epithelium from COPD patients, the CS-induced expression of DAMPs
and DAMP receptors in vivo and the release of galectin-3 in vitro is exaggerated. Further, our studies indicate
that a predisposition to release DAMPs and subsequent induction of inflammation may contribute to the
development of COPD.
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INTRODUCTION
Chronic obstructive pulmonary disease (COPD) is a chronic lung disease that is characterized by neutrophilic
airway inflammation, leading to the development of chronic bronchitis, fibrosis in the small airways and/or
emphysema. The major risk factor for the development of COPD is chronic exposure to noxious gases and particles,
including cigarette smoke (CS).2 The mechanisms underlying CS-induced airway inflammation in COPD patients
are still largely unknown. Airway epithelial cells (AECs) are the first line of defense against inhaled toxicants and
it has been shown that these cells show cellular damage and cell death upon CS exposure.23 Necrotic cell death
induces the release of Damage Associated Molecular Patterns (DAMPs) into the extracellular space.21 DAMPs are
molecules that alert and activate the innate immune system by binding to pattern recognition receptors (PRRs)
upon passive or active release from damaged or necrotic cells.14 The most well-known PRRs are members of the
Toll-Like Receptor (TLR) family. In addition, the DAMPs HMGB1, S100A8/A9 and LL-37 all bind to the Receptor
for Advanced Glycation End-products (RAGE). Activation of both TLRs and RAGE leads to nuclear factor (NF)κBdependent pro-inflammatory cytokine release.9 Recently, it has been proposed that DAMPs may play a pivotal
role in the pathophysiology of COPD, as several DAMPs, including HMGB1, S100A8/9, galectin-3 and LL-37,
have been found increased in lung fluid or serum of COPD patients compared to smoking and non-smoking
controls.4-6 Of interest, we observed that the RAGE ligands HMGB1, S100A8 and LL-37 were also increased during
COPD exacerbations.13 Furthermore, Ager, the gene encoding RAGE, has been identified as a susceptibility
gene for decreased lung function and COPD.8,9 Previously, we have shown that a specific pattern of DAMPs is
released into the airways of mice susceptible for CS-exposure-induced airway inflammation, with higher levels
of galectin-3, S100A9 and dsDNA upon CS exposure compared to non-susceptible mice.10,6 However, it is still
unknown whether airway epithelium of COPD patients is predisposed to release DAMPs upon CS exposure and
whether this contributes to the development of COPD.
We hypothesized that airway epithelium from COPD patients displays exaggerated CS-induced DAMP release
and/or DAMP-induced pro-inflammatory responses. Therefore, we studied the effects of CS exposure on the
expression of a set of 30 genes encoding DAMPs and DAMP receptors in RNA isolated from bronchial brushings
and on DAMP release in vitro in airway epithelium from COPD susceptible and non-susceptible individuals.
Furthermore, the effects of galectin-3, S100A9, HMGB1, LL-37 and mitochondrial DAMPs (mtDAMPs) on the
release of neutrophil attractant CXCL8 were studied in AECs from healthy controls and COPD patients. Lastly, we
investigated the effect of intranasal treatment of mtDAMPs and LL-37 on neutrophilic airway inflammation in
mice either genetically susceptible or non-susceptible for CS-induced airway inflammation.
MATERIALS AND METHODS
Subjects
Serum, epithelial lining fluid (ELF) and bronchial brushings were obtained from two age groups: 1) eight old
(≥ 40 year) COPD patients with GOLD stage II and ten age- and smoking history-matched current smoking
individuals with normal lung function (old non-susceptible); 2) 18 young (<40 year) individuals with normal lung
function and either a high (young susceptible) or low (young non-susceptible) prevalence of COPD in smoking
family members.20 All young individuals were irregular smokers with the ability to quit smoking for at least two
days.20 COPD patients were classified by the Global Initiative for Chronic Obstructive Lung Disease (GOLD) 2007
guidelines and were recruited from outpatient clinics. Patients were included after doctors diagnose of COPD
and a FEV1 of <80% and a FEV1/FVC of ≤0.7. Exclusion criteria for all groups include alpha-1 antitrypsin deficiency,
acute pulmonary infections, treatment with antibiotics or corticosteroids within eight weeks, recent diagnosis
of cancer and a doctors’ diagnosis of asthma. See table 1 for subject characteristics and figure 1 for experimental
set-up and collection of blood, epithelial lining fluid (ELF) and bronchial brushings. Samples were collected at
baseline and upon smoking three cigarettes within one hour. Subjects were asked not to smoke for at least two
days prior to baseline visits, and to refrain from smoking between the acute smoking procedure and the 24-hrs
bronchial brushings. Refraining from smoking was verified by exhaled carbon monoxide (CO) measurements
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Figure 1: Flow-chart of experimental set-up and sample collection. Samples were collected from subjects from two age groups: 1)
eight current smoking ≥40 years old patients with COPD GOLD stage II and 10 current smoking individuals with normal lung function
matched for age- and smoking history (old non-susceptible); 2) 18 individuals of <40 years of age with normal lung function and
either a high (young susceptible) or low (young non-susceptible) prevalence of COPD in smoking family members. Blood was taken
at baseline, after 48 hours of smoking cessation and at three hours after smoking three cigarettes within one hour. Serum samples
were obtained three hours after smoke exposure. Epithelial lining fluid (ELF) samples were obtained 24 hours after smoke exposure.
Bronchial brushings were obtained 24 hours after smoke exposure, and either directly stored for RNA isolation or used for isolation and
culture of culturing airway epithelial cells (AECs).
Table 1: Patient characteristics
Young susceptible
(n=10)

Young non-susceptible
(n=8)

COPD patients (n=8)

Age-matched controls (n=10)

Sex (male/female)

4/6

7/1

8/0

9/1

Age

30.4 (±2.8)

23.0 (±2.3)

64.8 (±3.0)

61.2 (±2.7)

Pack years

3.0 (±1.2)

1.9 (±1.1)

34.6 (±4.2)

33.1 (±4.1)

No. cigarettes per day

3.60 (±2.07)

6.88 (±2.36)

8.25 (±2.45)

12.20 (±2.90)

FEV1, %pred

100.5 (±2.7)

104.6 (±2.7)

55.2 (±4.5)

103.3 (±3.5)

FEV1/FVC, %

90.9 (±2.4)

96.6 (±2.6)

58.2 (±5.6)

93.6 (±2.3)

RV/TLC, %

23.6 (±0.9)

20.8 (±1.1)

42.8 (±2.4)

34.2 (±1.5)

BMI

23.4 (±1.0)

22.7 (±0.7)

26.1 (±1.1)

26.9 (±0.6)

Patient characteristics of young susceptible individuals, young non-susceptible individuals, COPD patients and age-matched
controls. All young individuals were irregular smokers with the ability to quit smoking for at least two days. BMI is Body Mass
Index in kg/m2. FEV1 is forced expiratory volume in one second, FVC is forced expiratory volume, RV is residual volume and TLC is
total lung capacity. All data is shown as mean (±SEM).

being <5 parts per million (ppm) at baseline and sufficient inhalation of the three cigarettes was verified by a rise
in CO (Micro+ Smokerlyzer®, Bedfont Scientific Ltd, Kent, England). Subjects were excluded from the study when
their CO measurement was >5 ppm at baseline. The study was approved by the Medical Ethics Committee of the
University Medical Center Groningen and all subjects gave their written informed consent. AECs were isolated
from bronchial brushings of the patients in table 1 and from trachea-bronchial tissue of six severe ex-smoking
patients with COPD GOLD stage IV (56±7 years old, 36±6 packyears and FEV1% of 25±6) who underwent lung
transplantation as well as from non-COPD lung donors of whom no further information was available. The
study protocol was consistent with the Research Code of the UMCG (http://www.rug.nl/umcg/onderzoek/
researchcode) and national ethical and professional guidelines (htttp://www.federa.org). For mechanistic
studies, normal human bronchial epithelial (NHBE) cells were obtained from Lonza (Walkersville, MD).

54

| Susceptibility for cigarette smoke-induced DAMP release and DAMP-induced inflammation in COPD

Genealogical study
Young subjects with normal lung function were classified as susceptible for the development of COPD when the
prevalence of COPD in smoking first or second degree relatives older than 45 years meets the following criteria:
2 out of 2, 2 out of 3, 3 out of 3, 3 out of 4 or 4 out of 4 smoking family members have developed COPD.20 Young
healthy subjects were classified as non-susceptible to COPD only when none of the smoking first or second
degree relatives who are at least 45 years of age (at least two should be identified) have been diagnosed with
COPD. Families with alpha-1 antitrypsin deficiency were excluded in this study.
Functional gene-set enrichment analysis
Gene expression in bronchial brushings of the 4 subjects groups in table 1 was analyzed by Affymetrix hugen_
ST1.0 microarrays as described before.5 In short, nasal brushes were immediately snap-frozen and stored at -80
o
C. RNA was extracted from bronchial brushes and fractioned into low molecular weight (< 200 nt) and high
molecular weight (> 200 nt) fractions, by using the miRNeasy mini kit (QIAGEN) according to manufacturer’s
protocol. The purity of RNA fractions was checked on NanoDrop 1000 UV-Vis spectrophotometer and the
integrity of large RNA fraction was assessed by running RNA Pico assay in the Agilent 2100 BioAnalyzer. All
procedures were performed at Boston University Microarray Resource Facility as described previously in
GeneChip® Whole Transcript (WT) Sense Target Labeling Assay Manual (Affymetrix, Santa Clara, CA, current
version available at www.affymetrix.com). Normalization was performed with R statistical software V3.0.2. using
Robust Multichip Analysis (RMA) sketch algorithm workflow. Microarray data quality was assessed using relative
log expression (RLE) plots, normalized unscaled standard error (NUSE) plots, and principle component analysis
(PCA) of all genes across all samples. Based on the variability of gene expression data according to the RLE and
NUSE plots. Next, we investigated the change in gene expression 24 hours after smoking of three cigarettes in
susceptible and non- susceptible patients for COPD. This analysis was performed using a linear mixed effects
model with time defined as a categorical variable with two levels (1 = baseline, 2 = 24 hours after smoking
of three cigarettes), susceptibility for developing COPD was defined as a categorical variable with two levels
(1=non-susceptible, 2= susceptible) or COPD and healthy which was defined as a categorical variable with two
levels (1=healthy, 2= COPD). An interaction analysis was conducted between time: susceptibility, adjusted for
age and sex. Geij represents the log2 gene expression value for a gene in sample i from patient j, εij represents the
error that is assumed to be normally distributed and αj represents the patient random effect:
Geij = β0 + β1XAge-i + β2XSex-i + β3X Susceptibility-i + β4XTime-i + β5XTime-i : Susceptibility/COPD-i
Second, we investigated baseline gene expression in susceptible and non- susceptible patients for COPD,
COPD patients and healthy individuals. This analysis was performed using a linear model with susceptibility for
developing COPD defined as a categorical variable with two levels (1=non-susceptible, 2=susceptible) or COPD
and healthy which was defined as a categorical variable with two levels (1=healthy, 2=COPD), adjusted for age
and sex. Geij represents the log2 gene expression value for a gene in sample i from patient j, εij represents the
error that is assumed to be normally distributed and αj represents the patient random effect:
Geij = β0 + β1XAge-i + β2XSex-i + β3X Susceptibility/COPD-i
Functional gene-set enrichment analysis was performed using Gene Set Enrichment Analysis (GSEA) version
2.2.0.14, on a set of 30 genes encoding DAMPs or their receptors.14 Genes from the above analysis were ranked
based on t-statistic values comparing patients before and after smoking, between healthy and COPD or between
young susceptible and non- susceptible individuals. The list of 30 genes was then used to investigate the ranks,
in order to determine if they were enriched and differentially expressed between these groups after smoking.
Enrichment p-values were calculated by gene set permutation (n = 1000) and significant enrichment was
determined by a false discovery rate (FDR)-corrected p-value < 0.05.
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List of genes used in functional enrichment analysis
All genes of the DAMP-related gene-expression signature were selected based on the review by Pouwels et
al.14 The following genes were used in the functional enrichment analysis: HAS2 (hyaluronan synthase 2), TLR7
(toll-like receptor-7), LGALS9 (galectin-9), LGALS3 (galectin-3), FPR2 (formyl peptide receptor 2), TLR4 (toll-like
receptor-4), VCAN (versican), NLRP3 (NLR family, pyrin domain containing 3), FPR1 (formyl peptide receptor 1),
TLR2 (toll-like receptor-2), S100A9 (S100 calcium binding protein A9), P2RX7 (purinergic receptor P2X, ligand
gated ion channel, 7), FPR3 (formyl peptide receptor 3), S100A8 (S100 calcium binding protein A8), S100A12
(S100 calcium binding protein A12), FN1 (fibronectin 1), LGALS1 (galectin-1), CALR (calreticulin), CAMP (LL-37;
cathelicidin antimicrobial peptide), HSPD1 (heat shock 60kDa protein 1), MYD88 (myeloid differentiation primary
response 88), TLR3 (toll-like receptor-3), TLR9 (toll-like receptor-9), HMGB1 (high mobility group box 1), AGER
(RAGE; advanced glycosylation end product-specific receptor), HSP90AB1 (heat shock protein 90kDa alpha
(cytosolic), class B member 1), HSPA2 (heat shock 70kDa protein 2), CPS1 (carbamoyl-phosphate synthase 1,
mitochondrial), HSPB1 (heat shock 27kDa protein 1) and DEFB1 (defensin, beta 1).
Airway epithelial cell culture
NHBE cells and AECs were cultured in bronchial epithelial growth medium (BEGM, Lonza) and used for
experiments at passage three as described before.5 Cells were seeded in duplicates, grown to confluence,
hormonally-deprived overnight and stimulated with CSE or DAMPs in the presence/absence of specific receptor
antagonists, and assayed for necrosis and DAMP and CXCL8 release. Cigarette smoke extract (CSE) was prepared
as described before.16 In short, filters were cut from two cigarettes and the smoke from these cigarettes was
bubbled through 25 mL of serum-free growth medium. This solution was considered as 100 % CSE.
Epithelial cell stimulation
AECs were stimulated with CSE (0-100%) for four hours before the CSE was washed away and the cells were
incubated in serum free medium overnight, or for 24 hours with recombinant human galectin-3 (2 µg/mL;
Peprotech, Neuilly Sur Seine, France), High Mobility Group Box-1 (HMGB1; 20 µg/mL; Prospec, Ness-Ziona,
Israel), S100A8 (250 µg/mL; Sino Biological, Beijing, China), LL-37 (40 µg/mL; Invivogen, Toulouse, France),
Tumor Necrosis Factor (TNF)-α (10 ng/mL; Sigma, St Louis, MO, USA) as positive control for epithelial cell
activation or Mitochondrial DAMPs (mtDAMPs; 10 µg/mL). mtDAMPs were prepared from A549 cells by
isolating the mitochondria using the mitochondria isolation kit for cultured cells according to manufacturer's
protocol (Thermo Fisher Scientific, Rockford, USA) and subsequently releasing the DAMPs by sonicating the
isolated mitochondria for three minutes. The stock concentration of mtDAMPs was determined measuring
DNA levels using a NanoDrop ND-1000 spectrophotometer (NanoDrop Tech, Wilmington, DE). All stimulations
were performed upon pre-treatment with and without antagonists for TLR2/4 (30 µg/mL OxPAPC; Invivogen,
Toulouse, France), TLR9 (50 µg/mL ODN-TTAGGG; Invivogen, Toulouse, France) and RAGE (60 µg/mL RAGE
antagonist peptide (RAP); Calbiochem, San Diego, USA) for 60 minutes. Supernatant was harvested after 24
hours and DAMPs or CXCL8 was measured in cell free supernatant. In addition, cells were collected in TRIzol for
mRNA isolation and sample buffer for western blot analysis and both the cells attached to the bottom of the
plate and the free floating cells were harvested for cell viability assays.
CXCL8 ELISA
CXCL8 measurements in cell free supernatants were performed according to manufacturer’s protocol (Human
CXCL8/CXCL8 DuoSet; R&D Systems, Minneapolis, USA).
DAMP and PRR measurements
DAMP profiles were determined in cell free supernatant of airway epithelial cells and serum using the Quant-iT™
PicoGreen® dsDNA Assay Kit (Life Technologies, Carlsbad, USA) for dsDNA and ELISA for galectin-3 (detection
limit (DL) is 62.5 pg/mL; R&D Systems, Minneaopolis, USA), HMGB1 (DL is 800 pg/mL; Chondrex, Redmond, USA),
HSP70 (DL is 156 pg/mL; R&D Systems, Minneapolis, USA), LL-37 (DL is 140 pg/mL; Hycult Biotech, Uden, The
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Netherlands) and S100A9 (DL is 31.2 pg/mL; R&D Systems, Minneapolis, USA). The mRNA expression levels of
S100A9, LL-37 and galectin-3 were determined using qRT-PCR as described before.16 Commercial primer/probe
sets specific for target genes were purchased from Life Technologies (Invitrogen Life Technologies, Carlsbad CA,
USA), S100A9 (Hs00610058_m1), LL-37 (CAMP; Hs00189038_m1) and galectin-3 (Lgals3; Hs00173587_m1) as
target gene and B2M (Hs00984230_m1) and PPIA (Hs04194521_s1) as housekeeping genes.
Cell viability
The percentage of viable, apoptotic and necrotic cells was determined using Annexin-V/Pi staining for flow
cytometry. Cells were trypsinized and washed two times using cell staining buffer (BioLegend, San Diego,
USA) and stained in Annexin-V binding buffer (BioLegend, San Diego, USA) using 2.5 µL of Annexin-V-FITC
(Immunotools, Friesoythe, Germany) and 2.5 µg/mL Propidium Iodide (Sigma-Aldrich, Saint Louis, USA). The
percentage of necrotic, apoptotic and viable cells was measured afterwards using the BD FACSCalibur (BD
Biosciences) flow-cytometer and data was analyzed using Winlist software (Verity Software House, Topsham,
ME, USA). Cell viability was tested using Trypan blue staining.
Animal experiments
Mice experiments were approved by the Institutional Animal Care and Use Committee of the University of
Groningen. Specified pathogen-free female 8-week old BALB/cByJ and DBA/2J mice (n=8 per group, Jackson
Laboratories, Bar Harbor) received a single instillation of 67.4 µg LL-37, 30 µg mtDAMPs or 30 µg BSA in saline
by intranasal administration under oxygen/isoflurane anesthesia and were sacrificed, two or six hours after the
instillation. bronchoalveolar lavage (BAL) fluid and BAL cells were collected and stored at -80 °C until further use.
BAL cell differentials were counted as described previously.22
Statistics
The Mann Whitney-U test was used to test for significant differences between subject groups, the Wilcoxon
Signed Rank test for differences within groups, two-way ANOVA for differences over a range of CSE concentrations
and the one-way ANOVA for differences between treatment groups in mice.
RESULTS
The effect of cigarette smoking on DAMP-related gene-expression in airway epithelium of COPD patients,
age-matched smoking controls and young susceptible and non-susceptible individuals
We first investigated whether CS-induced DAMP expression is a component of the susceptibility to develop COPD.
To this end, we compared expression of DAMPs and their receptors in bronchial brushings, which predominantly
comprise epithelial cells, between GOLD stage II COPD patients and age- and smoking history-matched controls
with normal lung function, and between younger individuals susceptible or non-susceptible for COPD. GSEA was
conducted comparing the expression of a set of 30 genes encoding DAMPs and their receptors at baseline and
24 hours post-smoking. We observed a significantly stronger increase in the expression of the DAMP gene-set in
COPD patients compared to smoking controls following cigarette smoking (Figure 2A). Of the gene-set, 15 genes
were core-enriched, including the genes encoding galectin-3, TLR2, TLR4, and S100A9, with Hyaluron Synthase
2, TLR7, galectin-9, galectin-3 and the Formyl Peptide Receptor 2 as the top five. Interestingly, also a trend
towards an increased expression of the DAMP and PRR gene-set was observed in the young COPD-susceptible
compared to the non-susceptible group (p=0.08, Figure 2B). We next investigated whether the differences in the
DAMP gene-set were caused by differences at baseline. Here, no overall significant differences were observed,
although we observed a trend towards a lower basal gene expression of the DAMP gene-set in COPD patients
compared to controls (p=0.062) (Figure 2C-D). Correction for body mass index did not change the outcome of
any of the GSEA analysis (data not shown). Together, these results show that cigarette smoking induces higher
induction of epithelial expression of specific DAMPs and PRRs in COPD patients compared to controls, and that
this difference may already exist in susceptible individuals prior to the development of the disease.
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Figure 2: Cigarette smoke exposure induces a stronger increase in expression of a DAMP gene-set in COPD patients
compared to smoking controls as shown by functional gene enrichment analysis. A) Gene set enrichment analyses (GSEA) in
bronchial brushings of COPD patients (n=8) and age- and smoking history matched controls (n=10) 24 hours post smoking of three
cigarettes (p=0.003). The color bar indicates the genes ranked according to their difference between COPD patients and controls (blue
representing genes decreased in COPD, red indicating increased genes). The vertical bars in all plots indicate the location of DAMP
related genes within the ranked gene list and the height of the bars indicate the running GSEA enrichment score (black bars = core
enriched genes, grey bars = core non-enriched genes). B) GSEA in bronchial brushings of young susceptible individuals (n=10) and
non-susceptible individuals (n=8) 24 hours post smoking of three cigarettes (p=0.08). The vertical bars in all plots indicate the location
of DAMP related genes within the ranked gene list and the height of the bars indicate the running GSEA enrichment score (black bars
= core enriched genes, grey bars = core non-enriched genes). C) GSEA were conducted comparing the gene-expression at baseline. A
trend towards an increase of the DAMP-related gene-expression signature was found in COPD patients compared to healthy controls
in bronchial brushings (p=0.062). D) No increase of the DAMP-related gene-expression signature was found in young susceptible
individuals (n=10) compared to non-susceptible individuals (n=8) in bronchial brushings (p=0.48). Lgals3 = Lectin Galactosidebinding Soluble 3 (encodes galectin-3), Tlr4 = Toll-like Receptor 4, Tlr2 = Toll-like Receptor 2, S100A9 = S100 Calcium Binding Protein
A9, Camp = Cathelicidin Antimicrobial Peptide (encodes LL-37), Hmgb1 = High Mobility Group Box 1, Ager = Advanced Glycosylation
End Product-Specific Receptor (encodes RAGE), Hsp70 = Heat Shock Protein 70. (see color image on page 210)
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The effect of cigarette smoking on serum and ELF levels of DAMPs in COPD susceptible and non-susceptible
individuals
To assess whether the CS-induced changes in DAMP gene-expression also result in differences in secreted
DAMPs, we analyzed the levels of RAGE-activating DAMPs (LL-37, S100A9 and HMGB1) and TLR-activating
DAMPs (galectin-3, dsDNA and HSP70) in the four study groups, based on previous data and the results above.10
At baseline, no differences in serum levels were found between the groups. Smoking resulted in significantly
higher serum levels of LL-37, but none of the other DAMPs in all groups, except the young susceptible group
(Figure 3A-F). In ELF, baseline LL-37 levels were significantly higher in the young susceptible compared to the
young non-susceptible group, although no changes were observed in LL-37 (Figure 3G) nor any of the other
DAMPs (data not shown) upon cigarette smoking.
The effect of CSE exposure on cell death and DAMP release in COPD- and control-derived epithelium
In addition, we investigated whether cultured AECs from COPD patients are more susceptible for CS-induced
necrosis and subsequent DAMP release. In response to a dose-range of CSE, AECs from severe ex-smoking
COPD patients and controls showed a strong increase in necrotic cells and a slight increase in apoptotic cells,
without significant differences between the subject groups (Figure 4A-C). Furthermore, release of dsDNA,
HSP70, galectin-3 and HMGB1 increased with CSE concentration in both subject groups (Figure 4D-H), while
the levels of LL-37 were below the detection limit of the ELISA (data not shown). The levels of S100A9 did not
show a dose-dependent increase, although the release upon CSE exposure was significantly higher in controlderived compared to COPD-derived AECs. Importantly and in line with the GSEA data, CSE caused a significantly
stronger increase in the levels of galectin-3 in AECs from COPD patients compared to controls. To assess whether
the observed differences in galectin-3 and S100A9 were a consequence of differences in gene-expression at
baseline, we analyzed mRNA expression of galectin-3 (p=0.0830) and S100A9 (p=0.8148) in these cells, showing
no significant differences between COPD and controls (Figure 4I-J).
In AECs from young susceptible and non-susceptible individuals, CSE induced a similar effect on necrosis and
apoptosis as observed for the older subjects, without significant differences between the groups (Figure 5A-C).
Similarly, CSE induced a dose-dependent and significant increase in the release of HMGB1, galectin-3 and dsDNA
with increasing concentrations of CSE (Figure 5D-G), again without significant differences between the groups.
The effect of DAMPs on CXCL8 secretion in AECs
In addition to differences in susceptibility for CS-induced DAMP release, enhanced responsiveness to DAMPs
may also contribute to the aberrant inflammatory response to CS in COPD patients, as supported by the
observed differences in TLR2 and 4 expression in the GSEA. Therefore, we compared the pro-inflammatory
response of AECs from COPD patients and controls to DAMPs. Both recombinant LL-37 and isolated mtDAMPs
induced a strong and significant increase in the secretion of the neutrophil attractant CXCL8, while this was not
observed for recombinant S100A8 and HMGB1 (Figure 6A). To investigate the involved receptors in the mtDAMPor LL-37-induced CXCL8 secretion, we used specific PRR antagonists and observed that the mtDAMP-induced
CXCL8 secretion was only reduced by the TLR2/4 antagonist (Figure 6B), while LL-37-induced CXCL8 secretion
was significantly reduced by blocking the TLR2/4, TLR9 and RAGE receptors (Figure 6C). None of the antagonists
affected basal CXCL8 secretion and cell viability (Figure 6D-F). In AECs from COPD patients and controls, HMGB1,
LL-37 and mtDAMPs also induced a significant increase in CXCL8 secretion. Of note, galectin-3 only significantly
increased CXCL8 secretion in COPD-derived cells. Although, no significant differences were found in the CXCL8
induction between subject groups (Figure 6G), the LL-37-induced CXCL8 release was inhibited to a greater extent
by all three PRR antagonists in AECs from controls compared to COPD patients, with the RAGE blocker failing to
suppress LL-37-induced CXCL8 release in COPD AECs. Furthermore, the galectin-3-induced CXCL8 secretion was
significantly reduced by blocking TLR2/4 in control, but not COPD-derived AECs, with a significant difference
between the groups (Figure 6H-J).
Together, AECs from COPD patients and controls secrete equal levels of CXCL8 in response to DAMP exposure,
but the CXCL8 release is less sensitive to TLR antagonists in COPD patients.
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Figure 3: Smoking induces an acute increase of LL-37 in serum of both COPD patients and controls. Serum and epithelial lining
fluid (ELF) samples were used from COPD patients (n=8), age- and smoke-status-matched controls (Old NS; n=10) and young healthy
controls that were either susceptible (Young S; n=10) or non-susceptible (Young NS; n=8) for the development of COPD. Serum and ELF
samples were obtained after a smoking cessation period of two days (before smoking) and either directly (serum) or 24 hours (ELF) after
smoking of three cigarettes within one hour (after smoking). The levels of the DAMPs A) LL-37, B) S100A9, C) HMGB1, D) galectin-3, E)
dsDNA and F) HSP70 were measured in serum and the levels of G) LL-37 were measured in ELF. For HMGB1, the lowest data points were
below the detection limit of the ELISA, which is set at 0.8 ng/mL. Significance between groups was tested using a Mann Whitney-U test
and between pre- and post-smoking was tested using a Wilcoxon Signed-Rank test, * = P<0.05 and ** = P≤0.01.
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Figure 4: Cigarette smoke extract exposure induces increased release of galectin-3 and decreased release of S100A9 in
airway epithelial cells from COPD patients. Tracheal-bronchial epithelial cells isolated from COPD patients (n=6) and controls
(n=6) were grown to ~90% confluence, hormonally deprived overnight and exposed to various concentrations of cigarette smoke
extract (CSE, 0-100%) for four hours and incubated with serum free medium for 24 hours thereafter. The percentage of A) viable B)
apoptotic and C) necrotic cells was determined using Annexin-V/Pi staining for flow cytometry. In cell free supernatant the levels of D)
S100A9, E) HMGB1, F) galectin-3, G) dsDNA and H) HSP70 were measured. The mRNA expression levels of I) galectin-3 and J) S100A9
were measured in airway epithelial cells from COPD patients (n=8) and controls (n=8). All data is shown as mean ± SEM. To test for
differences between COPD patients and controls over a range of CSE concentrations the interaction term of a 2-way ANOVA was used,
*=P<0.05 at the right side of the figure. To test for differences between the groups at every CSE concentration separately, a MannWhitney-U test was used, * = P<0.05 and ** = P ≤0.01 between the indicated values. To test for the difference in overall effect of CSE
between groups, a 1-way ANOVA was used, # = P<0.05 at the right side of the figure.
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Figure 5: Genetic predisposition for the development of COPD does not influence cigarette smoke extract-induced cell
death or DAMP release. Bronchial epithelial cells isolated from young healthy individuals that were either susceptible (n=10) or
non-susceptible (n=8) for the development of COPD were grown to ~90% confluence, hormonally deprived overnight and exposed
to a range of cigarette smoke extract (CSE) concentrations (0-100%) for 4 hours and incubated with serum free medium for 24
hours thereafter. The percentage of A) viable, B) apoptotic and C) necrotic cells was determined using Annexin-V/Pi staining for flow
cytometry. In cell free supernatant the levels of D) S100A9, E) HMGB1, F) galectin-3 and G) dsDNA were measured. To test for differences
between susceptible and non-susceptible individuals over a range of CSE concentrations the interaction term of a 2-way ANOVA was
used, *=P<0.05 at the right side of the figure. To test for differences between the groupsat every CSE concentration separately, a MannWhitney-U test was used, * = P<0.05 and ** = P ≤0.01 between the indicated values. To test for the difference in overall effect of CSE
between groups, a 1-way ANOVA was used, # = P<0.05 at the right side of the figure. All data is shown as mean ± SEM.
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Figure 6: LL-37 and mtDAMPs induce a partially TLR dependent CXCL8 response in airway epithelial cells. Normal human
bronchial epithelial (NHBE) (n=5) cells were grown to ~90% confluence, hormonally deprived overnight and stimulated with the
recombinant DAMPs A) S100A8 [250 pg/mL], HMGB1 [10 µg/mL] and LL-37 [20 µg/mL], isolated mitochondrial DAMPs (mtDAMPs)
[10 µg/mL] and TNF-α [40 ng/mL] as a positive control for 24 hours. Afterwards, the concentration of CXCL8 was measured in the
cell free supernatant. Control conditions are presented as light grey bars and DAMP stimulations are presented as dark grey bars.
The receptor by which B) mtDAMPs and C) LL-37 induce an CXCL8 response was investigated by pre-incubating the cells for one hour
with specific antagonists for TLR2/4 (OxpapC; 30 µg/mL), TLR9 (ODN-TTAGGG; 50 µg/mL) and RAGE (RAP; 60 µg/mL) before being
stimulated with mtDAMPs or LL-37 for 24 hours and the CXCL8 concentration is determined. D) The effect of 24 hour stimulation
with the receptor antagonists ODN-TTAGGG, OxpapC, RAP and the solvent DMSO on cell viability was studied using Tryphan blue
staining in NHBE cells (n=5). E) The effect of OxpapC, ODN-TTAGGG and RAP on basal CXCL8 production in NHBE cells (n=5) and F)
tracheal-bronchial epithelial cells isolated from COPD patients (n=6) and healthy controls (n=6). Tracheal-bronchial epithelial cells
isolated from COPD patients (n=6) and controls (n=6) were grown to ~90% confluence, hormonally deprived overnight and stimulated
with the recombinant DAMPs G) S100A8 [250 pg/mL], HMGB1 [10 µg/mL], LL-37 [20 µg/mL] and galectin-3 [2 µg/mL], isolated
mitochondrial DAMPs (mtDAMPs) [10 µg/mL] and TNF-α [40 ng/mL] as a positive control for 24 hours. Afterwards, the concentration
of CXCL8 was measured in the cell free supernatant. The receptor by which H) mtDAMPs, I) LL-37 and J) galectin-3 induce an CXCL8
response was investigated by pre-incubating the cells for one hour with specific antagonists for TLR2/4 (OxpapC; 30 µg/mL), TLR9
(ODN-TTAGGG; 50 µg/mL) and RAGE (RAP; 60 µg/mL) before being stimulated with mtDAMPs, LL-37 or galectin-3 for 24 hours and the
CXCL8 concentration was determined. To test for significant differences between two groups a Mann Whitney-U test was used and to
test for differences within a group a Wilcoxon Signed Rank test was used, * = P<0.05, ** = P≤0.01 and *** = P≤0.001. All data is shown
as mean ± SEM.
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Figure 7: Intranasal application of LL-37 and mtDAMPs induced airway inflammation in the susceptible BALB/cByJ mice
but not in the non-susceptible DBA/2J mice. BALB/cByJ and DBA/2 mice received 67.4 µg LL-37, 30 µg mtDAMPs or 30 µg
BSA in saline by intranasal administration under oxygen/isoflurane anesthesia. Mice were sacrificed two or six hours after the
intranasal application. The concentrations of A,B) KC and C,D) MPO were determined in BALF. The percentage of E,F) neutrophils was
determined in BALF using cytospin cell differentiation. All data is shown as mean ± SEM with n=8 per group. Significance within one
mouse strains was tested using a one-way ANOVA, * = P<0.05, ** = P≤0.01 and *** = P≤0.001 and significance between strains was
tested using a Mann-Whitney U test, # = P<0.05, ## = P≤0.01, ### = P≤0.001.

LL-37 and mtDAMPs induce neutrophilic airway inflammation in vivo
Finally, we investigated whether exposure of mice to the most potent pro-inflammatory DAMPs identified in
our in vitro experiments, LL-37 and mtDAMPs, induced neutrophilic airway inflammation in vivo and whether
this response correlates to susceptibility for CS-induced airway inflammation. We selected two mouse strains
that were previously identified as either genetically susceptible (BALB/cByJ mice) or non-susceptible (DBA/2J
mice) to develop neutrophilic airway inflammation in response to CS exposure15, and exposed these to a single
installation of LL-37 and mtDAMPs. First, in a subset of mice it was shown that intranasal treatment with LL37 increased the release of several mouse CXCL8 homologues, i.e. KC, MIP-2 and LIX respectively (data not
shown) with the most significant induction for KC. Upon measurement of KC in all mice, we showed that both
LL-37 and mtDAMPs significantly increased the BAL levels of KC two hours after DAMP exposure in both mouse
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strains (Figure 7A) and only in BALB/cByJ mice six hours after exposure (Figure 7B). In addition, myeloperoxidase
(MPO) levels in BAL were significantly increased by LL-37 and mtDAMPs at two and six hours in BALB/cByJ,
but not in DBA/2J mice (Figure 7C/D). Similarly, the numbers of neutrophils in BAL were increased in BALB/
cByJ mice upon treatment with both LL-37 and mtDAMPs at two and six hours, while in DBA/2J mice only LL37 induced a significant increase at six hours (Figure 7E/F). Collectively, both LL-37 and mtDAMPs are able to
induce neutrophilic airway inflammation in mice susceptible for CS-induced neutrophilic airway inflammation,
but not in the non-susceptible mice, indicating that genetic susceptibility for CS-induced neutrophilic airway
inflammation associates with susceptibility for DAMP-induced airway inflammation.
DISCUSSION
Here, we investigated whether CS-induced DAMP release and/or DAMP-induced pro-inflammatory responses
contribute to the susceptibility to develop COPD. Our data indicate that CS-induced release of specific DAMPs
and subsequent PRR-mediated activation of innate immune responses contribute to the susceptibility for
COPD. In vitro, CSE exposure induced dose-dependent release of DAMPs with a significantly stronger release of
galectin-3 in AECs from COPD patients compared to controls. Moreover, galectin-3, LL-37 and mtDAMP induced
a pro-inflammatory response in AECs from COPD patients as well as controls. Finally, we demonstrate that LL-37
and mtDAMPs also induce pronounced neutrophilic airway inflammation in mice susceptible for CS-induced
airway neutrophilia.
In our current study we show for the first time that the expression of a DAMP gene-set is more strongly
increased in bronchial brushings from COPD patients than from age- and smoking history-matched controls
upon cigarette smoking, with galectin-3 being one of the core-enriched genes. Importantly, a similar trend was
observed for bronchial brushings obtained from young individuals susceptible for COPD compared to young
non-susceptible individuals, suggesting that differences are present prior to disease onset.
We observed a stronger release of galectin-3, but none of the other DAMPs, in COPD-derived compared to
control-derived AECs in vitro, indicating that COPD-derived epithelium is more prone to the active release of
galectin-3 rather than the passive release of DAMPs. Indeed, it has been shown that galectin-3 can be secreted
actively.14,15 In line with our GSEA data in bronchial biopsies, galectin-3 mRNA expression was not different at
baseline. Thus, CSE may either induce a stronger increase in galectin-3 mRNA expression in COPD-derived cells
or promote its active release. Nevertheless, the strongest increase in release of galectin-3 was observed at higher
concentrations of CSE that also induced cytotoxicity. This indicates the involvement of necrosis/necroptosis in
CSE-induced galectin-3 release. The difference in CSE-induced galectin-3 release between COPD and controlderived epithelial cells was found at high concentrations of CSE, while we did not find a difference in cell death
here. Together, these data suggest that the difference in galectin-3 release between COPD and control-derived
epithelium may be due to a CS-induced increase in its mRNA expression. Our findings are in line with a previous
study showing increased galectin-3 protein expression in small airway epithelium of ex-smoking COPD patients
compared to smoking controls.12 In contrast, it was shown that the levels of galectin-3 were decreased in BAL
of COPD patients and smokers compared to non-smoking and ex-smoking controls11, an observation we did
not reproduce in our ELF samples. However, ELF did not reflect the observed changes in gene expression nor
the observed increase of serum levels of LL-37 upon cigarette smoking. As ELF sampling relies on highly local
probing at one specific time point, further research is needed to address whether local DAMP release is increased
in COPD patients briefly after CS exposure, as our GSEA analysis would predict. Furthermore, we observed that
the galectin-3-induced CXCL-8 response was only inhibited by TLR2/4 blockage in AECs from controls and not in
AECs from COPD patients. Since our GSEA analysis did not show differences in the basal expression of TLR2, TLR4
and RAGE between COPD patients and controls, our data indicates that the sensitivity of these specific PRRs in
COPD-derived AECs is reduced or that alternative receptors for the galectin-3-induced responses are involved in
COPD-derived AECs. Future studies should be focused on further elaborating the role of galectin-3 in COPD, and
identifying whether intranasal application of galectin-3 induces airway inflammation.

65

IV

Chapter IV

In our experimental set-up, cultured AECs did not secrete detectable levels of LL-37, indicating that LL37 may also have other cellular sources than the airway epithelium. Nevertheless, LL-37 may still contribute
to pro-inflammatory processes induced by CS exposure, as supported by our in vivo findings. Furthermore,
accumulating data from literature highlight LL-37 as one of the key mediators in CS-induced pathology in COPD,
as LL-37 was implicated in airway remodeling, mucus hyper-secretion and airway inflammation.18,19,20 Indeed,
the levels of LL-37 have shown to be increased in BAL, ELF and induced sputum of COPD patients compared
to smoking and non-smoking controls21,22,20, as well in serum during COPD exacerbations.13 Here, we show that
LL-37 as well as mtDAMPs are highly potent inducers of pro-inflammatory responses, both in vitro and in vivo.
mtDAMPs are a mixture of mitochondrial molecules, including mtDNA, cardiolipin and N-formylated peptides
which act as DAMP and have been shown to be involved in several diseases, including acute lung injury.4,23,24 No
assays are commercially available to measure cardiolipin and N-formylated peptides, while the lack of effect of
TLR9 inhibition excludes a role for mtDNA in the observed epithelial pro-inflammatory response. Furthermore,
the observed levels of released HMGB1 and S100A9 were higher in supernatant from old subjects compared to
young subjects, an observation supported by recent literature.18
Our in vivo data further indicate that enhanced responsiveness to DAMPs can contribute to the susceptibility
for CS-induced neutrophilic airway inflammation. In contrast, we did not observe significant differences in
DAMP-induced CXCL8 responses between AECs of COPD patients and controls. Thus, other cell types than
airway epithelial cells may be required or responsible for the observed differences in susceptibility to DAMPinduced pro-inflammatory responses. On the other hand, the discrepancy between the in vitro and in vivo data
may be explained by the notion that DAMP-induced inflammation may require gene-environment interaction
in humans, which were not taken into account in our in vitro assays. In this respect, our GSEA data indicate
that differences in epithelial TLR expression between COPD patients and controls were only observed upon
cigarette smoking. Furthermore, DAMP-induced inflammation may include genetic factors, while the criteria for
susceptibility in the human study rely merely on a genealogical study, and not all susceptibility genes may be
equally spread amongst first and second degree family members.
In summary, we show for the first time that the gene expression of DAMPs and PRRs are dysregulated upon
cigarette smoking in COPD patients. Our mouse model shows that genetic susceptibility for CS-induced airway
inflammation is related to genetic susceptibility for DAMP-induced airway inflammation. Furthermore, we show
that the CS-induced release of specific DAMPs and the pro-inflammatory response to specific DAMPs is abnormal
in airway epithelial cells from COPD patients. Thus, susceptibility for CS-induced DAMP release may contribute
to the development of COPD.
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ABSTRACT
Neutrophilic airway inflammation is one of the major hallmarks of chronic obstructive pulmonary disease (COPD),
and is also seen in steroid resistant asthma. Neutrophilic airway inflammation can be induced by different stimuli
including cigarette smoke (CS). Short-term exposure to CS induces neutrophilic airway inflammation both in
mice and humans. Since not all individuals develop extensive neutrophilic airway inflammation upon smoking,
we hypothesized that this CS-induced innate inflammation has a genetic component. This hypothesis was
addressed by exposing 30 different inbred mouse strains to CS or control air for five consecutive days, followed by
analysis of neutrophilic lung inflammation. By genome wide haplotype association mapping, we identified four
susceptibility genes with a significant association to lung tissue levels of the neutrophil marker myeloperoxidase
under basal conditions, and an additional 5 genes specifically associated with CS-induced tissue MPO levels.
Analysis of the expression levels of the susceptibility genes by qRT-PCR revealed that 3 out of the 4 genes
associated with CS-induced tissue MPO levels had CS-induced changes in gene expression levels that correlate
with CS-induced airway inflammation. Most notably, CS exposure induces an increased expression of the coiledcoil domain containing gene, Ccdc93, in mouse strains susceptible for CS-induced airway inflammation while
Ccdc93 expression was decreased upon CS exposure in non-susceptible mouse strains. In conclusion, this study
shows that CS-induced neutrophilic airway inflammation has a genetic component and several genes contribute
to the susceptibility for this response.

70

| Genetic variation associates with susceptibility for cigarette smoke-induced neutrophilia in mice

INTRODUCTION
Neutrophilic airway inflammation can be induced by different stimuli including cigarette smoke (CS).14,50
Neutrophilic airway inflammation is a major symptom of Chronic Obstructive Pulmonary Disease (COPD), a
debilitating and progressive lung disease characterized by airway inflammation, airway remodeling, emphysema,
expiratory airflow obstruction and accelerated lung function decline.41 Smoking is the major risk factor for COPD
and the chronic and pathologic lung inflammation that develops in COPD patients in response to smoking is
predominantly characterized by neutrophilic infiltrates,45 which positively correlate with disease severity as
measured by the degree of airflow obstruction, emphysema and chronic bronchitis.48 The airway inflammation
seen in COPD patients is mainly steroid insensitive as neither oral nor inhaled steroids are able to attenuate the
numbers of inflammatory cells or reduce the expression levels of pro-inflammatory cytokines and chemokines
in induced sputum and airway biopsies of COPD patients.1 In addition, neutrophilic airway inflammation is
observed in asthma patients with severe steroid refractory disease.16 Corticosteroid refractoriness in asthma
is often associated with neutrophilic inflammation. Accordingly, asthmatics who smoke demonstrate a poor
response to corticosteroids as well as increased levels of neutrophils in sputum.11,49
CS-induced airway inflammation can already occur after short-term exposure in individuals susceptible
for the development of COPD.51,39 To date, little is known about the genetics of CS-induced neutrophilic airway
inflammation, in contrast to the genetics of COPD or asthma for which many susceptibility genes have been
identified.8,38 Although, some studies have already investigated the genetics of emphysema in COPD as well as
different endophenotypes of asthma,13,47 to our knowledge no studies investigating the genetics of CS-induced
neutrophilic airway inflammation have been performed.
We hypothesized that the immune response in the airways differs quantitatively or qualitatively between
mice that differ in their genetic susceptibility to smoke. Therefore, we aimed to identify mechanisms that
contribute to the susceptibility to develop an innate immune response upon CS exposure. To this end, 30 inbred
mouse strains were exposed to CS for five consecutive days. Several studies have described the development
of neutrophilic airway inflammation after short-term whole body CS exposure in mice.53,54,42 Therefore, we
used this as a model to test the susceptibility towards CS-induced airway inflammation. Subsequently, we
evaluated genetic susceptibility for CS-induced neutrophilic airway inflammation by haplotype-association
mapping (HAM). This approach has previously been used to identify genes contributing to acrolein-, chlorine-,
or ventilator-induced acute lung injury.29,30,31 Identifying susceptibility genes for CS-induced neutrophilic airway
inflammation can be useful to attain new therapeutic targets to inhibit the chronic airway inflammation seen
in COPD patients. When the chronic inflammation is halted at an early stage it is possible that emphysema and
other COPD symptoms do not develop.4 Additionally, it is important to find new therapeutic targets for chronic
airway inflammation in COPD patients, as this inflammation is glucocorticosteroid insensitive, making it hard to
halt the chronic inflammation.2
The current study shows that the susceptibility for CS-induced neutrophilic airway inflammation
differs largely between individual mouse strains, showing a range from highly susceptible to fully resistant.
Furthermore, our study identifies four novel susceptibility loci for the development of CS-induced neutrophilic
airway inflammation in mice.
MATERIALS & METHODS
Experimental Design
This study was performed after review by and approval from the Institutional Animal Care and Use Committee
of the University of Groningen (IACUC-RuG). Thirty inbred mouse strains (females, age 8-10 weeks; n=16 mice/
strain, The Jackson Laboratory, Bar Harbor, ME, USA) were housed under specific pathogen free conditions (Table
1). The strains were selected based on relatedness to the C57Bl/6J reference strain and availability. All mice were
housed in individually ventilated cages and all experiments were performed under identical situations minimize
inter-strain differences. Mice were exposed to gaseous-phase CS from Kentucky 3R4F research reference
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cigarettes (Tobacco Research Institute, University of Kentucky, Lexington, USA) as described before.42 In short,
each cigarette was smoked without filter in five minutes at a rate of 5 L/hr and mixed with ambient air at a rate
of 60 L/hr using whole body exposure. Gaseous-phase CS was directly distributed inside 6-liter Perspex boxes.
Female mice (n=8 per group) were exposed to CS of 1-5 cigarettes for 5 consecutive days or filtered air, each
morning and afternoon, using a peristaltic pump as described previously.25 Three mice of the ALS/LtJ strain
did not survive the CS exposure and therefore this mouse strain was excluded from further analysis. No signs
of decreased health or weight loss were observed in the air exposed control groups. Mice were sacrificed 2h
after the last CS exposure (Fig 1a). Lung tissue (four individual lobes), BAL fluid (1 ml, 100 μl aliquots), skeletal
muscle and serum (100 μl aliquots) were collected and stored at -80 C° until further use. Lung inflammation was
analyzed in BAL fluid by standard morphology using differential cell counts performed with cytospin smears
using the May-Grünwald Giemsa method.5
Haplotype Association Mapping analysis
Genome wide association mapping was performed for log-transformed tissue Myeloperoxidase (MPO) levels
using the efficient mixed-models association (EMMA) which conducts tests for association on single SNPs with
two alleles and is corrected for confounding from population structure and genetic relatedness.23,7 The analysis
was performed using a high-density SNP map of 4x106 SNPs. The publicly available R-package implementation
of EMMA (available at http://mouse.cs.ucla.edu/emma/) was used. The significance threshold used in the EMMA
algorithm software using 4,000,000 SNPs was –log (P) = 5.0, in the current study the threshold was decreased to
-log (P) = 6.0 to decrease the change of obtaining false positive results.32,28 To investigate SNPs that are associated
with CS-independent tissue MPO levels the log-transformed tissue MPO levels of the air exposed mice were
implicated in EMMA as covariate.
Gene expression analysis
Total RNA was isolated from lung homogenate using Trizol (Invitrogen, Carlsbad, USA). RNA was further purified
using the RNeasy Plus Mini Kit (Qiagen, Valencia, CA, USA). Any remaining DNA was removed using the RNase-Free
DNase Set (Qiagen, Valencia, CA, USA). Total RNA was quantified using a Nanodrop-1000 (Nanodrop Technologies,
Wilmington, USA). cDNA synthesis was performed according to the manufacturer’s recommendations using the
iScript cDNA synthesis kit (Bio-Rad, Richmond, CA, USA). Real-time PCR was performed using iTaq Universal
SYBR® Green Supermix (Bio-Rad, Richmond, CA, USA). Quantification of cDNA targets was performed using the
TaqMan technology using the ABI 7900HT Sequence Detection System (Applied Biosystems, Foster City, CA, USA).
All reactions were run in duplicate. Multiple housekeeping genes (HKG) were included on each plate (B2M, IPO8,
PGK1). Based on the level and stability of expression in all samples (relative to other HKGs), the most appropriate
set of HKGs being IPO8 and PGK1, was selected using NormFinder.3 Commercial primer/probe sets specific for
target genes were purchased from Life Technologies (Invitrogen Life Technologies, Carlsbad CA, USA), Olfr1045
(Mm01334931_s1), Focad (Mm01267606_m1), Ifna5 (Mm00833976_s1), Naip6/Naip7 (Mm00783869_s1), Cox7c
(Mm01340476_m1), Ccdc93 (Mm01284976_m1), Clrn1 (Mm01289883_m1), Ptplad2 (Mm01267670_m1), Ablim1
(Mm01254316_m1)). Genotypes were determined using the publicly available Jackson Laboratory mouse SNP
database (available at http://cgd.jax.org/cgdsnpdb/). For genes that were identified with one significant SNP,
the genotype of that SNP was used. Genes that were identified with a haplotype consisting of multiple SNPs a
representative SNP was chosen and the genotype of that SNP is shown. All SNPs in one haplotype block show
corresponding genotypes.
Protein expression analysis
MPO protein levels were determined in lung homogenate, obtained from homogenizing one lung lobe, of all
29 mouse strains exposed to CS or control air (n=8 per group), using a commercial ELISA kit with a detection
limit of 250 pg/ml (Mouse Myeloperoxidase DuoSet, R&D systems, Minneapolis, USA). KC protein levels were
measured in BAL fluid of all 29 mouse strains exposed to CS (n=8 per group), using a commercial ELISA kit
with a detection limit of 15.6 pg/ml (Mouse CXCL1/KC DuoSet, R&D systems, Minneapolis, USA). IFN-α protein
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levels were measured in homogenized lung tissue of 5 selected mouse strains exposed to CS or control air (n=8
per group), using a commercial ELISA kit with a detection limit of 12.5 pg/ml (Mouse IFN-alpha ELISA Kit, R&D
systems, Minneapolis, USA). Commercial ELISA kits were performed according manufacturers’ protocol.
Statistical analysis
Each bar represents a group of eight animals (mean ± SEM). Mann-Whitney U was applied to compare differences
in expression between two mice strains. Normality in distribution of lung tissue MPO levels was tested using
the Shapiro-Wilk normality test. A p value <0.05 was considered statistically significant. Correlations were
determined using linear regression analysis where a p value of <0.01 was considered statistically significant.
RESULTS
CS-induced airway neutrophilia varies between 29 inbred mouse strains
In order to identify genes that contribute to the susceptibility for CS-induced innate airway inflammation, 30
inbred mouse strains were exposed to CS (n=8) or air as a control (n=8) for five consecutive days (Figure 1a).
Three out of eight mice of the ALS/LtJ strain deceased on the third day of CS exposure and therefore this mouse
strain was excluded from further analyses. No signs of discomfort or weight loss were observed during the first
three days of CS exposure, and necropsy did not reveal any pathology that could explain the adverse response
of these mice to CS exposure. The ALS/LtJ strain is known for their susceptibility for free radical pancreatic beta
cell destruction by Alloxan,33 but this offers no clear explanation for the observed death of the CS exposed
mice. All analyses were performed with the data obtained in 29 strains. Analysis of BAL cell counts revealed that
most, but not all, mouse strains developed airway inflammation after CS exposure, as indicated by the higher
number of total cells compared to air-exposed control mice (Table 1). In air-exposed control animals, most BAL
cells were mononuclear cells and a relative small percentage of total cells were eosinophils and neutrophils.
However, CS exposure increased the percentage of neutrophils in the majority of mouse strains, most notably
in BALB/cByJ mice, where the percentage of neutrophils increased from 0.61±0.27% after control air treatment
to 60.00±1.80% after CS treatment (Table 1). The magnitude of CS-induced airway neutrophilia varied highly
between mouse strains, ranging from an average increase in neutrophils of 4.9 x 105 in BAL of CS-exposed BALB/
cByJ mice to a decrease of 3.2 x 104 neutrophils in BAL of CS-exposed I/LnJ mice compared to their respective
air-exposed control groups (Figure 1b). In addition to differential counts based on manual counting of cytospin
preparations of BAL cells, we also measured lung tissue levels of MPO. MPO is a peroxidase enzyme that is
most abundantly expressed in granules of neutrophils and considered to be a good proxy for tissue neutrophil
counts.44 Lung tissue MPO levels differed in a similar range as observed for airway neutrophilia. The average
CS-induced change in MPO levels varied from a 631 ng/ml increase in BALB/cByJ mice to a CS-induced decrease
of 263 ng/ml in NOD/ShiLtJ mice (Figure 1c). Next, we tested for the correlation between BAL neutrophilia and
lung tissue MPO, and observed a positive correlation between CS-induced neutrophil numbers in BAL and
CS-induced tissue MPO levels (r2=0.57, p≤0.0001) (Figure 1e). Levels of KC (CXCL1), the murine equivalent of
neutrophil chemoattractant CXCL8, were also measured in BAL of CS-exposed mice to quantitatively analyze the
CS-induced airway inflammation in the different mouse strains. Average KC levels varied between 602 pg/ml in
SM/J mice and 0 pg/ml in SWR/J mice (Figure 1d). No correlations were found between CS-induced KC levels and
neutrophil numbers (r2=0.05, p=0.23) or tissue MPO levels (r2=0.15, p=0.04) (Figure 2A, B). Together, these data
show that inbred mouse strains widely vary in neutrophilic inflammation in airways and lung tissue upon shortterm CS exposure, indicating that genetic components strongly influence the susceptibility to this response.
Remarkably, KC levels in BAL were not correlated to neutrophilic inflammation in our dataset.
Haplotype Association Mapping analysis for tissue MPO levels identifies 11 novel susceptibility genes
To identify genes contributing to the susceptibility for CS-induced neutrophilia, haplotype association mapping
was performed using the data obtained in our screen, applying the efficient mixed-model association (EMMA)
method (Figure 3).23 The NZM2410/J mouse strain was unavailable in the EMMA database, therefore 28 mouse
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Figure 1: Genetic variation in neutrophilic airway inflammation shown for 29 inbred mouse strains. A) Schematic
representation of the experimental set-up. Mice were exposed to cigarette smoke or control air for five consecutive days. For each
cigarette smoke exposure 1, 3 or 5 cigarettes were used with two exposures per day except on the fifth day when only one exposure was
performed. Mice were sacrificed two hours after the final exposure on the fifth day. Bronchoalveolar lavage fluid (BAL) fluid, lung tissue,
serum and skeletal muscle samples were isolated, aliquoted and stored at -80° C until further use. B) 29 Inbred mouse strains were
exposed to cigarette smoke or control air for five consecutive days. Neutrophil counts in BAL fluid were determined using cytospin. Bars
depict average and SEM of smoke exposed mice (n=8) minus average air exposed mice (n=8). C) 29 Inbred mouse strains were exposed
to cigarette smoke or control air for five consecutive days. MPO protein levels were determined in homogenized lung tissue. Bars depict
average and SEM of smoke exposed mice (n=8) minus average air exposed mice (n=8). D) 29 Inbred mouse strains were exposed to
cigarette smoke or control air for five consecutive days. KC levels were determined in BAL fluid of cigarette smoke exposed mice (n=8).
Bars depict average and SEM. E) The induction of neutrophils after short-term CS exposure shows a positive correlation (r2=0.57) with
the CS-induced tissue MPO levels of 29 mouse strains. Values are shown as average of n=8, both neutrophils and MPO are shown as
delta of air- and CS-exposed mice.
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Table 1: Blood-cell analysis in BAL of 29 mouse strains after cigarette smoke or control air treatment.
Strain

Treatment

Cell count
BAL
(x1000)

Absolute
Neutrophils

%
Neutrophils

Absolute
Mononucleated
cells (x1000)

% Mononucleated
cells

Absolute
Eosinophils

%
Eosinophils

BALB/cByJ

Air
Smoke
Air
Smoke
Air
Smoke
Air
Smoke
Air
Smoke
Air
Smoke
Air
Smoke
Air
Smoke
Air
Smoke
Air
Smoke
Air
Smoke
Air
Smoke
Air

347 (41)
814 (37)
245 (25)
552 (54)
517 (68)
615 (156)
446 (70)
1336 (420)
319 (21)
491 (57)
475 (69)
586 (43)
266 (49)
310 (25)
276 (25)
308 (17)
489 (67)
389 (45)
161 (34)
242 (23)
349 (41)
399 (36)
356 (43)
503 (31)
394 (48)

1263 (553)
487171 (22811)
982 (304)
258982 (43898)
1599 (552)
176552 (47797)
11947 (6897)
160519 (60821)
384 (152)
106630 (20889)
161 (113)
75855 (20028)
132 (53)
63031 (4868)
556 (257)
46096 (10317)
3263 (1361)
46982 (16763)
800 (702)
44361 (8129)
1874 (729)
31054 (5011)
778 (703)
25947 (8409)
104 (104)

0,61 (0,27)
60 (1,8)
0,38 (0,10)
50,7 (7,77)
0,31 (0,13)
28,1 (4,85)
2,03 (1,03)
13,8 (5,77)
0,13 (0,05)
21,4 (3,86)
0,08 (0,05)
15,2 (2,76)
0,08 (0,03)
20,8 (1,83)
0,24 (0,12)
15,4 (3,8)
0,87 (0,37)
13,8 (4,9)
0,93 (0,87)
19,4 (3,63)
0,69 (0,3)
8,65 (2,03)
0,2 (0,16)
5,51 (1,9)
0,02 (0,02)

298 (60)
326 (24)
244 (25)
291 (82)
515 (68)
438 (12)
392 (55)
1174 (395)
318 (21)
383 (48)
474 (69)
419 (69)
266 (49)
242 (23)
276 (25)
261 (20)
458 (67)
342 (50)
160 (34)
196 (25)
345 (41)
366 (37)
354 (42)
476 (34)
394 (48)

99,4 (0,27)
39,9 (1,81)
99,6 (0,13)
48,9 (7,76)
99,6 (0,14)
71,8 (4,86)
90,4 (5,35)
86 (5,83)
99,8 (0,07)
78,2 (3,85)
99,8 (0,13)
84,33 (2,84)
99,9 (0,04)
77,4 (2,32)
99,7 (0,13)
84,5 (3,81)
99,1 (0,4)
86,1(4,9)
98,9 (1,04)
80,3 (3,63)
99 (0,4)
91 (2,01)
99,5 (0,5)
94,4 (1,97)
100 (0,04)

0 (0)
318 (318)
104 (74)
1564 (519)
0 (0)
158 (104)
41999 (24343)
675 (568)
0 (0)
276 (183)
707 (707)
1973 (1391)
0 (0)
464 (206)
0 (0)
101 (66)
41 (41)
0 (0)
132 (132)
565 (422)
1282 (1101)
1124 (663)
1420 (1420)
325 (325)
104 (104)

0 (0)
0,04 (0,04)
0,04 (0,02)
0,28 (0,1)
0 (0)
0,04 (0,02)
7,48 (4,35)
0,1 (0,07)
0 (0)
0,06 (0,04)
0,13 (0,13)
0,36 (0,21)
0 (0)
0,16 (0,07)
0 (0)
0,04 (0,02)
0,02 (0,02)
0 (0)
0,16 (0,16)
0,24 (0,18)
0,33 (0,28)
0,29 (0,16)
0,33 (0,33)
0,08 (0,08)
0,02 (0,02)

Smoke
Air
Smoke
Air
Smoke
Air
Smoke
Air
Smoke
Air
Smoke
Air
Smoke
Air
Smoke
Air
Smoke
Air
Smoke
Air
Smoke
Air
Smoke
Air
Smoke
Air
Smoke
Air
Smoke
Air
Smoke
Air
Smoke

320 (63)
114 (15)
222 (29)
313 (32)
667 (331)
369 (42)
433 (57)
191 (20)
307 (70)
312 (35)
287 (33)
437 (46)
315 (28)
224 (11)
327 (36)
451 (49)
590 (44)
163 (28)
205 (15)
445 (159)
323 (44)
364 (307)
432 (72)
768 (93)
617 (98)
828 (359)
380 (54)
373 (59)
328 (49)
634 (54)
746 (33)
376 (67)
148 (22)

21624 (5796)
153 (111)
10175 (4379)
0 (0)
9721 (7571)
276 (137)
9188 (3849)
710 (258)
7757 (1624)
876 (597)
6677 (1005)
712 (280)
6325 (2271)
239 (97
2987 (1151)
1380 (911)
3712 (1318)
579 (443)
2618 (861)
0 (0)
931 (358)
56 (56)
297 (179)
395 (208)
454 (332)
1173 (661)
642 (318)
7234 (4687)
6430 (1717)
6578 (2692)
4062 (1390)
39205 (36753)
6989 (2445)

6,76 (1,64)
0,1 (0,06)
4,73 (2,14)
0 (0)
0,91 (0,41)
0,09 (0,05)
1,96 (0,63)
0,38 (0,15)
2,79 (0,58)
0,22 (0,12)
2,69 (0,54)
0,15 (0,06)
2,2 (0,82)
0,11 (0,05)
0,98 (0,36)
0,24 (0,13)
0,18 (0,09)
0,24 (0,13)
1,29 (0,43)
0 (0)
0,33 (0,11)
0,02 (0,02)
0,08 (0,04)
0,06 (0,03)
0,08 (0,05)
0,26 (0,14)
0,18 (0,09)
1,38 (0,63)
2,09 (0,7)
0,95 (0,36)
0,54 (0,18)
5,61 (4,85)
5,05 (1,37)

298 (59)
114 (14 )
212 (29)
313 (32)
656 (323)
369 (42)
424 (55)
190 (20)
300 (69)
311 (35)
280 (33)
436 (45)
308 (29)
224 (11)
324 (36)
450 (49)
585 (43)
163 (28)
201 (15)
445 (159)
322 (44)
364 (31)
431 (72)
767 (93)
616 (98)
827 (359)
379 (54)
363 (53)
321 (48)
628 (53)
741 (33)
336 (36)
141 (21)

93,2 (1,63)
99,8 (0,13)
95,2 (2,14)
100 (0)
99 (0,41)
99,9 (0,06)
98 (0,63)
99,6 (0,16)
97,1 (0,58)
99,8 (0,13)
97,2 (0,54)
99,8 (0,08)
97,7 (0,84)
99,9 (0,06)
99 (0,36)
99,7 (0,14)
99,3 (0,25)
99,7 (0,92)
98,4 (0,51)
100 (0,03)
99,6 (0,12)
100 (0,03)
99,9 (0,06)
99,9 (0,04)
99,9 (0,08)
99,7 (0,15)
99,8 (0,11)
98,2 (0,92)
97,7 (0,71)
99 (0,36)
99,4 (0,19)
94,3 (4,88)
94,8 (1,39)

0 (0)
179 (115)
35 (35)
0 (0)
0 (0)
79 (79)
0 (0)
30 (30)
0 (0)
0 (0)
97 (64)
0 (0)
78 (78)
0 (0)
0 (0)
0 (0)
0 (0)
161 (87)
367 (135)
38 (38)
0 (0)
0 (0)
87 (87)
0 (0)
163 (163)
51 (51)
71 (71)
2013 (1953)
498 (186)
0 (0)
0 (0)
349 (226)
96 (77)

0 (0)
0,12 (0,07)
0, 02 (0,02)
0 (0)
0 (0)
0,02 (0,02)
0 (0)
0,02 (0,02)
0 (0)
0 (0)
0,04 (0,02)
0 (0)
0,04 (0,04)
0 (0)
0 (0)
0 (0)
0 (0)
0,08 (0,04)
0,19 (0,08)
0,02 (0,02)
0 (0)
0 (0)
0,02 (0,02)
0 (0)
0,02 (0,02)
0,02 (0,02)
0,02 (0,02)
0,31 (0,28)
0,14 (0,04)
0 (0)
0 (0)
0,09 (0,07)
0,09 (0,06)

BALB/cJ
PL/J
129S1/SvlmJ
NON/ShiLtJ
KK/HIJ
SM/J
DBA/1J
SJL/J
C3H/HeJ
NZM2410/J
C57BL/10J
TALLYHO/
JngJ
C57BL/6J
BTBR+tf/J
C57L/J
CE/J
NZW/LacJ
A/J
FVB/NJ
BPH/2J
DBA/2J
RIIS/J
LP/J
SWR/J
BPN/3J
NOD/ShiLtJ
C58/J
I/LnJ

V

Numbers indicate mean±(SEM).
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strains were used for the HAM analysis. In order to meet the criterion of normally distributed data, both the
BAL neutrophil count and tissue MPO datasets were log-transformed and tested for normal distribution. This
analysis indicated that 10Log transformation of BAL neutrophil count did not render normally distributed data,
while 10Log transformation of lung tissue MPO did (Shapiro-Wilk normality test p≤0.01). Therefore, the 10Logtransformed dataset on lung tissue MPO level was used for HAM analysis of neutrophilic lung inflammation
induced by CS exposure (Figure 2). As is evident from figure 1 and table 1, inbred mouse strains display a wide
range of tissue MPO levels under basal (control) conditions. Therefore, we first assessed whether we could
identify SNPs that are associated with differences in MPO levels under basal conditions by performing a HAM
analysis using only the dataset from the air-exposed mice as input. This analysis revealed no SNPs significantly
associated with MPO levels in air-exposed mice. Therefore, we also performed a HAM analysis on the full dataset,
using CS exposure as a covariate, which corrects for any effect of CS exposure while retaining the power of
the full dataset to identify SNPs associated with lung tissue MPO levels. This HAM analysis identified 48 SNP
associations (-Log(P) = >6) that are linked to lung tissue MPO levels corrected for CS exposure status, 1 on
chromosome 2, 2 on chromosome 4, 3 on chromosome 5, 41 on chromosome 13 and 1 on the X chromosome
(Table 2). The 48 significantly associated SNPs mapped to 7 genomic loci, located in the direct proximity of the
following genes: Olfr1045 (Olfactory receptor 1045) on chromosome 2, Focad (Focadhesin) and Ifna5 (Interferon
Alpha 5) on chromosome 4, Med10 (mediator of RNA polymerase II transcription, subunit 10 homolog), Cox7c
(cytochrome c oxidase subunit VIIc) and Naip6/7 (NLR family, apoptosis inhibitory protein 6/7) on chromosome
13 and Gm5072 (predicted gene 5072) on the X chromosome.
On chromosome, 13 a haplotype block of 37 significant SNPs was found to be associated with tissue MPO
levels independently of CS exposure status. Although only one susceptibility gene was identified within this
haplotype block, i.e. Cox7c, it is possible that genes in the proximity of the haplotype block are affected by
these SNPs. Figure 5 shows a region of 1,000,000 bp including the haplotype block and the direct chromosomal
proximity. This region contains the aforementioned candidate susceptibility gene, Cox7c, and two pseudogenes,
Nhp2l1 and Hmgb3. Non-histone chromosome protein 2-like 1 (Nhp2l1) is a pseudogene with 90% alignment
coverage of the parental gene, all introns processed out, 58.8% of the parental genes’ poly-A tail and no known
expression.6 High mobility group box 3 (Hmgb3) is a retrogene with 99% alignment coverage of the parental
gene, all four introns processed out, 68.2% of the parental genes’ poly-A tail and shows weak gene expression.6
Finally, to identify SNPs specifically associated with CS-induced lung tissue MPO levels, we performed
a HAM analysis using only the dataset from the CS-exposed mice as input (Figure 4). This analysis identified
76 SNP associations (-Log(P) = >6) linked with CS-induced tissue MPO levels, 56 on chromosome 1, 1 on
chromosome 3, 18 on chromosome 4 and 1 on chromosome 19 (Table 3). The 76 significantly associated SNPs
mapped to 6 genomic loci that were located in the direct proximity of the following genes: Ccdc93 (Coiled-Coil
Domain Containing 93) on chromosome 1, Clrn1 (Clarin1) on chromosome 3, Focad, Ptplad2 (Protein Tyrosine
Phosphatase-Like A) and Ifna5 on chromosome 4 and Ablim1 (Actin Binding LIM Protein 1) on chromosome
19. Two of these genes were also identified in the HAM analysis on the full dataset using CS exposure as a
covariate, indicating that these genes, Focad and Ifna5, are not directly related to CS-induced MPO levels. For
Ifna5 the SNP identified in the co-variate analysis (NES09568490) was also identified in the CS-induced tissue
MPO analyses and a second significant SNP was also identified in this analysis (NES09568320). For Focad only 1
SNP was significantly associated with CS-independent tissue MPO levels while 12 SNPs were associated with the
CS-induced tissue MPO levels. The other four genes, Ccdc93, Clrn1, Ptplad and Ablim1, are novel susceptibility
genes for CS-induced lung tissue MPO levels. Gene function information of the genes identified by HAM analysis
showed no obvious shared activities (Table 4).
On chromosome 1 a haplotype block was identified containing 55 SNPs significantly associated with CSinduced tissue MPO levels. Within this haplotype block only one gene was identified, i.e. Ccdc93, therefore only
this gene is further analyzed. However, in the close proximity of Ccdc93 is the gene Htr5b (5-hydroxytryptamine
receptor 5B), possibly also being affected by the identified SNPs.
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Figure 2: Neutrophilic airway inflammation in 29 inbred mouse strains. No significant linear regression was shown for KC both
with A) neutrophil counts (r2=0.05) and B) tissue MPO levels (r2=0.015). Values of 29 mouse strains are shown as average of n=8, both
neutrophils and MPO are shown as delta of air- and CS-exposed mice, KC values are of CS exposed mice. Neutrophil counts in BAL
fluid are determined using cytospin counts in 29 Inbred mouse strains that were exposed to C) cigarette smoke or D) control air for five
consecutive days. MPO protein levels were determined in homogenized lung tissue of 29 inbred mouse strains that were exposed to E)
cigarette smoke or F) control air for five consecutive days. Bars depict average and SEM.
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Table 2: Single nucleotide polymorphisms (SNPs) significantly associated with lung tissue MPO levels after short-term
cigarette smoke or air exposure with cigarette smoke exposure as co-variate.
Chr. P-value

Position

rsid

#Major #Minor #Missing
Alleles Alleles Alleles

Beta

Alleles

Variation type
/ Function
class

Gene

2
4
4
5
5
5
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
X

86050177
87898095
88492716
11903371
11913259
22209005
70004590
86818939
86104735
86149357
86177344
86297976
86301902
86303422
86345530
86361041
86381969
86391365
86392397
86435498
86449905
85998309
86015031
86022673
86024122
86025080
86025095
86098537
86098804
86100312
86105807
86107430
86113060
86123792
86124413
86128399
86133436
86149571
86299063
86301584
86314320
86356986
86449679
86449736
101092854
101140087
101146326
88747328

NES09240227
NES09571153
NES09568490
NES10314606
NES10314187
NES16632919
NES17762774
mm37-13-86818939
NES14340501
mm37-13-86149357
mm37-13-86177344
NES14338299
NES14338246
NES14338187
mm37-13-86345530
mm37-13-86361041
mm37-13-86381969
mm37-13-86391365
mm37-13-86392397
NES14336927
mm37-13-86449905
mm37-13-85998309
NES17100612
NES17100588
NES17100600
NES17100548
NES17100549
NES17099487
NES17099488
NES17099470
NES14340511
NES14340524
NES14340392
NES14340180
NES14340185
NES14340159
NES14340118
mm37-13-86149571
mm37-13-86299063
mm37-13-86301584
NES14338093
NES14337742
mm37-13-86449679
mm37-13-86449736
NES17117161
NES17116689
NES17116557
NES12390474

3
15
19
3
3
4
20
5
23
23
23
23
23
23
23
23
23
23
23
23
23
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
6
6
6
3

-0,4106
-0,3201
-0,3710
-0,4267
-0,4267
-0,4484
0,4632
-0,3992
0,3931
0,3931
0,3931
0,3931
0,3931
0,3931
0,3931
0,3931
0,3931
0,3931
0,3931
0,3931
0,3931
-0,3931
-0,3931
-0,3931
-0,3931
-0,3931
-0,3931
-0,3931
-0,3931
-0,3931
-0,3931
-0,3931
-0,3931
-0,3931
-0,3931
-0,3931
-0,3931
-0,3931
-0,3931
-0,3931
-0,3931
-0,3931
-0,3931
-0,3931
-0,3839
-0,3839
-0,3839
-0,4076

T/G
A/G
C/T
G/A
A/G
C/A
A/G
A/G
A/G
A/T
A/G
G/T
A/G
T/A
T/C
A/T
C/G
A/G
G/A
G/A
C/T
A/G
C/T
G/A
A/G
G/T
A/G
A/G
C/T
T/G
T/A

TV / IG
TS/IT
TS/IG
TS/IT
TS/IT
TV/IG
TS/IG
TS/IG
TS/IG
TV/IG
TS/IG
TV/IG
TS/IG
TV/IG
TS/IG
TV/IG
TV/IG
TS/IG
TS/IG
TS/IG
TS/IG
TS/IG
TS/IG
TS/IG
TS/IG
TV/IG
TS/IG
TS/IG
TS/IT
TV/IT
TV/IG

Olfr1045
Focad
Ifna5

6,476E-07
5,703E-07
7,724E-07
6,086E-07
6,086E-07
1,649E-07
9,481E-07
4,054E-07
6,095E-07
6,095E-07
6,095E-07
6,095E-07
6,095E-07
6,095E-07
6,095E-07
6,095E-07
6,095E-07
6,095E-07
6,095E-07
6,095E-07
6,095E-07
6,095E-07
6,095E-07
6,095E-07
6,095E-07
6,095E-07
6,095E-07
6,095E-07
6,095E-07
6,095E-07
6,095E-07
6,095E-07
6,095E-07
6,095E-07
6,095E-07
6,095E-07
6,095E-07
6,095E-07
6,095E-07
6,095E-07
6,095E-07
6,095E-07
6,095E-07
6,095E-07
3,113E-07
3,113E-07
3,113E-07
3,597E-07

9
12
6
12
12
16
4
22
5
5
5
5
5
5
5
5
5
5
5
5
5
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
14
14
14
10

16
1
3
13
13
8
4
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
8
8
8
15

AK044020 / AK30448
Med10
Cox7c
Cox7c
Cox7c
Cox7c
Cox7c
Cox7c
Cox7c
Cox7c
Cox7c
Cox7c
Cox7c
Cox7c
Cox7c
Cox7c
Cox7c
Cox7c
Cox7c
Cox7c
Cox7c
Cox7c
Cox7c
Cox7c
Cox7c
Cox7c
Cox7c
Cox7c
Cox7c
Cox7c
Cox7c
Cox7c
Cox7c
Cox7c
Cox7c
Cox7c
Cox7c
Cox7c
Cox7c
Naip6/7
Naip6/7
Naip6/ 7
GM5072

Significance cut-of is set at –log(P)≥6. Major and minor alleles indicate the number of mouse strains with the most and least
abundant allele for the SNP. Missing alleles indicate the number of mouse strains with missing data for the SNP. Variation type is
transversion (TV) or transition (TS). Function class is intergenic (IG) or intronic (IT).
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Figure 3: Haplotype Association Mapping identifies susceptibility genes for cigarette smoke-independent tissue MPO levels.
The Manhattan plot for cigarette smoke-induced log-transformed tissue MPO levels depicts corresponding –Log(P) association
probabilities for single nucleotide polymorphisms (SNPs) at indicated chromosomal locations. Significance level was set at SNP
associations of –Log(P) ≤ 6. Blow-ups show genes mapped at the significant SNPs. (see color image on page 211)
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Table 3: Single nucleotide polymorphisms (SNPs) significantly associated with lung tissue MPO levels after short-term
cigarette smoke exposure.
Chr.

P-value

Position

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
3
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
19

3,811E-07
3,811E-07
3,811E-07
3,811E-07
3,811E-07
3,811E-07
3,811E-07
3,811E-07
3,811E-07
9,765E-07
9,765E-07
9,765E-07
9,765E-07
9,765E-07
9,765E-07
9,765E-07
9,765E-07
9,765E-07
9,765E-07
9,765E-07
9,765E-07
9,765E-07
9,765E-07
9,765E-07
9,765E-07
9,765E-07
9,765E-07
9,765E-07
9,765E-07
9,765E-07
9,765E-07
9,765E-07
9,765E-07
9,765E-07
9,765E-07
9,765E-07
9,765E-07
9,765E-07
9,765E-07
9,765E-07
9,765E-07
9,765E-07
9,765E-07
9,765E-07
9,765E-07
9,765E-07
9,765E-07
9,765E-07
9,765E-07
9,765E-07
9,765E-07
9,765E-07
9,765E-07
9,765E-07
9,765E-07
7,220E-07
5,960E-07
3,310E-07
3,310E-07
3,310E-07
3,310E-07
3,310E-07
3,310E-07
9,389E-07
1,605E-07
1,605E-07
1,605E-07
1,605E-07
1,605E-07
1,551E-07
1,551E-07
1,551E-07
1,551E-07
1,576E-08
3,352E-07
7,812E-08

123342024
123342089
123345027
123345536
123363779
123366274
123371549
123371891
123371919
123348790
123349178
123350677
123382151
123382248
123405178
123406568
123407217
123407241
123407283
123407862
123408253
123421505
123422148
123422637
123422670
123424032
123424044
123424420
123424459
123424530
123424576
123424641
123424710
123424872
123424949
123425083
123425114
123425415
123425507
123426645
123427770
123427831
123428935
123429874
123430146
123430977
123430998
123432677
123433774
123434041
123434066
123434088
123434101
123440551
123440576
163762993
58637996
87851383
87851550
87853908
87854401
87864501
87868300
87898095
87988650
88031947
88036991
88038119
88039603
88086805
88086855
88087939
88093482
88492716
88494267
57369312

rsid
NES12991461
NES12991465
NES12991380
NES12991392
NES12990782
NES12990686
NES12990517
NES12990514
NES12990515
NES12991192
NES12991165
NES12991084
NES12990291
NES12990293
NES12989779
NES12989741
NES12989743
NES12989744
NES12989745
NES12989698
NES12989644
NES12989372
NES12989352
NES12989330
NES12989332
NES12989283
NES12989285
NES12989289
NES12989290
NES12989291
NES12989294
NES12989295
NES12989298
NES12989301
NES12989302
NES12989303
NES12989305
NES12989306
NES12989310
NES12989198
NES13005205
NES13005208
NES13005186
NES13005182
NES13005172
NES13005144
NES13005145
NES13005119
NES13005113
NES13005097
NES13005099
NES13005100
NES13005101
NES13004994
NES13004995
NES15841783
mm37-3-58637996
NES09573265
NES09573266
NES09573284
NES09573287
NES09572718
NES09572517
NES09571153
NES09567251
NES09565505
NES09565242
NES09565248
NES09565055
NES09563080
NES09563081
NES09563032
NES09562814
NES09568490
NES09568320
NES13496823

#Major #Minor
Alleles Alleles

#Missing
Alleles

Beta

Alleles

Variation type /
Function class

Gene

21
21
21
21
21
21
21
21
21
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
14
14
18
18
18
18
18
18
15
19
19
19
19
19
19
19
19
19
19
19
23

0
0
0
0
0
0
0
0
0
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
0
2
5
5
5
5
5
5
1
3
3
3
3
3
3
3
3
3
3
4
1

-0,4721
-0,4721
-0,4721
-0,4721
-0,4721
-0,4721
-0,4721
-0,4721
-0,4721
-0,4679
-0,4679
-0,4679
-0,4679
-0,4679
-0,4679
-0,4679
-0,4679
-0,4679
-0,4679
-0,4679
-0,4679
-0,4679
-0,4679
-0,4679
-0,4679
-0,4679
-0,4679
-0,4679
-0,4679
-0,4679
-0,4679
-0,4679
-0,4679
-0,4679
-0,4679
-0,4679
-0,4679
-0,4679
-0,4679
-0,4679
-0,4679
-0,4679
-0,4679
-0,4679
-0,4679
-0,4679
-0,4679
-0,4679
-0,4679
-0,4679
-0,4679
-0,4679
-0,4679
-0,4679
-0,4679
-0,3973
-0,4257
-0,4935
-0,4935
-0,4935
-0,4935
-0,4935
-0,4935
-0,4150
-0,4824
-0,4824
-0,4824
-0,4824
-0,4824
-0,4710
-0,4710
-0,4710
-0,4710
-0,5066
-0,5037
-0,5996

A/G
G/A
A/T
T/C
C/T
A/G
A/C
A/G
A/G
A/G
A/C
T/C
G/A
A/T
G/A
A/G
C/G
T/C
T/C
A/G
T/A
A/G
C/T
A/G
C/T
G/A
T/C
A/G
G/A
A/G
A/G
A/G
G/A
A/T
C/T
A/G
G/C
T/G
A/C
C/T
A/G
G/A
G/A
G/A
A/G
T/C
T/C
G/A
A/G
A/G
C/T
G/A
G/C
G/A
C/T
C/T
T/C
G/T
G/A
G/C
A/G
C/T
C/T
A/G
G/C
C/A
C/T
C/T
C/T
C/T
A/G
G/A
C/T
G/A
T/G

TS/IT
TS/IT
TV/IT
TS/IT
TS/IT
TS/IT
TV/IT
TS/IT
TS/IT
TS/IT
TV/IT
TS/IT
TS/IT
TV/IT
TS/IG
TS/3’UTR
TV/CSyn
TS/CSyn
TS/CSyn
TS/IT
TV/IT
TS/IT
TS/IT
TS/IT
TS/IT
TS/CSyn
TS/CSyn
TS/CNSyn
TS/CNSyn
TS/CSyn
TS/CNSyn
TS/CSyn
TS/CSyn
TV/5’UTR
TS/5’UTR
TS/IG
TV/IG
TV/IG
TV/IG
TS/IG
TS/IG
TS/IG
TS/IG
TS/IG
TS/IG
TS/IG
TS/IG
TS/IG
TS/IG
TS/IG
TS/IG
TS/IG
TV/IG
TS/IG
TS/IG
TS/IT
TS/IG
TV/IT
TS/IT
TV/IT
TS/IT
TS/IT
TS/IT
TS/IT
TV/IT
TV/IT
TS/IT
TS/IT
TS/IT
TS/IG
TS/IG
TS/IG
TS/IG
TS/IG
TV/IT

ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
ccdc93
AI848100
Clrn1
Focad
Focad
Focad
Focad
Focad
Focad
Focad
Focad
Focad
Focad / Ptplad2
Focad / Ptplad2
Focad / Ptptlad2
Ptplad2
Ptplad2
Ptplad2
Ptplad2
Ifna5
Ifna5
Ablim1

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
14
12
5
5
5
5
5
5
12
6
6
6
6
6
6
6
6
6
6
5
4

Significance cut-of is set at –log(P)≥6. Major and minor alleles indicate the number of mouse strains with the most and least
abundant allele for the SNP. Missing alleles indicate the number of mouse strains with missing data for the SNP. Variation type
is transversion (TV) or transition (TS). Function class is intergenic (IG), intronic (IT), 5’- or 3’-untranslated region (UTR), coding
synonymous (CSyn) or coding non-synonymous (CNSyn).
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mRNA expression levels of Ccdc93, Ptplad2, Cox7c and Focad are differentially affected by CS exposure in
susceptible and resistant mouse strains
One of the main mechanisms by which SNPs may contribute to functional alterations in a biologically relevant
pathway is through an effect on gene transcription, by acting as an expression Quantitative Trait Locus (eQTL).55
To test whether expression of any of the genes identified by HAM analysis was altered as a function of SNP
genotype, mRNA expression was determined in homogenized lung tissue of selected mouse strains. The mRNA
expression levels of three genes identified in the HAM analysis using CS-independent MPO levels, Olfr1045,
Cox7c and Naip6/7, four genes identified in the HAM analysis using CS-induced MPO levels, Ccdc93, Clrn1,
Ptplad2 and Ablim1, and two genes that were identified in both HAM analyses, Focad and Ifna5, were measured.
Five mouse strains were selected based on their CS-induced tissue MPO levels, covering the entire range from
highly susceptible to resistant mouse strains. We selected BALB/cByJ, PL/J, C58/J, C57BL/6J, and A/J, ranging
from susceptible to resistant (Figure 1b).
The mRNA expression levels of Olfr1045 and Clrn1 were below the detection limit (data not shown).
Genotypes were determined for the remaining seven genes for each mouse strain. One significant SNP was
identified forAblim1, therefore the genotypes of this SNP is shown. Moreover, we identified significant haplotype
blocks consisting of multiple SNPs for the other identified susceptibility genes. For these genes a representative
SNP, with matching genotype, is shown in Figure 6. For Ccdc93 four different haplotypes were found, reflecting
the genotypes of three LD blocks spanning 46, 6 and 2 SNPs and one single SNP.
First, we evaluated gene expression levels in lung tissue at baseline (Figure 6). The mRNA expression levels of
Focad showed small, yet significant differences among mouse strains, where the susceptible mouse strain PL/J
showed the highest expression with a 2-ΔCt of 0.18 ± 0.01, shown as mean ± SEM, and the non-susceptible strain
A/J displayed the lowest expression with a 2-ΔCt of 0.12 ± 0.01. No correlation of SNP genotype and expression
level was observed for Focad. Basal Ifna5 expression was the highest in C58/J mice (2-ΔCt 0.03 ± 0.02), followed by
BALB/cByJ (2-ΔCt 0.02 ± 0.00), while the other three strains showed lower expression levels, with no correlation to
SNP genotype. Naip6/7 mRNA expression showed small, yet significant differences among mouse strains ranging
from a 2-ΔCt of 0.14 ± 0.01 in PL/J mice to a 2-ΔCt of 0.06 ± 0.01 in C57BL/6J mice, with no relation to susceptibility.
The basal Cox7c mRNA expression levels were similar among different strains. For Ccdc93 the C57BL/6J and C58/6J
mice had significantly higher expression levels (2-ΔCt: 0.06 ± 0.004 and 0.06 ± 0.003 respectively) compared to the
A/J, PL/J and BALB/cByJ mice (2-ΔCt: 0.03 ± 0.003, 0.03 ± 0.003 and 0.03 ± 0.001 respectively). However, expression
levels of Ccdc93 was not associated with a specific haplotype at the locus. The mRNA levels of Ptplad2 show
small, yet significant, differences among strains ranging from a 2-ΔCt of 0.07 ± 0.005 in C57Bl/6J mice to a 2-ΔCt of
0.04 ± 0.003 in C58/J mice. For Ablim1 the gene expression levels were relatively similar among strains, only the
C57BL/6J mice showed significantly higher expression levels (2-ΔCt 0.07 ± 0.005) compared to the other strains.
Together, these data indicate that small differences in mRNA expression exist between strains for Focad, Ifna5,
Naip6/7, Ccdc93, Ptplad2 and Ablim1. However, these small variations in basal expression did not correlate with
susceptibility to CS-induced airway neutrophilia or genotype of the polymorphic SNPs.
Next we compared the CS-induced alterations in gene expression levels for these genes in lung tissue
between susceptible and resistant strains. CS exposure reduced Focad mRNA expression in non-susceptible
mouse strains (C58/J, A/J), while a trend towards a decrease was found in C57BL/6J mice (p=0.06), and no
significant changes were observed in the susceptible mouse strains BALB/cByJ and PL/J (Figure 7). Furthermore,
no significant CS-induced changes in mRNA expression were observed for Ifna5. While CS exposure induced
a small decrease in Naip6/7 mRNA expression in PL/J and C58/J mice, a strong decrease was observed in the
resistant A/J mice and no decrease in expression was observed in BALB/cByJ and C57BL/6J mice. Moreover, CS
exposure decreased mRNA expression of Cox7c, which correlated with susceptibility as the strongest decrease
was observed in susceptible BALB/cByJ and PL/J mice, with an intermediate change in C58/J mice and no
significant effects in the non-susceptible C57BL/6J and A/J mice. CS exposure significantly increases the Ccdc93
mRNA expression in the susceptible mouse strains BALB/cByJ and PL/J while the Ccdc93 mRNA expression was
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Figure 4: Haplotype Association Mapping identifies susceptibility genes for cigarette smoke-independent tissue MPO levels.
The Manhattan plot for cigarette smoke-induced log-transformed tissue MPO levels depicts corresponding –Log(P) association
probabilities for single nucleotide polymorphisms (SNPs) at indicated chromosomal locations. Significance level was set at SNP
associations of –Log(P) ≤ 6. Blow-ups show genes mapped at the significant SNPs. (see color image on page 212)
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Table 4: Genes with significant single nucleotide polymorphism (SNP) associations with MPO levels in lung tissue after
short-term cigarette smoke or air exposure in mice.

Symbol

Description

Gene ID

Chr

Position

Protein function

Ccdc93

Coiled-Coil Domain Containing 93

70829

1

121431051

Protein function unknown.

Clrn1

Clarin 1

229320

3

58844028

Protein function is involved in the development and
homeostasis of the inner ear and retina.(43)

Ptplad2

Protein tyrosine phosphatase-like A
domain containing 2

66775

4

88407687

Dehydration in very long-chain fatty acid synthesis and
tumor suppressor gene.(56)

Med10

Mediator of RNA polymerase II
transcription, subunit 10 homolog
(NUT2, S. cerevisiae)

28077

13

70004590

Med10 is a component of the Mediator complex, which
is a coactivator for DNA-binding factors that activate
transcription via RNA polymerase II.(46)

Cox7c

Cytochrome c oxidase subunit VIIc

12867

13

86818939

Naip6/7

NLR family, apoptosis inhibitory
protein 6/7

17952

13

101092854

COX7c is one of the nuclear-coded polypeptide chains
of cytochrome c oxidase, the terminal oxidase in
mitochondrial electron transport.(19)
Anti-apoptotic protein which acts by inhibiting the
activities of CASP3, CASP7 and CASP9.(15)

Ablim1

actin-binding LIM protein 1

226251

19

57033264

Involved in axon guidance and candidate tumor
suppressor gene.(26)

Gm5072

Predicted gene 5072

278167

X

88747328

Protein function unknown.

V

Figure 5: 1.000.000 bp region around Haplotype block at chromosome 13. The identified haploblock containing 37 significant
SNPs and the direct proximity with a total length of 1.000.000 base pairs is shown. The region contains one susceptibility gene (Cox7c)
and two retrogenes (Hmgb3 and Nhp2l1). Significance threshold is set at –Log (p) = 5. (see color image on page 213)

significantly decreased in the non-susceptible strains C58/J, C57BL/6J and A/J. The direction of the CS-induced
changes in mRNA expression levels of Ccdc93 strongly correlated with susceptibility for CS-induced lung
inflammation. For Ptplad2 a significant CS-induced decrease in mRNA was observed for the non-susceptible
mouse strains C57BL/6J and A/J while no differences were observed for the other mouse strains, which was
correlated to the genotype of the tissue-MPO associated SNPs at the locus. The mRNA expression levels of Ablim1
are significantly increased by CS-exposure in the susceptible BALB/cByJ strain and significantly decreased by CS
exposure in the non-susceptible A/J strain while CS had no effect in the other strains. Together, these data show
that Ccdc93, Ptplad2 and to a lesser extent Focad expression are decreased upon CS exposure in resistant mice
but not in susceptible mice, suggesting that the CS-induced down-regulation of these genes may be protective.
The IFN alpha locus carries two SNPs associated with lung tissue MPO levels in the CS exposed dataset,
while only one of these two SNPs was associated with lung tissue MPO in the full dataset when corrected
for CS exposure status. Therefore, we also followed up on this locus. The locus contains several orthologous,
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juxtaposed Ifna genes which all contribute to IFN-α protein levels.35 We evaluated Ifna5 gene expression levels
since this gene is located most closely to the polymorphic SNP associated with CS-induced lung tissue MPO
levels. To evaluate whether the polymorphic SNP mapped to Ifna5 affects IFN-α protein levels by regulating the
expression of one or several of the other Ifna genes in the locus, we measured IFN-α protein levels in lung tissue
of the five selected mouse strains. The protein corrected lung tissue IFN-α levels show variability between the
different strains, which did not correlate to susceptibility for CS-induced tissue MPO levels or with the genotype
of the SNP and did not change with CS exposure. (Figure 7h)

Figure 6: Basal lung tissue mRNA expression of Focad, Ifna5, Naip6/7 and Ccdc93, Ptplad2 and Ablim1 varies between
strains. mRNA expression was determined in homogenized lung tissue of selected genes significantly associated with lung tissue MPO
levels. Genotypes are shown for each gene, a representative genotype was selected for genes associated with a haplotype of multiple
SNPs. The genotype corresponds with SNPs that are represented in Table 2 and 3. A) Focad B) Ifna5 C) Naip6/7 D) Cox7c E) Ccdc93 F)
Ptplad2 and G) Ablim1 mRNA expression was shown as 2-ΔCt of air exposed mice (n=8). Significance was determined using a MannWhitney-U test, * = p<0.05, ** = p<0.01, *** = p<0.001.
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Figure 7: Cigarette smoke-induced lung tissue mRNA expression changes of Focad, Cox7c, Ccdc93 and Ptplad2 correlates
with susceptibility to cigarette smoke-induced lung neutrophilia. mRNA expression was determined in homogenized lung tissue
of selected genes significantly associated with lung tissue MPO levels. A) Focad B) Naip6/7 C) Ifna5 D) Cox7c E) Ccdc93 F) Ptplad2 and
G) Ablim1 mRNA expression was shown as fold induction of 2-ΔCt of cigarette smoke exposed mice (n=8) compared to 2-ΔCt of control
air exposed mice (n=8). Significance was determined using a Mann-Whitney-U test, * = p<0.05, ** = p<0.01, *** = p<0.001. H) Protein
expression of IFN-α was determined in homogenized lung tissue of cigarette smoke exposed mice (n=8) and control air exposed (n=8)
mice of BALB/cByJ, PL/J, C58/J, C57BL/6J and A/J inbred mouse strains. Values were corrected for total amount of protein in lung
homogenate. Significance was determined using a Mann-Whitney-U test, * = p<0.05.

DISCUSSION
The current study identified five novel susceptibility genes that are associated with CS-induced neutrophilic
airway inflammation in mice. Moreover, six susceptibility genes were identified that are associated with lung
tissue MPO levels in mice when corrected for CS exposure status. Therefore, we conclude that both basal and
CS-induced lung tissue MPO levels are regulated by genetic susceptibility. Furthermore, the expression levels
of the CS-exposure related susceptibility genes Ccdc93, Focad and Ptplad2 were differentially expressed in lung
tissue of susceptible versus non-susceptible mouse strains upon CS exposure. This suggests a strong genetic
component in the regulation of CS-induced neutrophilic airway inflammation.
Within our study of 29 inbred mouse strains, a clear difference in susceptibility towards CS-induced airway
inflammation was observed. This is in agreement with previous studies, in which inbred mouse strains had
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divergent responses to CS exposure, as demonstrated for instance by differences in the immune response
after CS exposure in ICR and C57BL/6J mice.52 Similarly, differences in monocyte infiltration have been found
in lung tissue between different mouse strains after CS exposure.40 Also consistent with our studies, increased
neutrophil counts and KC levels in BAL and lung tissue have previously been observed upon CS exposure in
BALB/cJ compared to C57BL/6J mice.36 Accordingly, another study reported that BALB/cJ mice were the most
susceptible mouse strains for developing CS-induced airway inflammation after four days of CS exposure
compared to C57BL/6J, 129S1/SvlmJ and C3H/HeJ mice, all also present in the current study.54 Together, these
literature data and our current study clearly indicate a genetic component in the susceptibility to CS-induced
airway inflammation. Here, for the first time a number of genes associating with susceptibility for CS-induced
neutrophilic airway inflammation were identified.
Most studies that compared the effects of CS exposure in different inbred mouse strains focused on CSinduced emphysema and not on neutrophilic airway inflammation. Although some studies have shown a
direct link between airway inflammation and the development of emphysema, it is important to note that the
level of neutrophilic inflammation and the degree of emphysema do not correlate.17 For instance this has been
demonstrated by Nrf2-deficient mice, which have a protective phenotype against emphysema, but do show a
strong increase in neutrophilic infiltrates after CS exposure.21 Furthermore, it has previously been demonstrated
that C57BL/6J and BALB/c mice are both susceptible for the development of emphysema upon long-term CS
exposure, while A/J mice were non-susceptible.37,10 However, we observed in our short-term CS-exposure model
that BALB/cJ mice were highly susceptible to develop neutrophilic airway inflammation and C57BL/6J and A/J
mice were not. This further underscores the notion that neutrophilic airway inflammation upon short-term CS
exposure is not a predictor for emphysema upon long-term CS exposure. Notwithstanding, neutrophilic airway
inflammation upon CS exposure is a clinically relevant phenotype in both asthma and COPD, associated with
insensitivity to steroid treatment.11 Our study provides insight in the direct effects of CS-exposure on airway
inflammation and identifies genes that may also be involved in the neutrophilic component of chronic airway
inflammatory diseases, which will be subject for further research.
Our study shows a statistically significant inter-strain variation in the amount of neutrophils and the level of
KC in BAL fluid and the level of MPO in lung tissue between 29 different mouse strains. Furthermore, CS-induced
neutrophil influx in BAL fluid positively correlated with tissue MPO levels, whereas no significant correlation was
found between CS-induced neutrophil influx in BAL fluid and BAL KC levels or tissue MPO levels and BAL KC
levels. Therefore, MPO levels appear to be a better marker for neutrophilic airway inflammation than KC levels.
In addition, tissue MPO levels provide more robust and replicable data than neutrophilic BAL counts, probably
caused by the technical limitations of observer-dependent cytospin cell differentiation. Therefore, the HAM
analysis was performed using tissue MPO levels as input.
The use of HAM analysis in order to identify novel susceptibility genes for specific complex genetic disorders
has been proven successfully before. Indeed, several susceptibility genes were identified for ventilator-,
chlorine-, acrolein- and phosgene-induced acute lung injury, all showing different susceptibility genes.31,30,29,28 In
these studies 4, 13, 7 and 14 candidate genes were identified respectively, although only one or a few of these
genes appeared to be functionally correlated to the disease. In the current study, a direct HAM analysis on basal
tissue MPO levels did not identify any significant SNPs. To increase power, we also performed a HAM analysis
on the full dataset using CS exposure as covariate, which identified 48 SNPs that are significantly associated
with tissue MPO levels independent of CS exposure status. These SNPs mapped to seven genes. Moreover, we
also identified 76 SNPs that are significantly associated with CS-induced tissue MPO levels, which are mapped
to 6 genes. Remarkably, 2 of these 6 genes were also found in the HAM analysis on the full dataset using CS
exposure as covariate, indicating that these genes also contribute to CS-independent levels of lung tissue MPO.
Notwithstanding, the association analysis with CS-induced lung tissue MPO identified additional SNPs in the
Ifna5 and Focad loci that were not identified in the covariate analysis. The association of Ifna5 SNP (NES09568320)
is less significant than the association of the Ifna5 SNP (NES09568490) with CS-induced lung tissue MPO levels,
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indicating that the association of SNP (NES09568320) with CS-induced lung tissue MPO might be largely driven
by the dominant signal of the Ifna5 SNP (NES09568490). In contrast, the large number of additional SNPs
identified in Focad – and the fact that the original SNP was only marginally associated with CS-induced lung
tissue MPO levels – clearly indicate that genetic variation on the Focad locus has an independent contribution
to CS-induced lung tissue MPO.
All in all, we identified 11 novel susceptibility genes for lung tissue MPO, 5 of which are associated with
CS-induced tissue MPO levels. Of these 11 genes, 9 were selected for further analysis. However, two of these 9
genes, Clrn1 and Olfr1045 showed no expression in mice lung tissue. On chromosome 13 a haplotype block was
identified containing not only the susceptibility gene Cox7c but also two retrogenes, however the low expression
and functionality of retrogenes makes it unlikely that these are functionally involved in the susceptibility for
CS-induced neutrophilic airway inflammation. Although SNP data for the NZM2410/J mouse strain were not
available for analysis using the EMMA database, the NZM2410/J genotype of the SNPs identified with HAM
analysis (2x susceptible, 2x protective) are roughly in agreement with the observed intermediate phenotype of
the NZM2410/J mice for CS-induced neutrophilic airway inflammation, as measured in tissue MPO levels (Figure
1C).
Focad encodes the protein Focadhesin, a focal adhesion complex protein with known expression in
the lungs.9 CS exposure decreased Focad expression in mouse strains resistant towards CS-induced airway
inflammation, indicating that Focad expression affects tissue MPO levels in a CS-independent fashion, yet CS
exposure lowers Focad expression in non-susceptible mouse strains. Ifna5, encoding a type I interferon with
known high expression in bronchial epithelial cells,35 expression was not significantly affected by CS exposure.
Although no correlation was found between gene expression level and CS-induced neutrophilic airway
inflammation, Ifna5 was found previously to be associated with respiratory syncytial virus induced bronchiolitis,
a disease that shares some similarities with CS-induced airway inflammation.22 Moreover, IFN-α molecules are
known inducers of apoptosis by ligating the interferon alpha receptor.12,18 Naip6/7 encodes a member of the NLR
family apoptosis inhibitory protein (NAIP) family, a family of pathogen recognition receptors that initiates direct
activation of the inflammasome upon activation by bacterial flagellin, inducing subsequent release of the proinflammatory cytokines IL-1β and IL-18.34 Furthermore, Naip6/7 has a high expression level in bronchial epithelial
cells.24 The CS-induced decrease in Naip6/7 expression did correlate with susceptibility towards CS-induced
neutrophilic airway inflammation, with only C57BL/6J not fitting in this correlation. Cox7c, a nuclear encoded
subunit of the cytochrome C oxidase complex that is part of the mitochondrial respiratory chain, showed a
CS-induced decrease in expression that correlates with susceptibility towards CS-induced neutrophilic airway
inflammation. The CS-induced decrease in expression is most apparent in the highly susceptible mouse strains,
while the resistant mouse strains show no CS-induced decrease in expression. This could suggest that decreased
Cox7c expression is associated with CS-induced airway inflammation. Here, a hypothetical mechanism can be
identified in that down-regulation of Cox7c expression might affect activity of the oxidative energy metabolism
which decreases sensitivity for CS-induced oxidative stress leading to cell death with subsequent inflammation.20
Ccdc93, a coiled-coil domain, has the highest association with CS-induced airway inflammation in mice, with
a significant CS-induced increase in the susceptible mouse strains and a significant CS-induced decrease
in the non-susceptible mouse strains. Here, our data suggests that an increased expression of Ccdc93 might
contribute to a stronger CS-induced airway inflammation in mice while a decrease in expression might protect
against CS-induced airway inflammation. Ptplad2 encodes a protein tyrosine phosphatase which is an enzyme
that removes phosphate groups from tyrosine residues.56 In the non-susceptible mouse strains CS induces a
decrease in Ptplad2 expression suggesting that this decrease protects against CS-induced airway inflammation.
Ablim1, an Actin binding LIM protein, encodes a structural cytoskeleton protein that binds to Actin.26 Ablim1 only
partly correlates to susceptibility for CS-induced airway inflammation as only in the highest susceptible mouse
strains a CS-induced increase in expression was noted and in the most non-susceptible mouse strain a decrease
in expression was seen. In total from the nine analyzed susceptibility gens four genes showed correlation of
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their CS-induced mRNA expression levels with Cs-induced lung tissue MPO levels, i.e. Focad, Cox7c, Ccdc93 and
Ptplad2. Of these four genes Cox7c is associated with CS-independent lung tissue MPO levels, and the remaining
three genes are associated with CS-induced lung tissue MPO levels.
The analyzed candidate genes do not map to a single pathway and do not share a common gene ontology
annotation, yet three of these genes have known functions in the regulation of cell death: Ifna5, Naip6/7 and
Cox7c. Hence, disturbed cell death pathways might contribute to increased susceptibility for CS-induced airway
inflammation. A role of dysregulated cell death pathways and subsequent activation of pattern recognition
receptors have been proposed to play a role in neutrophilic airway inflammation.41 Moreover, in COPD patients
it has been shown that both apoptosis as well as the efficient phagocytosis of apoptotic cells is disturbed in
the airways.27 Further research is needed to determine the role of disturbed cell death pathways in CS-induced
airway inflammation and COPD.
In conclusion, our study shows that there is a genetic component in the development of CS-induced
neutrophilic airway inflammation in mice. Furthermore, six susceptibility genes were identified that are
associated with CS-independent lung tissue MPO levels in mice and five susceptibility genes were identified
that are related to CS-induced lung tissue MPO levels. Upon further investigation it was shown that four of the
analyzed susceptibility genes show CS-induced changes in lung tissue mRNA expression levels which correlate
with CS-induced airway inflammation, three of these genes, e.g. Ccdc93, Focad and Ptplad2, are associated with
CS-induced lung tissue MPO levels, suggesting that down regulation of these genes can be protective for CSinduced airway inflammation. This information can be valuable for identifying future research targets for the
development of treatments for CS-induced airway inflammation, a major hallmark of COPD.
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Chronic obstructive pulmonary disease (COPD) is a major cause of morbidity and mortality, with a worldwide
prevalence of 9-10%.1 COPD is associated with chronic, neutrophilic inflammation in the lungs, causing
destruction of lung parenchyma (emphysema) and/or remodeling of the airways with mucus hypersecretion
(bronchitis).2 Chronic exposure to noxious particles and gasses, e.g. cigarette smoke (CS) is the major risk factor
for COPD, while susceptibility to the disease has a strong genetic component.2 While the activity of the innate
immune system increases with disease progression during early stages of COPD, the precise nature of the factors
that trigger innate immune responses in COPD is currently unknown. Cell damage and death upon exposure to
CS in COPD may induce the release of Damage Associated Molecular Patterns (DAMPs).3 Elevated levels of several
prototypic DAMPs, including High Mobility Group Box-1 (HMGB1), Heat Shock Proteins (HSPs) and S100A8 have
been observed in bronchoalveolar fluid (BAL), serum and epithelial lining fluid (ELF) of COPD patients.4-6 DAMPs
activate cells of the innate immune system upon binding to Pattern Recognition Receptors (PRRs), such as TollLike Receptors (TLRs) and Receptor for Advanced Glycation End products (RAGE). Importantly, the AGER gene,
which encodes the RAGE receptor, is a GWAS susceptibility gene for COPD.7
To date, studies investigating the role of DAMPs in COPD have focused on the analysis of a single DAMP.
However, while each individual DAMP triggers specific receptors, the combination of DAMPs released upon CSinduced cell death likely determines the overall activation of the innate immune system.8 Hence, we hypothesize
that the signature of DAMPs released upon CS-exposure is critical in driving the early stages of lung inflammation
in COPD, and as such constitutes a central component in the susceptibility for the disease. Therefore, we related
the CS-induced DAMP profile to the susceptibility to develop neutrophilic airway inflammation in vivo. To this
end, we used an experimental model where 30 inbred mouse strains were exposed to CS or air as a control
(n=8 per group), for five consecutive days with two exposures per day and 1, 3 or 5 cigarettes per exposure
(Figure 1a). Two hours after the final CS or air exposure, BAL samples were collected to determine neutrophil
counts. These 30 strains displayed the full range from susceptible to non-susceptible for CS-induced neutrophilic
airway inflammation (data not shown). For further analyses we selected four strains, with BALB/cByJ as the most
susceptible strain, followed by DBA/1J, C57BL/6J and C58/J, the latter strain showing no induction of neutrophils
after CS exposure at all (Figure 1b). We determined the DAMP signature associated with susceptibility for
CS-induced neutrophilic airway inflammation by measuring the BAL levels of a selected panel of six DAMPs
consisting of Calreticulin (CRT), a Ca2+-binding chaperone molecule that functions as a DAMP upon exposure
on the cell membrane or release from secondary necrotic cells,9 Galectin-3, a member of the β-galactosidebinding lectin protein family, which can activate leukocytes upon release from secondary necrotic cells, S100A8,
a member of the Ca2+-binding S100 protein family, which acts as a DAMP by binding RAGE and TLR-4,3 dsDNA,
which can bind to DNA sensors, including TLR-9,10 HSP70, a prototypic heat-shock protein capable of binding
TLR-2/4 and HMGB1, a nuclear non-histone chromatin-binding protein, that binds to TLR-2/4 and RAGE.3 The
magnitude of the CS-induced release varied widely between individual DAMPs, as well as between strains (Figure
1c-h). BAL levels of CRT were increased upon CS-exposure in the highly susceptible BALB/cByJ strain, while no
increase was observed in other strains (Figure 1c). Galectin-3 release was increased in all mouse strains after
CS exposure, with the strongest and significant effects in the two most susceptible strains (Figure 1d). A strong
and significant induction of S100A8 release was observed upon CS exposure in BALB/cByJ and DBA/1J, while no
significant induction was observed in the less susceptible strains (Figure 1e). For dsDNA, a strong induction was
observed in BALB/cByJ mice, while a smaller increase was observed in DBA/1J and C57BL/6J mice and no increase
was observed in the non-susceptible C58/J mice (Figure 1f). HSP70 levels were increased in BALB/cByJ, although
the levels in the air-exposed group were relatively low when compared to the intermediate susceptible strains
DBA/1J and C57BL/6J (Figure 1g). Finally, a relatively small but significant increase in HMGB1 levels was observed
upon CS exposure compared to air exposure in BALB/cByJ and C58/J, but not in DBA/1J and C57BL/6J mice
(Figure 1h). Using the Spearman’s ρ test, we observed a significant correlation (p≤0.01) between the increase
in DAMP levels and neutrophil counts upon CS exposure for CRT (ρ=0.4518; p=0.0034), Galectin-3 (ρ=0.4415;
p=0.0049), S100A8 (ρ=0.4390; p=0.0052), dsDNA (ρ=0.4813; p=0.0001) and HSP70 (ρ=0.4276; p=0.0059), but
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not for HMGB1 (ρ=0.3153; p=0.0475). To evaluate the difference in DAMP pattern released upon CS exposure in
susceptible versus non-susceptible strains, we plotted the relative increase of all six DAMPs for each mouse strain
(Figure 1i). Here, a specific combination of DAMPs, i.e. CRT, Galectin-3, S100A8 and dsDNA showed an association
of CS-induced release with increasing susceptibility for neutrophilic airway inflammation, while the CS-induced
increase in HMGB1 and HSP70 did not associate with susceptibility.

VI

Figure 1: CS-induced increase in neutrophil counts and CS-induced DAMP release signature in BAL fluid of susceptible and
non-susceptible mouse strains. (A) Schematic representation of the CS-exposure experiments in mice. (B) The numbers of neutrophils
measured in BAL fluid two hours after the final CS- or control air-exposure. Values depict the average number of neutrophils of CSexposed mice (n=8) minus the average number of neutrophils of control air-exposed mice (n=8). (C/H) CRT, Galectin-3, S100A8, dsDNA,
HSP70 and HMGB1 levels (mean ± SEM) measured by commercial ELISA kits in BAL fluid of susceptible and non-susceptible mice two
hours after the final CS exposure (n=8) or control air-exposure (n=8). Significance tested by Mann-Whitney-U test, * = p<0.05, ** =
p<0.01, ***=p<0.001. (I) The DAMP signature visualized by the fold induction of CS-exposed mice compared to the average levels of the
air-exposed control mice. ND* indicates that more than half of the values were below the detection limit of the ELISA.
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Together, this study shows for the first time that genetic susceptibility for CS-induced neutrophilia is
significantly associated with a specific profile of DAMPs released into the BAL. From the panel of selected DAMPs
it appears that the combination of CRT, Galectin-3, S100A8 and dsDNA is a reliable marker for susceptibility
towards CS-induced innate immune activation as measured by neutrophilic airway inflammation. Our data
indicate that the increase of a specific profile of DAMPs rather than that of HMGB1 alone, which has been
implicated in COPD development,6 may be an important determinant of the susceptibility towards neutrophilic
airway inflammation upon cigarette smoking.
In future studies it will be of interest to confirm whether a similar DAMP release signature is present in COPD
patients, whether this is related to the susceptibility of smoking individuals to develop COPD and whether this
signature can be used for the early detection of susceptibility to or presence of COPD.
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ABSTRACT
Chronic obstructive pulmonary disease (COPD) is characterized by unresolved neutrophilic airway inflammation,
and is caused by chronic exposure to toxic gases, such as cigarette smoke (CS), in genetically susceptible
individuals. Recent data indicate a role for Damage Associated Molecular Patterns (DAMPs) in COPD. Here, we
investigated the genetics of CS-induced DAMP release in 28 inbred mouse strains monitored previously for CSinduced neutrophilic airway inflammation. Subsequently, in lung tissue from a subset of strains the expression
of the identified candidate genes was analyzed. We tested whether siRNA-dependent knockdown of candidate
genes altered the susceptibility of the human A549 cell line to CS-induced cell death and DAMP release.
Furthermore, we tested whether these genes were differentially regulated by CS exposure in bronchial brushings
obtained from individuals with a family history indicative of either presence or absence of susceptibility for
COPD.
We observed that of the 4 DAMPs tested, dsDNA showed the highest correlation with neutrophilic airway
inflammation. Genetic analyses identified 11 candidate genes governing either CS-induced or basal dsDNA
release in mice. Two candidate genes (Elac2 and Ppt1) showed differential expression in lung tissue upon CS
exposure between mice susceptible and non-susceptible for CS-induced DAMP release, in accordance to their
haplotype. Knockdown of ELAC2 and PPT1 in A549 cells altered susceptibility to CS extract-induced cell death
and DAMP release. In bronchial brushings, CS-induced expression of ENOX1 and ARGHGEF11 was significantly
different between individuals susceptible or non-susceptible for COPD. Our study shows that genetic variance
in a mouse model is associated with CS-induced DAMP release, and that this might contribute to susceptibility
for COPD.
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INTRODUCTION
Chronic obstructive pulmonary disease (COPD) is a severe and progressive inflammatory lung disease,
characterized by both chronic bronchitis and emphysema. COPD is mainly caused by chronic exposure to
noxious gases and particles, including cigarette smoke (CS)6. Nevertheless, approximately 30% of COPD patients
is a never smoker, indicating that also other factors, including biomass smoke exposure, air pollution, pre-natal
factors and genetics contribute to the inception of COPD.37 Moreover, only 20% of the smoking population
develops COPD,45 further indicating that genetic susceptibility is important for the onset of COPD. To date,
treatment options for COPD are limited, and current treatments are aimed at reducing the severity of symptoms
and reducing the number and severity of exacerbations, without addressing the underlying cause of the disease.
Therefore, a more detailed understanding of disease pathophysiology is imperative for the identification of
novel treatment options.
During the early stages of COPD, airway inflammation is characterized by extensive activation of the
innate immune system, while at later stages of the disease the adaptive immune system is also involved12. A
mechanism triggering activation of innate immune responses is the release of damage associated molecular
patterns (DAMPs). DAMPs are a heterogeneous group of molecules that possess a wide variety of functions
under physiological conditions5. Upon cellular damage and necrosis, DAMPs are released from the cells and act
as endogenous danger molecules that alarm and activate the innate immune system31. Although DAMPs are
a heterogeneous group of molecules, they all have in common that upon release from damaged or necrotic
cells, they can activate one or several pattern recognition receptors (PRRs), including toll-like receptors (TLRs)
and the receptor for advanced glycation end-products (RAGE)47. The activation of PRRs leads to activation of
inflammatory pathways, including nuclear factor-κB (NFκB), inducing the release of inflammatory cytokines,
including IL-6, IL-8 and TNF-α44. The release of these cytokines, together with the direct effect of some DAMPs,
leads to the attraction of several innate immune cells including neutrophils and inflammatory monocytes to
the site of tissue damage47. Recently, we postulated that DAMPs may play a crucial role in the pathophysiology
of COPD, as inhaled CS induces damage to lung resident cells such as the airway epithelium, leading to the
release of DAMPs and subsequent production of pro-inflammatory cytokines, which causes neutrophilic airway
inflammation47. Indeed, several DAMPs are increased in COPD patients compared to both smoking and nonsmoking controls, including Heat shock protein (HSP)60/70 in serum47, S100A8/A9 in bronchoalveolar lavage
(BAL) fluid40, the human cathelicidin peptide LL-37 in sputum and BAL fluid59,27 and High mobility group box
1 (HMGB1) in BAL fluid, sputum, serum and epithelial lining fluid (ELF)14,25,28. Furthermore, the gene encoding
RAGE, AGER, has been identified as a susceptibility gene for lung function decline and COPD development7,8,51.
Together, these data indicate that DAMPs may play a pivotal role in the pathophysiology of COPD.
Genetic susceptibility for COPD is complex and is regulated by many different genes42. To increase the
knowledge about the genetics of COPD, it is important to study the pathways that lead to emphysema and
neutrophilic airway inflammation separately. Some studies have been performed investigating the genetics of
emphysema8. In contrast, limited data are available investigating the genetics underlying the susceptibility to
neutrophilic airway inflammation. Previously, it was found that neutrophilic airway inflammation already occurs
upon short-term smoke exposure in susceptible mice and humans43,56. We recently performed a genetic screen
using 28 inbred mouse strains and identified several susceptibility genes for short-term CS-induced neutrophilic
airway inflammation in mice using haplotype association mapping (HAM)46. This approach has previously been
shown effective for identifying susceptibility genes for acrolein-, chlorine-, or ventilator-induced acute lung
injury33-36. In a separate study using a subset of mice from this screen, we found that mice susceptible for CSinduced neutrophilic airway inflammation display a different DAMP-release-profile in BAL fluid compared to
mice that are not susceptible for CS-induced neutrophilic airway inflammation48. Therefore, we hypothesize
that an increased susceptibility for CS-induced DAMP release leads to increased CS-induced neutrophilic airway
inflammation. Here, we further explored the effect of genetic susceptibility for neutrophilic airway inflammation
on DAMP release and studied which genes regulate CS-induced DAMP release, using in vitro, in vivo and in silico

97

VII

Chapter VII

approaches.
In these studies, we have identified two novel candidate genes for the susceptibility to CS-induced DAMP
release and show that these genes contribute to the susceptibility for CS-induced airway inflammation,
indicating that the tendency for CS-induced DAMP release may contribute to the susceptibility for COPD.
MATERIALS & METHODS
Experimental Design
This study was performed after approval from the Institutional Animal Care and Use Committee of the University
of Groningen (IACUC-RuG). For this study 28 inbred mouse strains (females, age 8-10 weeks; n = 16 mice/strain,
The Jackson Laboratory, Bar Harbor, ME, USA) were exposed to gaseous-phase CS from Kentucky 3R4F research
reference cigarettes (Tobacco Research Institute, University of Kentucky, Lexington, USA) or air as control as
described before50. In short, filters were removed from each cigarette before being smoked in five minutes at
a rate of 5 L/hr and mixed with ambient air at a rate of 60 L/hr using whole body exposure in 6-liter Perspex
boxes. Female mice (n=8 per group) were exposed to CS of 1-5 cigarettes or filtered air (n=8 per group) for five
consecutive days, with two exposures per day50. Mice were euthanized two hours after the final exposure session
(Figure 1A). Lung tissue (four individual lobes) and BAL fluid (1 ml, 100 μl aliquots) were collected and stored
at -80 C° until further use. BAL neutrophil counts were analyzed using differential cell counts performed with
cytospin smears using the May-Grünwald Giemsa method2.
Haplotype Association Mapping analysis
Haplotype association mapping was performed for the log-transformed BAL dsDNA levels as described before,
using the efficient mixed-models association (EMMA) which conducts tests for association on single SNPs with
two alleles and is corrected for confounding from population structure and genetic relatedness29,4,50. The analysis
was performed using a high-density SNP map of 4x106 SNPs. The publicly available R-package implementation
of EMMA (available at http://mouse.cs.ucla.edu/emma/) was used. The standard significance threshold of -log
(P) = 5 was used4,30.
DAMP measurements and gene expression analysis
DAMPs were measured in cell free BAL fluid using ELISA for HSP70 (Human/Mouse/Rat Total HSP70/HSPA1A
DuoSet R&D systems, Minneapolis, USA) and HMGB1 (HMGB1 Detection Kit, Chondrex inc., Redmond WA, USA),
using the Quant-iT™ PicoGreen® dsDNA Assay Kit for dsDNA (Invitrogen, Carlsbad CA, USA) and quantitative
real-time (qRT-)PCR using iTaq Universal SYBR® Green Supermix (Bio-Rad, Richmond, CA, USA) for mtDNA as
described before60. Primers for mouse cytochrome c oxidase III (Mtco3), 5’-ACGAAACCACATAAATCAAGCC-3’
(Forward) and 5’-TAGCCATGAAGAATGTAGAACC-3’ (Reverse) were synthesized and purchased from Invitrogen
(Carlsbad, USA). Standard curves for mtRNA were prepared using purified mtDNA as targets.
For mRNA expression analyses RNA was isolated from lung tissue homogenate using Trizol (Invitrogen,
Carlsbad, USA). Further purification of RNA was performed using RNeasy Plus Mini Kit (Qiagen, Valencia, CA,
USA), and any remaining DNA was removed using the RNase-Free DNase Set (Qiagen, Valencia, CA, USA).
The total amount of RNA was quantified using a Nanodrop-1000 (Nanodrop Technologies, Wilmington, USA).
Afterwards, cDNA synthesis was performed according to the manufacturer’s protocol using the iScript cDNA
synthesis kit (Bio-Rad, Richmond, CA, USA). Quantification of cDNA targets was performed with the TaqMan
technology using the ABI 7900HT Sequence Detection System (Applied Biosystems, Foster City, CA, USA). All
reactions were run in duplicate. Normalization was performed using multiple housekeeping genes (HKG), which
were included on each plate (B2m, Ipo8, Pgk1). The level and stability of expression of the HKGs were determined
in all samples and the most appropriate set of HKGs was chosen (Ipo8 and Pgk1 in all cases in this manuscript)
using NormFinder.1 Gene expression analyses were performed using commercially available primer/probe sets
specific for target genes (Invitrogen Life Technologies, Carlsbad CA, USA), Aox3l1 (Mm01255397_m1), Arhgap44
(Mm00812556_m1), Arhgef11 (Mm01219448_m1), Cap1 (Mm00482950_m1), Cflar (Mm01255578_m1), Dscaml1
(Mm01174253_m1), Elac2 (Mm01332348_m1), Enox1 (Mm01315253_m1), Myocd (Mm00455051_m1), Ppt1

98

| Genetic variance is associated with susceptibility for cigarette smoke-induced DAMP release in mice

(Mm00477078_m1) and Trip11 (Mm01336257_m1). Genotypes were determined using the publicly available
Jackson Laboratory mouse SNP database (available at http://cgd.jax.org/cgdsnpdb/).
Cell culture and CSE stimulation
The human bronchial epithelial cell-lines, 16HBE (kindly provided by Dr. DC Gruenert; University of California,
San Francisco, California, USA) and Beas2B (ATCC, CRL-9609) and the adenocarcinoma human alveolar cell-line
A549 were cultured in RPMI-1640 supplemented with 10% fetal calf serum (FCS; Biowhittaker, Verviers, Belgium),
100 U/ml penicillin and 100 mg/ml streptomycin. Before usage, cells were grown to confluence and serumdeprived overnight. Cigarette smoke extract (CSE) was prepared using two Kentucky 3R4F research-reference
filtered cigarettes and a Watson Marlow 603S smoking pump at a rate of 8 L/hr (Watson-Marlow, Delden, The
Netherlands). Before use, filters were cut from both of the cigarettes. The gaseous-phase CS of two cigarettes was
led through 25 ml of RPMI-1640 medium supplemented with 100 U/ml penicillin and 100 mg/ml streptomycin,
and this solution was set at 100% CSE.
siRNA transfection
Down-regulation of candidate genes was performed with commercially available siRNA assays according to
manufacturer's protocol (MISSION® esiRNA for PPT1 and ELAC2, Sigma-Aldrich, Saint-Louis MO, USA), using
RNAiMAX lipofectamine as a transfection reagent (Invitrogen, Carlsbad CA, USA). Cells were exposed to various
concentrations of CSE for four hours before being incubated with serum- and CSE-free medium for 16 hours.
The levels of dsDNA and RNA were determined in cell free supernatant using the Quant-iT™ Pico- and RiboGreen® dsDNA Assay Kits respectively (Invitrogen). The percentage of viable, apoptotic and necrotic cells were
determined using an Annexin-V (Immunotools, Friesoythe, Germany) and Propidum Iodide (PI; Sigma-Aldrich,
Saint Louis, USA) staining for flow cytometry.
Human gene expression analysis
The study was approved by the Medical Ethics Committee of the University Medical Center Groningen and all
subjects gave their written informed consent. The study protocol was consistent with the Research Code of
the UMCG (http://www.rug.nl/umcg/onderzoek/researchcode) and national ethical and professional guidelines
(htttp://www.federa.org).Young healthy individuals were classified as susceptible when the prevalence of COPD
in smoking first or second degree relatives older than 40 years meets the following criteria: 2 out of 2, 2 out
of 3, 3 out of 3, 3 out of 4 or 4 out of 4 smoking family members have developed COPD and were classified as
non-susceptible when none of the smoking first or second degree relatives who are at least 40 years of age (at
least two should be identified) have been diagnosed with COPD. Subjects were included in the study if they
had smoked only occasionally and were able to start or stop smoking on demand. Bronchial brushings for gene
expression profiling were performed after smoking three cigarettes within three hours and after a smoking
cessation period of at least 48 hours (n=3). The change in bronchial epithelial gene expression before and after
smoking of three cigarettes was determined using a linear regression analysis with time defined as a categorical
variable with two levels (1 = baseline, 2 = after smoking of three cigarettes), adjusted for age and gender as
possible confounding variables. Geij represents the log2 gene expression value for a gene in sample i from
patient j, εij represents the error that is assumed to be normally distributed:
Geij = β0 + β1XAge-i + β2XGender-I + β3XTime-i
The change in bronchial epithelial gene expression before and after smoking of three cigarettes was determined
between young occasional smokers either susceptible or non-susceptible for COPD. This analysis was performed
using a linear mixed effects model with time defined as a categorical variable with two levels (1 = baseline, 2 =
after smoking of three cigarettes) adjusted for age and gender. Geij represents the log2 gene expression value
for a gene in sample i from patient j, εij represents the error that is assumed to be normally distributed and αj
represents the patient random effect:
Geij = β0 + β1XAge-i + β2XGender-i + β3X susceptibility for COPD-i + β4XTime-i+ β3X susceptibility for COPD-i :β4XTime-i
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Statistical analysis
All data is shown as mean ± SEM except for mRNA expression data which is shown as box-whisker plots indicating
the mean ± interquartile range, with the whiskers indicating the highest and lowest data point. A Mann-Whitney
U test was used to test for differences between groups. To test for differences in basal gene expression between
mouse strains a one-way ANOVA with Turkey’s multiple comparison correction was performed. Normality in
distribution of BAL dsDNA levels was tested using the Shapiro-Wilk normality test, with a significance threshold
of p = <0.05. Correlations were determined using a linear regression analysis, with a significance threshold of p
value of p = <0.001.
RESULTS
Susceptibility for cigarette smoke-induced DAMP release is genetically determined
In order to investigate whether susceptibility to CS-induced neutrophilia can be explained by differences in
DAMP release, we made use of a previously established dataset from a genetic screen where 28 different inbred
mouse strains were exposed to CS for five consecutive days (Figure 1A)46. We measured the levels of four wellknown DAMPs, HSP70, HMGB1, mtDNA and dsDNA, in BAL fluid upon air- and CS exposure (Figure 1B-E). While
basal (air-exposed) levels of all DAMPs showed some variation between strains (Figure 2), the CS-induced DAMP
levels varied more extensively between strains for all four DAMPs studied. This was most pronounced for dsDNA,
in which CS exposure induced a 6-fold induction in BAL fluid of BALB/cByJ, the most susceptible strain for
neutrophilic airway inflammation, and a 0.1 fold decrease in the non-susceptible I/LnJ strain, while its levels did
not strongly differ between the strains at baseline (Figure 3).
Next, we investigated whether the number of neutrophils in BAL fluid of 28 mouse strains after CS exposure
correlated with the levels of DAMPs in the BAL fluid after CS exposure. A strong and significant correlation
between dsDNA and airway neutrophilia (r=0.8077, p≤0.0001) was found (Figure 4A), but not for HMGB1
(r=0.061, p=0.349), HSP70 (r=0.0227, p=0.7276) or mtDNA (r=0.0177, p=0.7886) (Figure 4B-D).
These data show that CS-induced DAMP release varies largely between different mouse strains, indicating
the contribution of a genetic component to the magnitude of this response. Furthermore, of the four DAMPs
analyzed, dsDNA showed the largest variation between strains and showed the strongest correlation with CSinduced airway neutrophilia, making dsDNA most relevant for further investigation.
Identification of susceptibility genes for basal and CS-induced BAL dsDNA levels in mice
In order to investigate which genes are associated with the basal dsDNA release in mice, a haplotype association
mapping (HAM) analysis was performed using the efficient mixed-models association (EMMA)33,46 software on
the log-transformed dsDNA levels in 28 different inbred mouse strains. BAL dsDNA levels in air-exposed mice
strongly correlated with CS-induced dsDNA levels after removal of the outliers BALB/c and BALB/cByJ (r=0.7019,
p≤0.0001), indicating that dsDNA release is, at least in part, regulated by mechanisms that operate irrespective
of CS exposure (Figure 3C). Therefore, we first analyzed BAL dsDNA levels in both mice groups, using CS exposure
as a covariate for the analysis. This analysis identified 99 SNPs associated with dsDNA levels with genome-wide
significance (Table 1), of which 49 were located within a gene and had less than six mouse strains with missing
data (Table 2). The genes significantly associated with dsDNA release consist of Aox3l1 (2 SNPs) and Cflar (1 SNP)
on chromosome 1, Arhgef11 (3 SNPs) on chromosome 3, Ppt1 (1 SNP) and Cap1 (4 SNPs) on chromosome 4, Elac2
(2 SNPs), Arhgap44 (26 SNPs) and Myocd (7 SNPs) on chromosome 11 and Trip11 on chromosome 12 (3 SNPs)
(Figure 5).
Next, we analyzed which SNPs were specifically associated with the CS-induced dsDNA levels, using the
log-transformed BAL dsDNA levels of smoke-exposed mice only as input for the analysis. Using all 28 mouse
strains available in the EMMA database no significant hits were found. This may be caused by the extreme effect
of CS exposure on BAL dsDNA levels in the BALB/cJ and the BALB/cByJ strains, acting as outliers in the analysis.
Therefore, these strains were removed from the HAM analysis for CS-induced dsDNA release. This second analysis
identified 48 significant SNPs specifically associated with CS-induced dsDNA levels (Table 3), of which 18 were
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located within a gene and had less than six mouse strains with missing data (Table 4). The genes significantly
associated with CS-induced dsDNA release are Ppt1 (1 SNP) and Cap1 (1 SNP) on chromosome 4, Dscaml1 (1 SNP)
on chromosome 9, Myocd (6 SNPs) on chromosome 11 and Enox1 on chromosome 14 (9 SNPs) (Figure 6).
Three of the genes associated with CS-induced dsDNA levels, Ppt1, Cap1 and Myocd, were also associated
with the basal dsDNA levels in the analysis corrected for CS exposure status, indicating that only two genes,
Dscaml1 and Enox1, are specifically associated with CS-induced dsDNA release. Upon inspection of the gene
ontology of the 11 genes associated with overall or CS-induced dsDNA release, we did not identify a single
pathway in which all genes operate (Table 5). However, several of these genes, i.e. Cflar, Ppt1, Cap1, Enox1 and
Elac2, are involved in apoptosis and DNA damage responses.

VII

Figure 1: Cigarette smoke-induced damage associated molecular pattern (DAMP) release in bronchoalveolar lavage (BAL)
fluid from 28 inbred mouse strains. (A) Schematic representation of the experimental setup. Mice were exposed to cigarette smoke
or control air for 5 consecutive days. For each cigarette smoke exposure session, 1, 3, or 5 cigarettes (Cig) were used with 2 exposures
per day, except on the fifth day when only 1 exposure session was performed. Mice were euthanized 2 hour after the final exposure on
the fifth day. Bronchoalveolar lavage fluid (BAL) fluid, lung tissue, serum, and skeletal muscle samples were isolated, aliquoted, and
stored at -80°C until further use. The cigarette smoke-induced levels of (B) Heat shock protein 70 (HSP70), (C) High mobility group box 1
(HMGB1), (D) mitochondrial (mt)DNA and (E) double-stranded (ds)DNA in BAL fluid of 28 inbred mouse strains are shown. Bars depict
average and standard error of the mean (SEM) of the ratio of smoke-exposed mice (n=8) to the average of air-exposed mice (n=8).
Significance between DAMP levels of mice exposed to CS and mice exposed to air was tested using a Mann Whitney-U test, * = P<0.05.
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Table 1: Single nucleotide polymorphisms (SNPs) significantly associated with bronchoalveolar lavage (BAL) doublestranded (ds)DNA levels after short-term cigarette smoke (CS) exposure in CS- and air-exposed mice.
Cr

P-value

Position

Rsid

1
1
1
1
3
3
3
3
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11

1.133E-06
5.456E-06
7.659E-06
7.364E-06
9.810E-06
6.272E-06
6.272E-06
5.605E-06
5.357E-06
5.357E-06
1.338E-06
2.579E-06
6.625E-06
6.625E-06
6.625E-06
1.858E-06
4.319E-06
6.485E-06
3.506E-06
1.701E-06
1.858E-06
1.858E-06
1.701E-06
1.701E-06
1.701E-06
1.858E-06
1.858E-06
1.858E-06
1.858E-06
1.858E-06
1.858E-06
3.600E-06
3.600E-06
3.600E-06
3.600E-06
3.600E-06
3.600E-06
3.600E-06
3.600E-06
3.600E-06
3.600E-06
3.600E-06
3.600E-06
3.600E-06
3.600E-06
3.600E-06
3.600E-06
3.600E-06
3.600E-06
3.600E-06
3.600E-06
3.600E-06
3.600E-06
3.600E-06
3.600E-06
3.600E-06
2.650E-07
2.650E-07
2.280E-06
1.872E-06
1.872E-06
8.613E-06
8.613E-06
8.613E-06
8.613E-06
8.613E-06
8.613E-06
3.637E-07
1.430E-06
1.430E-06
1.430E-06
1.430E-06
1.872E-06
1.872E-06
6.787E-06
8.613E-06
8.613E-06
8.613E-06
8.613E-06
8.613E-06
8.613E-06
8.613E-06
8.613E-06

58359650
58360789
58805222
59780091
58655690
87439679
87442284
87487048
3136046
3136100
122526998
122551421
122550824
122550987
122551398
122612792
122607260
123538006
123571200
123635445
123635179
123636696
123671465
123671910
123672979
123670557
123671493
123671697
123671952
123672236
123672264
7946277
7948439
7949088
7955394
7955590
7957841
7961296
7963293
7965049
7965252
7965725
7979810
7979862
7980132
7980284
7981043
7981992
7982713
7982896
7982996
7983074
7983620
7984300
7986873
7987232
64800867
64801842
64764572
64921523
64924716
64910882
64922067
64924352
64929534
64930953
64931187
64976888
64952961
64953373
64973258
64977356
64948946
64949028
64966804
64947351
64949090
64949443
64955529
64966470
64967419
64967871
64968072

NES16379965
NES16379942
NES12804923
mm37-1-59780091
NES12922997
NES14672658
NES14672597
mm37-3-87487048
NES08672116
NES08672117
NES09192855
NES09192317
NES09192312
NES09192313
NES09192316
NES09190609
NES09190752
mm37-4-123538006
NES09195959
NES09194053
NES09194049
NES09194072
NES09192986
NES09192992
NES09192925
NES09193039
NES09192987
NES09192991
NES09192994
NES09192963
NES09192964
NES14109173
NES14109038
NES14109046
NES14108974
NES14108977
NES14108946
NES14108824
NES14108855
NES14108720
NES14108722
NES14108727
NES14108369
NES14108371
NES14108373
NES14108374
NES14108386
NES14108330
NES14108312
NES14108313
NES14108315
NES14108318
NES14108323
NES14108261
NES14108209
NES14108214
NES08496202
NES08496212
mm37-11-64764572
NES08494443
NES08494384
NES08494687
NES08494457
NES08494381
NES08494314
NES08494276
NES08494263
mm37-11-64976888
NES08493948
mm37-11-64953373
mm37-11-64973258
mm37-11-64977356
NES08493991
NES08493992
NES08493729
NES08494044
NES08493994
NES08493986
NES08493916
NES08493761
NES08493710
NES08493715
NES08493716
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#Major
Alleles
10
10
8
15
5
14
14
13
6
6
16
17
10
10
10
15
11
17
16
12
15
15
12
12
12
15
15
15
15
15
15
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
11
11
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6

#Minor
Alleles
15
14
15
12
15
14
14
14
7
7
9
9
16
16
16
10
14
11
10
14
10
10
14
14
14
10
10
10
10
10
10
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
14
14
21
21
21
19
19
19
19
19
19
20
22
22
22
22
21
21
20
19
19
19
19
19
19
19
19

#Missing
Alleles
3
4
5
1
8
0
0
1
15
15
3
2
2
2
2
3
3
0
2
2
3
3
2
2
2
3
3
3
3
3
3
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
3
3
1
1
1
3
3
3
3
3
3
2
0
0
0
0
1
1
2
3
3
3
3
3
3
3
3

Beta

Gene

-0.153
-0.147
-0.156
-0.124
-0.181
-0.142
-0.142
-0.147
-0.194
-0.194
0.149
0.142
-0.138
-0.138
-0.138
0.144
-0.144
0.142
0.137
-0.146
0.144
0.144
-0.146
-0.146
-0.146
0.144
0.144
0.144
0.144
0.144
0.144
-0.155
-0.155
-0.155
-0.155
-0.155
-0.155
-0.155
-0.155
-0.155
-0.155
-0.155
-0.155
-0.155
-0.155
-0.155
-0.155
-0.155
-0.155
-0.155
-0.155
-0.155
-0.155
-0.155
-0.155
-0.155
-0.144
-0.144
-0.163
-0.160
-0.160
-0.151
-0.151
-0.151
-0.151
-0.151
-0.151
-0.153
-0.162
-0.162
-0.162
-0.162
-0.160
-0.160
-0.154
-0.151
-0.151
-0.151
-0.151
-0.151
-0.151
-0.151
-0.151

aox3l1
aox3l1
cflar
clrn1
arhgef11
arhgef11
arhgef11
ppt1
cap1
cap1
cap1
cap1

elac2
elac2
arhgap44
arhgap44
arhgap44
arhgap44
arhgap44
arhgap44
arhgap44
arhgap44
arhgap44
arhgap44
arhgap44
arhgap44
arhgap44
arhgap44
arhgap44
arhgap44
arhgap44
arhgap44
arhgap44
arhgap44
arhgap44
arhgap44
arhgap44
arhgap44
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11
11
11
11
11
11
11
11
11
12
12
12
12
12
16
17

8.613E-06
8.613E-06
1.780E-09
1.430E-06
3.781E-06
3.781E-06
5.452E-06
6.920E-06
6.920E-06
3.750E-06
3.750E-06
6.326E-06
6.326E-06
6.326E-06
2.793E-06
1.514E-06

64968132
64968261
64999358
64990379
65009295
65016012
65014320
65014221
65028777
21839677
23095234
103089429
103097667
103098300
11870630
35534387

NES08493717
NES08493718
NES08493493
mm37-11-64990379
NES08493388
NES08493236
mm37-11-65014320
mm37-11-65014221
mm37-11-65028777
NES17527922
NES17528416
NES11404685
NES11404353
NES11404363
NES15692525
NES17324125

6
6
9
6
10
10
10
10
10
12
12
5
5
5
6
7

19
19
15
22
17
17
17
18
18
2
2
22
22
22
12
11

3
3
4
0
1
1
1
0
0
14
14
1
1
1
10
10

-0.151
-0.151
-0.150
-0.162
-0.133
-0.133
-0.131
-0.127
-0.127
-0.255
-0.255
-0.168
-0.168
-0.168
-0.185
-0.185

arhgap44
arhgap44
myocd
myocd
myocd
myocd
myocd
myocd
myocd
ak020054
trip11
trip11
trip11
cpped1
h2-q8

Significance cut-of is set at –log(P)≥6. Major and minor alleles indicate the number of mouse strains with the most and least
abundant allele for the SNP. Missing alleles indicate the number of mouse strains with missing data for the SNP.
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Figure 2: The levels of damage associated molecular patterns (DAMPs) in bronchoalveolar lavage (BAL) fluid from 28 inbred
mouse strains upon cigarette smoke (CS) or air exposure. The levels of (A-B) Heat shock protein 70 (HSP70), (C-D) High mobility
group box 1 (HMGB1) and (E-F) mitochondrial (mt)DNA in BAL fluid of 28 mouse strains upon CS or air exposure. Bars depict average
and standard error of the mean (SEM) of eight mice per group.
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Figure 3: The levels of double-stranded (ds)DNA in 28 inbred mouse
strains upon cigarette smoke (CS) or air exposure. The levels of dsDNA in
bronchoalveolar (BAL) fluid of 28 mouse strains upon (A) CS or (B) air exposure.
Bars depict average and standard error of the mean (SEM) of eight mice per group.
(C) The association between the dsDNA levels in BAL fluid of 28 mouse strains upon
CS exposure and air exposure. Correlation was tested using a linear regression
analysis (r=0.7019, p<0.0001).

Gene expression of candidate genes in lung tissue of mice susceptible or non-susceptible for CS-induced
dsDNA release
In order to identify differences in gene expression between mouse strains susceptible and non-susceptible for
CS-induced dsDNA release, two susceptible mouse strains, BALB/cByJ and PL/J, and two non-susceptible mouse
strains, C58/J and A/J, were selected for further analysis. The basal mRNA expression of the 11 candidate genes
identified using HAM analysis was determined in these strains (Figure 7). The two susceptible mouse strains
showed a higher basal expression of Ppt1 compared to the non-susceptible mouse strains, while the expression
of Enox1 was only higher in the susceptible BALB/cByJ strain. In contrast, the expression of Elac2 was higher in
the two non-susceptible mouse strains. For Arhgap44, Arhgef11, Cap1 and Trip11 the expression is the lowest
in the non-susceptible A/J strain but with also low expression in the susceptible BALB/cByJ strain, while for
Dscaml1, Aox3l1 and Myocd the highest basal expression was found in the C58/J strain. Finally for Cflar no
differences in basal gene expression were shown between the different strains. The overall differences in basal
mRNA expression levels between strains were relatively small and only for Ppt1 and Elac2 an association with
genotype was found.
Next, we identified the effect of CS exposure on gene expression of the 11 candidate genes by measuring
the mRNA expression in lung tissue of the two susceptible and two non-susceptible mouse strains exposed to air
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Table 2: Selected single nucleotide polymorphisms (SNPs) significantly associated with bronchoalveolar lavage (BAL)
double-stranded (ds)DNA levels after short-term cigarette smoke (CS) exposure in CS- and air-exposed mice.
Chr. P-value

Position

Rsid

1
1
1
3
3
3
4
4
4
4
4
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
12
12
12

58359650
58360789
58805222
87439679
87442284
87487048
3136046
122551421
122550824
122550987
122551398
64800867
64801842
64921523
64924716
64910882
64922067
64924352
64929534
64930953
64931187
64976888
64952961
64953373
64973258
64977356
64948946
64949028
64966804
64947351
64949090
64949443
64955529
64966470
64967419
64967871
64968072
64968132
64968261
64999358
64990379
65009295
65016012
65014320
65014221
65028777
103089429
103097667
103098300

NES16379965
NES16379942
NES12804923
NES14672658
NES14672597
mm37-3-87487048
NES08672116
NES09192317
NES09192312
NES09192313
NES09192316
NES08496202
NES08496212
NES08494443
NES08494384
NES08494687
NES08494457
NES08494381
NES08494314
NES08494276
NES08494263
mm37-11-64976888
NES08493948
mm37-11-64953373
mm37-11-64973258
mm37-11-64977356
NES08493991
NES08493992
NES08493729
NES08494044
NES08493994
NES08493986
NES08493916
NES08493761
NES08493710
NES08493715
NES08493716
NES08493717
NES08493718
NES08493493
mm37-11-64990379
NES08493388
NES08493236
mm37-11-65014320
mm37-11-65014221
mm37-11-65028777
NES11404685
NES11404353
NES11404363

1.133E-06
5.456E-06
7.659E-06
6.272E-06
6.272E-06
5.605E-06
5.357E-06
2.579E-06
6.625E-06
6.625E-06
6.625E-06
2.650E-07
2.650E-07
1.872E-06
1.872E-06
8.613E-06
8.613E-06
8.613E-06
8.613E-06
8.613E-06
8.613E-06
3.637E-07
1.430E-06
1.430E-06
1.430E-06
1.430E-06
1.872E-06
1.872E-06
6.787E-06
8.613E-06
8.613E-06
8.613E-06
8.613E-06
8.613E-06
8.613E-06
8.613E-06
8.613E-06
8.613E-06
8.613E-06
1.780E-09
1.430E-06
3.781E-06
3.781E-06
5.452E-06
6.920E-06
6.920E-06
6.326E-06
6.326E-06
6.326E-06

#Major
Alleles
10
10
8
14
14
13
16
17
10
10
10
11
11
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
9
6
10
10
10
10
10
5
5
5

#Minor
alleles
15
14
15
14
14
14
9
9
16
16
16
14
14
21
21
19
19
19
19
19
19
20
22
22
22
22
21
21
20
19
19
19
19
19
19
19
19
19
19
15
22
17
17
17
18
18
22
22
22

#Missing
alleles
3
4
5
0
0
1
3
2
2
2
2
3
3
1
1
3
3
3
3
3
3
2
0
0
0
0
1
1
2
3
3
3
3
3
3
3
3
3
3
4
0
1
1
1
0
0
1
1
1

Beta
-0.153
-0.147
-0.156
-0.142
-0.142
-0.147
0.149
0.142
-0.138
-0.138
-0.138
-0.144
-0.144
-0.160
-0.160
-0.151
-0.151
-0.151
-0.151
-0.151
-0.151
-0.153
-0.162
-0.162
-0.162
-0.162
-0.160
-0.160
-0.154
-0.151
-0.151
-0.151
-0.151
-0.151
-0.151
-0.151
-0.151
-0.151
-0.151
-0.150
-0.162
-0.133
-0.133
-0.131
-0.127
-0.127
-0.168
-0.168
-0.168

Function
class
Int
Int
Int
Int
Int
Int
uk
Int
Int
Int
Int
Int
Int
Int
Int
Int
Int
Int
Int
Int
Int
uk
Int
Int
Int
uk
Int
Int
Int
Int
Int
Int
Int
Int
Int
Int
Int
Int
Int
Int
UTR
Int
Int
Cs P:227
Int
Int
Int
Int
Int

BALB/
cByJ
C
C
T
T
T
T
uk
G
G
T
C
C
C
A
T
C
A
C
T
C
G
C
C
G
G
C
C
C
G
T
A
C
A
A
G
G
A
G
C
T
A
C
G
G
C
A
C
G
G

PL/J C58/J A/J

Gene

C
C
T
T
T
T
uk
G
G
T
C
C
C
A
T
C
A
C
T
C
G
C
C
G
G
C
C
C
G
T
A
C
A
A
G
G
A
G
C
T
A
C
G
G
C
A
C
G
G

Aox3l1
Aox3l1
Cflar
Arhgef11
Arhgef11
Arhgef11
Ppt1
Cap1
Cap1
Cap1
Cap1
Elac2
Elac2
Arhgap44
Arhgap44
Arhgap44
Arhgap44
Arhgap44
Arhgap44
Arhgap44
Arhgap44
Arhgap44
Arhgap44
Arhgap44
Arhgap44
Arhgap44
Arhgap44
Arhgap44
Arhgap44
Arhgap44
Arhgap44
Arhgap44
Arhgap44
Arhgap44
Arhgap44
Arhgap44
Arhgap44
Arhgap44
Arhgap44
Myocd
Myocd
Myocd
Myocd
Myocd
Myocd
Myocd
Trip11
Trip11
Trip11

T
G
C
C
C
C
uk
G
G
T
C
T
T
C
G
A
G
T
C
T
A
T
T
A
A
T
T
T
A
C
G
T
T
T
C
A
T
A
G
C
G
T
A
C
T
G
uk
uk
uk

T
G
C
C
C
C
uk
A
T
A
T
T
T
C
G
A
G
T
C
T
A
T
T
A
A
T
T
T
A
C
G
T
T
T
C
A
T
A
G
C
G
T
A
C
T
G
T
A
A

Significant SNPs located within a gene and had less than six mouse strains with missing data. Significance cut-of is set at –
log(P)≥6. Number of major and minor alleles indicate the number of mouse strains with the most and least abundant allele
for the SNP from the 28 mouse strains used in our analyses. Number of missing alleles indicate the number of mouse strains
with missing data for the SNP. Function class is intronic (Int), synonymous-codon (Cs) with the amino acid and location or
3’-untranslated region (UTR). Missing information is noted as unknown (uk). Position is the base pair location of the SNP.

or smoke (Figure 8). Here, CS exposure leads to a decrease in Arhgef11, Elac2, Enox1 and Trip11 gene expression
in at least one of the non-susceptible mouse strains. This effect was even stronger for Dscaml1, where the
mRNA expression was not only decreased by CS exposure in the non-susceptible strains but also significantly
increased by CS in the susceptible mouse strains. In contrast, CS leads to a decrease in Ppt1 gene expression for
both susceptible mouse strains and in Myocd gene expression for the susceptible BALB/cByJ strain. For Aox3l1,
Arhgap44 and Cflar hardly any effect of CS exposure on gene expression was shown. Only for Ppt1 and Elac2 the
effects of CS exposure on gene expression levels in lung tissue were in accordance with the identified genotypes.
Together, we found small, yet significant differences in the basal mRNA expression levels between different
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Figure 4: Correlation between cigarette smoke-induced damage associated molecular pattern (DAMP) release and
neutrophil count in bronchoalveolar lavage (BAL) fluid. The correlation between the number of neutrophils in BAL fluid of cigarette
smoke exposed mice and the levels of (A) double-stranded (ds)DNA, (B) High mobility group box 1 (HMGB1), (C) Heat shock protein 70
(HSP70) and (D) mitochondrial (mt)DNA in BAL fluid upon expose to cigarette smoke for five days is shown. The levels of dsDNA show
a significant positive linear correlation with neutrophilic infiltrate (p<0.0001, r=0.8077), while the levels of HMGB1 (p=0.3490, r=0610),
HSP70 (p=0.7276, r=0.0227) and mtDNA (p=0.7886, r=0.0177) do not show a significant correlation with neutrophilic infiltration.

strains. However, only for Ppt1 and Elac2 this was accordance with the genotype, indicating that these SNPs might
function as an expression quantitative trait locus (eQTL). CS exposure induced changes in gene expression of the
candidate genes in specific strains, with the strongest effect on Dscaml1, which increased in the susceptible
strains and decreased in at least one non-susceptible strain. Furthermore, for Ppt1 the decrease in expression
was only noted in susceptible mouse strains, while for Elac2 the CS-induced decrease in gene expression was
only noted in non-susceptible mouse strains. These data indicate that for these two genes the effect of CS on
their gene expression regulation may contribute to differences in susceptibility for CS-induced dsDNA release
in the mouse model.
Down regulation of candidate genes in human alveolar epithelial cells influences CS-induced cell death and
DAMP release
Since Ppt1 and Elac2 showed an interaction between the effect of their expression regulation and susceptibility
for CS-induced dsDNA release, we selected these two genes for further investigation. We studied the effect of
down-regulation of the candidate genes in human lung epithelial cells on CS-extract (CSE)-induced cell death
and DAMP release.
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Table 3: Single nucleotide polymorphisms (SNPs) significantly associated with bronchoalveolar lavage (BAL) doublestranded (ds)DNA levels after short-term cigarette smoke (CS) exposure in cigarette smoke exposed mice.
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4
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7.94E-06
7.94E-06
5.50E-06
7.64E-06
7.64E-06
7.64E-06
5.10E-06
5.10E-06
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123672264
48487551
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7
7
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7
7
7
7
6
7
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9
9
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9
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9
9
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9
9
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16
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12
11
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9

8
3
2
3
0
2
3
3
3
3
3
3
3
3
13
12
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7
7
7
7
7
9
9
9
11
5
4
4
0
0
1
1
1
7
8
0
1
2
2
2
2
2
2
2
10
10

-0.193
0.153
0.148
0.149
0.149
0.145
0.149
0.149
0.149
0.149
0.149
0.149
0.149
0.149
-0.176
-0.194
-0.194
-0.194
-0.146
-0.146
-0.146
-0.146
-0.146
-0.142
-0.142
-0.142
-0.167
-0.155
-0.132
-0.146
-0.137
-0.137
-0.138
-0.138
-0.138
-0.155
-0.156
-0.149
-0.149
-0.148
-0.148
-0.148
-0.148
-0.148
-0.148
-0.148
-0.160
-0.158

clrn1
ppt1
cap1

luzp2
luzp2
luzp2
luzp2
luzp2

tcerg1l
dscaml1
myocd
myocd
myocd
myocd
myocd
myocd
enox1
enox1
enox1
enox1
enox1
enox1
enox1
enox1
enox1
enox1
enox1
cpped1
bat1a
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Significance cut-of is set at –log(P)≥6. Major and minor alleles indicate the number of mouse strains with the most and least
abundant allele for the SNP. Missing alleles indicate the number of mouse strains with missing data for the SNP.

First, we tested which of three human lung epithelial cell lines was most suitable for CSE-induced dsDNA
release experiments. Therefore, the bronchial epithelial cell lines 16HBE and BEAS-2B and the adenocarcinoma
alveolar cell line A549 were exposed to 0-100% of CSE for four hours. After extensive washing and incubation
for another 16 hours on CSE-free medium, the amount of dsDNA in the cell free supernatant was determined.
Neither BEAS-2B nor 16HBE cells showed a significant increase in the amount of dsDNA release upon CSE
exposure, while A549 cells showed a dose-dependent increase in the amount of dsDNA that is released upon
CSE exposure (Figure 9A). Therefore, further experiments to test the effects of the selected candidate genes on
CS-induced dsDNA release were performed using A549 cells.
Transfection of the human airway epithelial cell line A549 with specific siRNA for PPT1 induced more
than 95% mRNA down regulation (Figure 9B). After the siRNA transfection, cells were exposed to a range of
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-0.148
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Int
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Int
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Cs P:227
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Int
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Int
Int
Int
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Variation
type/
Function
class
A
G
T
T
C
A
G
C
G
A
G
G
C
C
G
C
A
C

BALB/
cByJ

A
G
C
T
C
A
G
C
G
G
A
A
T
T
T
A
T
T

PL/J

uk
G
T
C
T
G
C
T
A
A
G
G
C
C
G
C
A
C

C58/J

C
A
T
C
T
G
C
T
A
A
G
G
C
C
G
C
A
C

A/J

Ppt1
Cap1
Dscaml1
Myocd
Myocd
Myocd
Myocd
Myocd
Myocd
Enox1
Enox1
Enox1
Enox1
Enox1
Enox1
Enox1
Enox1
Enox1

Gene

location of the SNP.

Significant SNPs located within a gene and had less than six mouse strains with missing data. Significance cut-of is set at –log(P)≥6. Number of major and minor alleles indicate the number of mouse
strains with the most and least abundant allele for the SNP from the 28 mouse strains used in our analyses. Number of missing alleles indicate the number of mouse strains with missing data for the
SNP. Function class is intronic (Int), synonymous-codon (Cs) with the amino acid and location or 3’-untranslated region (UTR). Missing information is noted as unknown (uk). Position is the base pair

P-value

Chr.

(CS) exposure in CS-exposed mice.

Table 4: Selected single nucleotide polymorphisms (SNPs) significantly associated with bronchoalveolar lavage (BAL) double-stranded (ds)DNA levels after short-term cigarette smoke
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Figure 5: Haplotype association mapping identifies susceptibility genes for cigarette smoke-independent bronchoalveolar
lavage (BAL) double-stranded (ds)DNA levels. The Manhattan plot for the log-transformed BAL dsDNA levels depicts corresponding
-log(P) association probabilities for single nucleotide polymorphisms (SNPs) at indicated chromosomal locations. The log-transformed
BAL dsDNA levels of smoke- and air-exposed mice were used as input for the analysis, with air/smoke exposure added to the analysis
as covariate. Significance level was set at SNP associations of -log(P) ≤ 5. Blow-ups show genes mapped at the significant SNPs.
(see color image on page 214)
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Figure 6: Haplotype association mapping identifies susceptibility genes for cigarette smoke-induced bronchoalveolar (BAL)
double-stranded (ds)DNA levels. The Manhattan plot for the log-transformed cigarette smoke-induced BAL dsDNA levels depicts
corresponding -log(P) association probabilities for single nucleotide polymorphisms (SNPs) at indicated chromosomal locations.
The log-transformed BAL dsDNA levels of only smoke-exposed mice were used as input for the analysis. BALB/cJ and BALB/cByJ mice
were excluded from this analysis. Significance level was set at SNP associations of -log(P) ≤ 5. Blow-ups show genes mapped at the
significant SNPs. (see color image on page 215)
Table 5: Genes with significant single nucleotide polymorphism (SNP) associations with bronchoalveolar lavage (BAL)
double-stranded (ds)DNA levels after short-term cigarette smoke exposure in mice.

Symbol

Description

Gene ID

Chr. Protein function

Aox3l1

Aldehyde oxidase 2

213043

1

CASP8 and FADD-like apoptosis
regulator
Arhgef11 Rho Guanine Nucleotide Exchange
Factor (GEF) 11
Ppt1
Palmitoyl-protein thioesterase 1

12633

1

Molybdo-flavoenzyme family member that oxidizes aldehydes and is
involved in the perception of odorants.32
Apoptosis and necroptosis regulator protein.22

2441869

3

Rho-GTPase, involved in rho-dependent signaling.26

19063

4

Cap1

88262

4

2150309

9

Lipid modification during lysosomal degradation, removal of thioesterlinked fatty acyl groups from cysteine residues. Regulation of TNF-α induced
apoptosis (55).
Actin-binding cyclic AMP signaling molecule and potent inducer of
apoptosis.3
Member of the immunoglobulin superfamily proteins.17

68626

11

Arhgap44 Rho GTPase activating protein 44

2144423

11

Myocd

Myocardin

214384

11

Trip11

Thyroid hormone receptor interactor 1924393
11
Ecto-NOX disulfide-thiol exchanger 1 2444896

Cflar

Dscaml1
Elac2

Enox1

110

Adenylate cyclase-associated
protein 1
Down syndrome cell adhesion
molecule like 1
ElaC homolog 2

12
14

Catalyzing the removal of the 3’ trailer from precursor tRNAs. The DNA
damage response.52
Rho-GTPase, involved in rho-dependent signaling.18
A smooth muscle and cardiac muscle-specific transcriptional co-activator of
the transcription factor SRF.41
Thyroid hormone receptor-beta interaction and association with
microtubules and the Golgi-apparatus.15
Electron transport protein, terminal oxidase of plasma electron transport
from cytosolic NAD(P)H via hydroquinones to acceptors at the cell surface.
Inhibitor of apoptosis.57
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Figure 7: Gene expression of candidate genes in whole lung tissue of susceptible and non-susceptible mouse strains. Four
mouse strains were selected (BALB/cByJ, PL/J, C58/J, A/J) with a different susceptibility for cigarette smoke-induced double-stranded
(ds)DNA release in bronchoalveolar lavage (BAL) fluid, ranging from the highly susceptible BALB/cByJ to the resistant A/J strain. Basal
mRNA expression (2^-dCt) was measured in air-exposed mice for (A) Aox3l1, (B) Arhgap44, (C) Arhgef11, (D) Cap1, (E) Cflar, (F) Dscaml1,
(G) Elac2, (H) Enox1, (I) Myocd, (J) Ppt1 and (K) Trip11. Genotypes are shown for each gene; a representative genotype was selected for
genes associated with a haplotype of multiple single nucleotide polymorphisms (SNPs). Data is shown as box-whisker plots indicating
the mean ± interquartile range, with the whiskers indicating the highest and lowest data points. Significance was tested using a oneway ANOVA with Turkey’s multiple comparison correction, * = p<0.05, ** = p≤0.01, *** = p ≤0.001.
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Figure 8: Cigarette smoke-induced gene expression of candidate genes in whole lung tissue of susceptible and nonsusceptible mouse strains. Four mouse strains were selected (BALB/cByJ, PL/J, C58/J, A/J) with a different susceptibility for cigarette
smoke-induced double-stranded (ds)DNA release in bronchoalveolar lavage (BAL) fluid, ranging from the highly susceptible BALB/cByJ
to the resistant A/J strain. mRNA expression was shown as fold induction of 2^-dCt of cigarette smoke-exposed mice (n=8) compared
with 2^-dCt of control air-exposed mice (n=8) for (A) Aox3l1, (B) Arhgap44, (C) Arhgef11, (D) Cap1, (E) Cflar, (F) Dscaml1, (G) Elac2,
(H) Enox1, (I) Myocd, (J) Ppt1 and (K) Trip11. Data is shown as box-whisker plots indicating the mean ± interquartile range, with the
whiskers indicating the highest and lowest data points. Significance was tested using a Mann-Whitney U test, * = p<0.05, ** = p≤0.01,
*** = p ≤0.001.
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Figure 9: The effect of down regulation of PPT1 on damage associated molecular pattern (DAMP) release and cell death in
human alveolar epithelial cells. (A) The human bronchial epithelial cell lines BEAS-2B and 16HBE and the alveolar adenocarcinomic
cell line A549 were exposed to a range of cigarette smoke extract (CSE) for 4 hours (0-100%). The levels of double-stranded (ds)DNA
were measured in supernatant after 16 hours of incubation with serum free and CSE-free medium. (B) The level of down-regulation
of PPT1 in A549 cells upon treatment with specific small interfering (si)RNA, as analyzed with quantitative RT-PCR, is shown. Data is
shown as fold induction of mRNA expression of A549 cells treated with scrambled siRNA assay (2^-dCt) compared to A549 cells treated
with siRNA assay specific for PPT1 (2^-dCt). The levels of (C) dsDNA and (D) RNA were measured in cell-free supernatant of A549 cells
exposed to 0 – 100% CSE. Negative control represents untreated cells, scrambled represents cells treated with scrambled siRNA assay
and PPT1 siRNA is treated with specific siRNA assays. The levels of (E) viable, (F) apoptotic and (G) necrotic cells were analyzed in A549
cells upon exposure to 0-100% CSE using Annexin-/Propidium Iodide (PI) staining for flow cytometry. All data is shown as mean ±
standard error of the mean (SEM). Significance was tested using a Mann-Whitney U test, * = p<0.05, ** = p≤0.01.
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Table 6: Gene expression of candidate genes in humans susceptible or non-susceptible for the onset of chronic
obstructive pulmonary disease (COPD).
Smoke exposure
ARHGAP44
ARHGEF11
CAP1
CFLAR
DSCAML1
ELAC2
ENOX1
MYOCD
PPT1
TRIP11
CCDC93
CLRN1
PTPLAD2
COX7C
ABLIM1

t-value
-2.526
-1.152
0.806
-0.513
-1.443
-0.682
-2.224
1.238
1.742
0.221
-0.431
-0.414
0.391
-0.906
0.376

Smoke exposure interaction with susceptibility
p-value
0.017
0.258
0.426
0.612
0.159
0.500
0.034
0.225
0.092
0.826
0.669
0.681
0.698
0.372
0.709

FDR
0.168
0.430
0.609
0.679
0.397
0.625
0.168
0.430
0.305
0.826

t-value
-0.925
-2.060
0.433
0.116
-1.082
-1.779
-2.062
-0.310
0.568
1.393
0.318
0.961
-0.587
0.167
-0.613

p-value
0.362
0.048
0.668
0.909
0.288
0.085
0.048
0.758
0.574
0.174
0.755
0.353
0.567
0.870
0.549

FDR
0.604
0.241
0.835
0.909
0.576
0.285
0.241
0.843
0.821
0.435

Micro-array results for smoke exposure show the effects of smoking three cigarettes within three hours on gene expression
levels in young (age≤40) individuals either susceptible or non-susceptible for the onset of COPD. Smoke exposure interaction
with susceptibility indicates significance in gene expression for the delta before and after smoking three cigarettes between
susceptible and non-susceptible individuals. False discovery rate (FDR) ≤0.25 for significance.

CSE concentrations (0-100%) for four hours. After 24 hours of incubation with CSE-free medium the amount of
necrotic and apoptotic cells and dsDNA release was determined. Upon stimulation with high percentages of CSE
(80 - 100%), PPT1 down regulation resulted in increased release of dsDNA and RNA and increased levels of both
apoptotic and necrotic cell death (Figure 9). This indicates that PPT1 down regulation enhances the susceptibility
of A549 cells to cell death and DAMP release induced by high CSE concentrations.
Down regulation of ELAC2 using specific siRNA assays induces approximately 80% decrease in mRNA
expression (Figure 10A). Down regulation of ELAC2 significantly attenuated dsDNA release upon exposure to
60% CSE, apoptotic cell death upon exposure to 0-80% CSE and necrotic cell death upon exposure to 0-40% CSE
compared to the scrambled control (Figure 10).
In summary, down regulation of ELAC2 provides protection against CSE-induced cell death and DAMP
release upon exposure to low percentages of CSE, while down regulation of PPT1 enhances CSE-induced cell
death and DAMP release upon exposure to high percentages of CSE.
Cigarette smoke-induced dysregulation of the expression of candidate genes in epithelium of humans
susceptible for the onset of COPD
In order to investigate whether the candidate genes for CS-induced dsDNA release in mice are also regulated
by CS exposure in the airway epithelium in human subjects, we analyzed the gene expression of our candidate
genes in a microarray gene expression dataset of primary bronchial epithelial cells obtained from bronchial
brushings of young healthy individuals. These cells were isolated 24 hours after smoking of three cigarettes
within three hour and after two days of smoking cessation, as described previously54. Out of the 11 candidate
genes, we analyzed expression regulation of 10 candidate genes, since the mouse Aox3l1 gene does not have
a human homologue. We found that the gene expression levels of ARHGAP44 and ENOX1 were significantly
decreased by exposure to CS (Table 6). None of the eight other candidate genes showed significant changes
in gene expression upon CS exposure. The young healthy individuals included in this study were selected to
be either susceptible or non-susceptible for the development of COPD based on family history, as described
before24,54. In brief, the prevalence of COPD in smoking first- or second-degree relatives older than 40 years
was used to classify the young healthy subjects as susceptible (at least 2 out of 3 first- and second-degree
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Figure 10: The effect of down regulation of ELAC2 on damage associated molecular pattern (DAMP) release and cell death
in human alveolar epithelial cells. (A) The level of down-regulation of ELAC2 in A549 cells upon treatment with specific small
interfering (si)RNA analyzed, as by quantitative RT-PCR, is shown. Data is shown as fold induction of mRNA expression of A549 cells
treated with scrambled siRNA assay (2^-dCt) compared to A549 cells treated with siRNA assay specific for elac2 (2^-dCt). The levels of (B)
double-stranded (ds)DNA and (C) RNA were measured in cell-free supernatant of A549 cells exposed to 0 – 100% CSE. Negative control
represents untreated cells, scrambled represents cells treated with scrambled siRNA assay and ELAC2 siRNA is treated with specific
siRNA assays. The levels of (D) viable, (E) apoptotic and (F) necrotic cells were analyzed in A549 cells upon exposure to 0-100% CSE using
Annexin-/Propidium Iodide (PI) staining for flow cytometry. All data is shown as mean ± standard error of the mean (SEM). Significance
was tested using a Mann-Whitney U test, * = p<0.05, ** = p≤0.01, *** = p ≤0.001.

smoking relatives developed COPD) or non-susceptible (none of the smoking first- and second-degree relatives
developed COPD). When analyzing the interaction between CS exposure and susceptibility for COPD as defined
by family history, we observed that the mRNA expression levels of ARHGEF11 and ENOX1 were significantly more
decreased by CS in COPD susceptible individuals compared to non-susceptible individuals. Interestingly, in
mice the mRNA expression levels of these transcripts were decreased by CS in the non-susceptible strains. In
addition, the ELAC2 gene showed a trend (P=0.085) towards a CS-induced decrease between susceptible and
non-susceptible individuals. These data show the translation relevance of our findings in mice, indicating that
specific identified susceptibility genes for CS-induced dsDNA release in mice are also differently expressed by CS
in relation to susceptibility for the development of COPD in humans.
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DISCUSSION
In the current study we show that CS-induced DAMP release differs between inbred mouse strains, and is
genetically regulated by specific genes. We identified 11 candidate genes involved in BAL dsDNA levels in mice,
five of which were associated with CS-induced dsDNA release. For two of these candidate genes, Ppt1 and Elac2,
we observed that these SNPs act as an eQTL in lung tissue, and display an interaction with susceptibility for CSinduced dsDNA release, indicating that these genes may contribute to the differences in dsDNA release between
susceptible and non-susceptible strains. We found that these genes are functionally involved in CS-induced cell
death and DAMP release in a human lung epithelial cell line. In addition, we show that two other candidate
genes, ARHGEF11 and ENOX1, decreased more in young susceptible individuals compared to non-susceptible
individuals. In addition, ELAC2 trended toward a decrease.. Taken together, these data indicate that the severity
of CS-induced airway inflammation might be caused by differences in the sensitivity for CS-induced DAMP
release.
The role of DAMPs in the pathophysiology of COPD is emerging47. DAMPs are released from necrotic or
damaged cells and activate the innate immune system by activation of PRRs and by attracting neutrophils44.
Previously, we have shown that exposure of human airway epithelial cells to CSE induces DAMP release and
subsequent pro-inflammatory responses23,50. Furthermore, we have shown that exposure of mice to CS induces
the release of a specific profile of DAMPs in mice susceptible for CS-induced neutrophilic airway inflammation
compared to those strains that are not susceptible to this response48. In the current study, we employed our
existing dataset of 28 different inbred mouse strains exposed to CS for five consecutive days46. We found
increased levels of all measured DAMPs, i.e. HSP70, HMGB1, mtDNA and dsDNA, in BAL fluid of several but not all
mouse strains. The levels of dsDNA showed the highest correlation with CS-induced neutrophil infiltration in BAL
fluid, in agreement with our previous study48. dsDNA is a widely abundant DAMP that is released by necrotic cells
and is not likely to be actively secreted, with the exception of neutrophils undergoing NETosis, making dsDNA
a good marker for necrotic cell death38,49. Other DAMPs, including HSP70 and HMGB1 can be both be passively
released and actively secreted from several cell-types upon stress5. It is likely that the strong correlation between
the CS-induced levels of dsDNA in BAL fluid and the number of neutrophils in BAL fluid, can at least in part be
explained by neutrophils being the source of the released dsDNA. Nevertheless, the first line of defense against
inhaled toxicants is the airway epithelium, providing the first batch of DAMP release, followed by DAMP released
from attracted neutrophils47. Furthermore, it has been shown that the sputum levels of dsDNA are negatively
correlated with FEV1% in patients with cystic fibrosis39, indicating that dsDNA release is involved in multiple
diseases associated with decreased lung function.
In the current study we identified 11 genes that are significantly associated with dsDNA release in mice.
First we analyzed the genes associated with basal dsDNA release, which identified 9 genes and next we
identified 2 more genes which were specifically associated with CS-induced dsDNA release. In the second
analysis investigating CS-induced dsDNA release we removed the BALB/cByJ and BALB/cJ strains because the
high induction of CS-induced dsDNA release in these strains was masking the identification of susceptibility
genes. Nevertheless, this approach may introduce false negative results, as the two most susceptible strains
were not included in the analysis. Two of the identified susceptibility genes, Dscaml1 and Enox1, were specifically
associated with CS-induced dsDNA release. No direct link in function was observed for these 11 genes using
gene ontology annotation. However, five genes have known involvement in cell death pathways, as Cflar, Ppt1,
Cap1, Enox1 and Elac2 have shown to be involved in apoptosis and DNA damage responses, indicating that
a dysfunctional induction of apoptosis induces increased levels of released dsDNA. Cflar, also called c-Flip, is
one of the major components in the apoptotic pathways and it regulates whether a cell goes into apoptosis or
necroptosis53, making Cflar a relevant candidate gene as apoptotic cells do not release dsDNA, while necroptotic
cells do. Moreover, it has been shown that Cflar protects murine fibroblasts against dsRNA-induced apoptosis21.
Ppt1 is involved in the regulation of apoptosis, on one hand Ppt1 over-expression induces protection against
the induction of apoptosis9,13, and inhibition of Ppt1 induces apoptosis in neuronal cells10,11,20. While on the
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other hand PPT1-deficient fibroblasts from mice and humans were protected against TNF-induced apoptosis
and restoration of PPT1 increased the susceptibility for apoptosis55. This indicates that the effect of Ppt1 on cell
death is cell type specific. Cap1 is also involved in apoptosis, as the induction of apoptosis induces the caspaseindependent translocation of Cap1 to the mitochondria which is important for the execution of apoptosis, while
the down regulation of Cap1 represses the execution of apoptosis58. Furthermore, for Enox1 chemical or genetic
inhibition induces apoptosis19. Elac2 was shown to be involved in the DNA damage response52, which also links
it to dsDNA release. For the remaining six genes no connection to cell death or dsDNA release is known to date,
however much is unknown about the function of these genes. Of the six genes, for Arhgef11, Dscaml1 and Trip11
as well as for Ppt1 and Elac2 a correlation was shown between the CS-induced gene expression in whole lung
tissue of mice and the susceptibility for CS-induced DAMP release. Of note, only for Elac2 and Ppt1 the observed
differences in CS-induced gene expression between susceptible and non-susceptible mouse strains was in
agreement with the genotype of the SNPs associated with the dsDNA levels in the genetic analysis, underscoring
that these SNPs possibly act as an eQTL for these genes. For Ppt1, the gene expression was significantly lower in
non-susceptible mouse strains compared to susceptible mouse strains, while exposure to CS decreases the Ppt1
expression in the susceptible mouse strains. For Elac2 the situation was opposite, with increased expression in
non-susceptible mouse strains compared to susceptible mouse strains and a down-regulation in gene expression
by CS exposure in the non-susceptible strains. The interaction of gene regulation of these two candidate genes
with susceptibility for CS-induced dsDNA release strongly argue in favor for a contribution of these genes to the
susceptibility for CS-induced dsDNA release.
For the two key candidate genes, Ppt1 and Elac2, we showed that down regulation induces protection
against CSE-induced cell death and DAMP release upon exposure to low percentages of CSE, while it enhances
CSE-induced cell death and DAMP release upon exposure to high percentages of CSE in vitro in alveolar epithelial
cells. The results at low CSE percentages are in agreement with a previous study showing that inhibition of
PPT1 decreases the amount of apoptosis in absence of CSE55. These results show that our candidate genes are
not solely important in CS-induced dsDNA release in mice, but are also functionally involved in CS-induced cell
death and DAMP release in human cells in vitro, making them interesting targets for future research.
The relevance of our candidate genes for COPD patients was further supported by the fact that we identified
two genes, ARHGAP44 and ENOX1, of which the expression was decreased in human bronchial epithelial cells 24
hours after smoking three cigarettes in young healthy individuals. Importantly, the gene expression of ARHGEF11
and ENOX1 was significantly more decreased by smoking three cigarettes in young healthy individuals who are
susceptible for the development of COPD compared to young healthy individuals who are not. Furthermore,
ELAC2 showed a trend towards a stronger CS-induced decrease in susceptible compared to non-susceptible
individuals. Although there was a discrepancy between the effect of CS on the expression of ARHGEF11 and
ENOX1 in susceptible versus non-susceptible humans and mouse strains, with a stronger decrease by CS
exposure in susceptible humans and in non-susceptible mouse strains, our results show that prior to the onset of
COPD these genes are already dysregulated, making them likely candidate genes to be causally involved in the
disease pathophysiology. Differences in gene expression between our mice and human studies are likely to be
caused by differences in the levels of CS exposure, timing and the composition of the investigated cells. Further
research is needed to fully elucidate the role of these genes in COPD pathophysiology. Although effectiveness
of the classification of susceptible and non-susceptible human individuals in the COPD susceptibility cohort was
shown before16,24, the study set-up is prone to induce false positive and negative classifications. First, the (non-)
susceptibility traits which are present in smoking first- or second-degree relatives diagnosed with or without
COPD are not necessarily inherited by the next generation , potentially leading to false positive or negative
classifications. Secondly, genetic recombination and de novo mutations can lead to the presence of susceptibility
traits which are not present in non-susceptible relatives, potentially inducing false negative classifications.
Together, the statistical power of the study is limited by the probable number of false positive and negative
classifications, nevertheless we were still able to show significant differences between susceptible and non-
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susceptible individuals.
In summary, with the current study we have identified 11 novel candidate genes for CS-induced dsDNA
release in mice. With several validation experiments both in mice and humans we have shown functional or
expression-based involvement of eight of the genes in CS-induced cell death and DAMP release. Two key
candidate genes were shown to be involved in CSE-induced cell death and DAMP release in the human airway
epithelium. These genes are possibly involved in the pathogenesis of diseases where CS exposure induces dsDNA
release and subsequent inflammation, e.g. COPD48,47. Further research is needed to elucidate the functional role
of the candidate genes in dsDNA release in general and in COPD in specific.
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Chronic obstructive pulmonary disease (COPD) is a severe and progressive lung disease characterized
by destruction of lung parenchyma and chronic airway inflammation.1 A major cause of COPD is chronic
exposure to noxious gases and particles, including cigarette smoke (CS). During exacerbation, COPD patients
experience a worsening of symptoms that coincides with increased inflammation and accelerated decline in
lung function, resulting in a decrease in quality of life and increased healthcare costs. Approximately half of the
COPD exacerbations causing hospitalization are associated with respiratory viral and/or bacterial infections.2
However, the underlying mechanisms causing COPD exacerbations are unknown.3 Molecules derived from
viruses and bacteria during airway infection can trigger the activation of pattern recognition receptors (PRRs)
on lung structural and innate immune cells, and may thus contribute to the aggravation of inflammation during
COPD exacerbations.1 Interestingly, damage associated molecular patterns (DAMPs) released from damaged or
necrotic cells are also known to activate PRRs, including toll like receptors (TLRs) and the receptor for advanced
glycation end-products (RAGE).4 A role for DAMPs has been proposed in the pathogenesis of COPD, as various
DAMPs have been found increased in lung fluids and serum of COPD patients.5-6 Furthermore, Ager, the gene
encoding RAGE has been identified by genome-wide association studies as a susceptibility gene for COPD.7-8
Moreover, the serum levels of soluble RAGE (sRAGE), a decoy receptor for RAGE, were shown to be significantly
lower in COPD patients, while the RAGE ligand EN-RAGE (also known as S100A12) was significantly higher in
COPD patients compared to smoking and non-smoking controls.9 It is currently unknown, however, whether
DAMPs play a role in COPD exacerbations. Here, we hypothesized that the release of DAMPs is increased during
exacerbations of COPD.
To address our hypothesis, we performed a post-hoc analysis on samples collected in a prospective
randomized controlled trial on COPD exacerbations. We used a cohort of COPD patients with relatively mild
disease who discontinued the use of corticosteroids or long-acting β2-agonists and had stable disease for at
least two months after discontinuation.10 Patient characteristics are summarized in Figure 1K and the study
design has been extensively described by Bathoorn et al.3 Serum and induced sputum samples were collected
when the patients reported an exacerbation to the outpatient clinic and in the same patients during stable
disease. Viral infection status was determined by detection of viral respiratory pathogens in sputum by panelbased real-time PCR used for routine diagnostic purposes. Bacterial infection status was assessed using an
algorithm to interpret conventional sputum culture results as described before.3 Eleven of the total of forty
patients with an exacerbation were found positive for airway infection of which three patients had a viral
infection, six patients had a bacterial infection and two patients had both a viral and a bacterial infection. A
panel of six DAMPs, grossly grouped into TLR2-activating DAMPs (Galectin-3, HMGB1), TLR4-activating DAMPs
(HMGB1, S100A9), TLR9-activating DAMPs (dsDNA, mitochondrial (mt)DNA) and RAGE-activating DAMPs (LL37,
HMGB1, S100A9),4-5 and sRAGE were measured in serum (n=40) and induced sputum (n=35) of COPD patients
in stable disease and during exacerbation, using commercially available ELISA kits (Galectin-3, S100A9, sRAGE;
R&D Systems, Minneapolis, USA, HMGB1; Chondrex Inc, Redmond, USA, LL37; Hycult Biotech Inc, Plymount, USA,
dsDNA; PicoGreen, Life Technologies, Carlsbad, USA, detection limits are respectively: 62.5, 31.2, 62.5, 800, 140,
3900 pg/ml) or qPCR as described before (mtDNA).11 All ELISA kits were tested and found suitable for detection
of DAMPs in both serum and dithiothreitol-treated sputum samples.
All selected DAMPs were detectable in induced sputum and serum, both in stable phase and during
exacerbation. The serum levels of the RAGE-activating DAMPs LL37, HMGB1 and S100A9 were significantly
increased during exacerbation compared to stable disease, while no significant differences were found in the
levels of dsDNA, mtDNA and Galectin-3 (Figure 1 A-F). The levels of DAMPs in serum did not correlate with either
blood neutrophil counts or total leukocyte counts, indicating that the increased DAMP levels are not caused by
increased numbers of blood leukocytes during exacerbation (data not shown). Furthermore, in an experiment
comparing the DAMP levels in plasma with serum collected from healthy volunteers, no significant differences
were detected for dsDNA, LL37 and Galectin-3, although the levels of HMGB1 were higher in serum compared
to plasma (data not shown). These results indicate that the increased DAMP levels in serum of COPD patients
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Figure 1: The levels of S100A9, HMGB1 and LL37 are increased in serum of COPD patients during exacerbation. The levels of
the DAMPs A) dsDNA, B) Galectin-3, C) mtDNA, D) LL37, E) HMGB1 and F) S100A9 in serum of COPD patients (n=40) in stable disease
and during exacerbation. The levels of G) LL37, H) HMGB1 and I) S100A9 during exacerbation in serum of patients with and patients
without airway infection (either bacterial or viral). J) Serum levels of the decoy receptor sRAGE of COPD patients in stable disease and
during exacerbation. K) Patient characteristics shown as mean (±SEM). Significance between stable disease and exacerbation was
tested using the Wilcoxon Signed Rank test and significance between COPD patients with and without airway infection was tested
using the Mann-Whitney U test. *=p≤0.05, **=p≤0.01 and ***=p≤0.001 between the indicated values.
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during exacerbation are not an artefact from the coagulation process during serum preparation. In sputum,
no significant differences were detected between stable disease and exacerbation for dsDNA (558.3±39.3 pg/
ml during stable disease and 524.8±37.2 pg/ml during exacerbation), Galectin-3 (1.14±0.0 pg/ml during stable
disease and 1.19±0.0 pg/ml during exacerbation), HMGB1 (64.3±6.4 ng/ml during stable disease and 69.7±5.0
ng/ml during exacerbation), LL37 (2.0±0.3 ng/ml during stable disease and 2.0±0.4 ng/ml during exacerbation),
mtDNA (14.0±9.6 ng/ml during stable disease and 24.0±15.0 ng/ml during exacerbation) and S100A9 (0.79±0.1
pg/ml during stable disease and 0.65±0.1 pg/ml during exacerbation).
In serum samples, two subgroups of patients were observed for HMGB1, with one group showing increased
levels of HMGB1 during exacerbation and the other group maintaining undetectable levels of HMGB1, i.e. below
0.8 ng/ml. Of interest, females had significantly higher levels of HMGB1 (2.3±0.8 ng/ml for males and 7.2±2.0 ng/
ml for females, p=0.01) and S100A9 (13.5±2.0 pg/ml for males and 28.6±6.7 pg/ml for females, p=0.01) during
exacerbation compared to males. Furthermore, we observed that none of the COPD patients with a proven
bacterial or viral infection showed increased levels of HMGB1 (Figure 1H) or S100A9 (Figure 1I) during exacerbation,
with a significant difference in HMGB1 levels between COPD patients with and without airway infection during
exacerbation. Thus, our data suggest that infection status does not contribute to increased release of HMGB1
and S100A9 during exacerbations. For LL37, no association with airway infection status was found (Figure 1G).
Since we expected that PRR activation might play a role in the aggravation of airway inflammation during
exacerbation, it is tempting to speculate that DAMPs contribute to PPR-induced inflammatory responses during
exacerbation especially in those patients who do not have airway infections.
Interestingly, all DAMPs that we found to be increased in serum of COPD patients during exacerbation are ligands
of the RAGE receptor, suggesting that exacerbation may lead to increased RAGE signaling. However, most studies
that suggest RAGE as a receptor for LL37 provide indirect evidence.12,13,5 Nevertheless, we observed that the
LL37-induced IL-8 production by human bronchial epithelial cells can be partly inhibited by RAGE-antagonistic
peptide (data not shown). Therefore, it will be of interest to further elucidate the role of RAGE in exacerbations of
COPD. Multiple studies have shown that sRAGE is decreased in serum or plasma of COPD patients, which may
act to further potentiate the effect of RAGE ligands.9,14-16 However, in our study induced sputum and serum levels
of sRAGE did not differ between stable disease (159.5 pg/ml ±18.7 for sputum) and exacerbation (164.0 pg/ml
±21.5 for sputum) (Figure 1J). Similarly, we did not observe a correlation between decreased lung function and
serum or sputum levels of sRAGE (Figure 1K), as previously reported.14-16
In conclusion, we show that within a panel of six DAMPs, especially the RAGE activating DAMPs LL37,
HMGB1 and S100A9 are increased in serum of COPD patients during exacerbation. The increase in S100A9 and
HMGB1 was associated positively with the female gender and negatively with infection status. Although, none
of the DAMPs were increased in sputum, serum levels of especially HMGB1, S100A9 and LL37 may be useful in
the clinical detection of COPD exacerbations unrelated to infection. However, it will be of importance to confirm
our findings in a clinical cohort of COPD patients with more severe disease. Furthermore, our data suggest that
these specific DAMPs may play a role in the pathogenesis of COPD exacerbations, potentially by activation of
RAGE. Therefore, it will be of further interest to explore whether this receptor may constitute a target for novel
therapeutic strategies in COPD exacerbations.
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ABSTRACT
Previously, we observed increased serum levels of damage associated molecular patterns (DAMPs) during COPD
exacerbations. Here, gene expression of DAMP receptors was measured in peripheral blood neutrophils of
COPD patients during stable disease and severe acute exacerbation. The expression of TLR2, TLR4 and NLRP3 was
significantly increased, while serum levels of the decoy receptor sRAGE were decreased during exacerbation.
Together, these data indicate that increased DAMP signaling contributes to activation of neutrophils during
COPD exacerbations.
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Chronic obstructive pulmonary disease (COPD) is a progressive pulmonary disease characterized by persistent
airflow limitation and an enhanced chronic airway inflammatory response, and is caused by chronic exposure
to noxious gases and particles.1 Exacerbations, the sudden worsening of symptoms, are amongst the most
important drivers of accelerated lung function decline and loss of quality of life in COPD. Acute, severe
exacerbations regularly lead to hospital admissions and increased morbidity and mortality.2 The pathophysiology
of COPD exacerbations is still largely unknown, and few effective treatment options are available. Recently, it
has been proposed that the suppression of the innate immune system may be key in the treatment of COPD
exacerbations.3 An increase in airway neutrophils is frequently observed during exacerbations, and neutrophil
numbers correlate with the decrease in lung function during exacerbation.4
Evidence for a role of damage associated molecular patterns (DAMPs) in the pathophysiology of COPD is
emerging. DAMPs are molecules released from damaged or dead cells that activate the innate immune system
by binding to pattern recognition receptors (PRRs), e.g. toll like receptor (TLR)2, TLR4, TLR9, the receptor for
advanced glycation end-products (RAGE) and the NLR family, pyrin domain containing 3 (NLRP3) inflammasome.
Activation of PRRs by DAMPs can induce recruitment and activation of immune cells, including neutrophils. In
COPD patients, the levels of several DAMPs have been shown to be increased compared to smoking and nonsmoking controls, both systemically and locally in the lungs.5 Of interest, the AGER gene encoding the RAGE
receptor was identified as a susceptibility gene for lung function decline and onset of COPD.6 RAGE is present
as a transmembrane receptor, and as a soluble form (sRAGE), the latter acting as an immuno-suppressive decoy
receptor for RAGE ligands.7 Recently, we have shown that serum levels of the RAGE-activating DAMPs HMGB1,
S100A9 and LL-37 are increased in COPD patients during exacerbation compared to stable disease.8 These
DAMPs can activate PRRs on neutrophils to induce their recruitment.9
No studies have been performed investigating PRRs in severe acute exacerbations necessitating
hospitalization. In the current study, we hypothesized that the expression of PRRs on neutrophils is increased in
COPD patients during acute exacerbations compared to stable disease.
Therefore, we analyzed the mRNA expression of well-known PRRs, i.e. TLR2, TLR4, TLR9, NLRP3 and AGER, in
neutrophils isolated from whole blood of COPD patients during exacerbation and stable disease. Furthermore,
we measured the levels of sRAGE in serum of these patients. To this end, we included fourteen patients from a
prospective trial on acute COPD exacerbations requiring hospital admission. An exacerbation was defined as a
worsening of respiratory symptoms from the stable disease state that is beyond normal day-to-day variations
and requires additional treatment. All patients were hospitalized for the exacerbation and were treated with
systemic steroids and additional salbutamol/ipratropium by nebulizer. We collected serum and blood samples
during hospitalization and again 42 days later during stable disease. For patient characteristics see Figure
1A. This study was approved by the medical ethics committee of the University Medical Center Groningen
(Groningen, the Netherlands) and is registered in the WHO and ICMJE approved Dutch trial registry (NTR4600).
All participants signed informed consent.
Peripheral blood granulocytes were isolated using Lymphoprep™ density gradient medium (Fresinius
Kabi, Bad-Homburg, Germany), and consisted of ≥90% neutrophils for all samples, as assessed by the Sysmex
XT-1800iV (Sysmex, Hyogo, Japan). RNA was isolated from neutrophils using TRIzol (ThermoFisher Scientific,
Waltham, MA) and cDNA was synthesized using the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA).
Quantification of PRR gene expression was performed using TaqMan technology with the ABI 7900HT Sequence
Detection System (Applied Biosystems, Foster City, CA) and primer/probes sets specific for the target genes
(Invitrogen Life Technologies, Carlsbad CA). sRAGE was measured using the human RAGE DuoSet ELISA (R&D
Sytems, Minneapolis).
The mRNA expression of TLR2, TLR4 and NLRP3 was significantly increased in neutrophils of COPD patients
during acute exacerbation compared to stable disease (Figure 1B, C, E), while the mRNA expression of TLR9 and
AGER did not differ significantly between stable disease and exacerbation (Figure 1D, F). In contrast, the serum
levels of sRAGE were significantly decreased during COPD exacerbations compared to stable disease (Figure 1G).
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The increased expression of TLR2, TLR4 and NLRP3 on neutrophils may lead to increased sensitivity of
peripheral blood neutrophils to DAMPs released during COPD exacerbations. Previously, we have shown that
during COPD exacerbations, levels of circulating HMGB1, S100A9 and LL-37 are increased.8 In addition to
binding RAGE, both HMGB1 and S100A9 have been shown to activate TLR2 and TLR4. The activation of TLR2/4
induces activation and migration of neutrophils and may thus contribute to the increased airway inflammation
during COPD exacerbations.10 Furthermore, a positive feedback loop has been described in which DAMPs not
only activate TLR4, but also induce TLR4 upregulation indicating that the increased expression of TLRs may be
a consequence of DAMP release.9 Thus, increased neutrophilic expression of TLR2 and TLR4 in combination
with increased DAMP levels may contribute to DAMP-induced neutrophilic airway inflammation during COPD
exacerbations. In addition to DAMPs, TLR2 and TLR4 are also receptors for pathogen-associated molecular
patterns (PAMPs). Therefore, PAMPs may also contribute to the inflammatory reaction during airway infectionassociated exacerbations. NLRP3 is known to be activated by ATP, a DAMP shown to be increased in BAL fluid of
COPD patients.5 NLRP3 activation on neutrophils leads to release of the pro-inflammatory cytokines IL-1β and
IL-18, and has been implicated in the development of COPD. 5, 11
Our findings on reduced sRAGE levels during exacerbation are in line with literature, showing reduced
plasma levels of sRAGE during COPD exacerbations.12 In contrast, our previous study did not show a significant
difference in serum sRAGE levels between stable disease and exacerbation,8 which may be due to the lower
severity of the exacerbations in that study. The decrease in circulating sRAGE along with the increase in RAGE
agonists,8 but without alterations in AGER expression on neutrophils, may lead to increased RAGE signalingmediated activation of neutrophils during COPD exacerbations.
Although our study strengthens the hypothesis that DAMPs and PRRs are involved in the pathophysiology
of COPD exacerbations, there are some limitations to this study. We cannot exclude the possibility that the use
of corticosteroids has affected the outcome of our studies. Multiple studies have shown that corticosteroid
treatment downregulates TLR2 and TLR4 expression on airway epithelial cells, fibroblasts and monocytes,
suggesting that the observed TLR upregulation was not induced by corticosteroid treatment.13-14 Nevertheless,
another study showed that corticosteroid treatment increases TLR2 expression on airway epithelial cells.15
Furthermore, cigarette smoking may affect TLR expression. Since only four out of fourteen subjects in our study
were current smokers, it was not possible to assess the effect of cigarette smoking in our study. Previously, it has
been shown that nasal epithelial TLR4 expression levels are decreased in smokers compared to non-smokers,
while the expression of TLR2 was unchanged.16 On the other hand, it has been shown that TLR4 expression
was increased in bronchial and nasal epithelial cells by CSE exposure in vitro.17-18 Obviously, monocytes and
macrophages may also contribute to the DAMP-induced inflammatory reaction during COPD exacerbations,
inducing the attraction of neutrophils upon activation by DAMPs. Furthermore, the sample size in our study was
relatively small and therefore we were unable to differentiate between various causes of COPD exacerbations,
e.g. bacterial or viral airway infection or unknown. In future studies, it will be of interest to assess whether the
inhibition of specific PRRs during COPD exacerbations decreases neutrophil activation and migration in in vitro
and in vivo models.
In conclusion, we show for the first time that TLR2, TLR4 and NLRP3 expression in neutrophils is increased
during acute exacerbations of COPD compared to stable disease. Furthermore, we show that circulating sRAGE
levels are decreased during acute COPD exacerbations. These data strengthen the hypothesis that DAMP
signaling plays an important role in the activation of neutrophils during COPD exacerbations, which provides
novel avenues for therapeutic strategies aimed at DAMP receptors.
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Figure 1: The mRNA expression of PRRs during COPD exacerbations and stable disease. A) Patient characteristics. Data shown
as mean (±SD). Three out of the fourteen patients had an bacterial and a viral infection simultaneously during exacerbation. BMI:
Body Mass Index; FEV1: Forced Expiratory Volume in 1 second; FVC: Forced Vital Capacity. B-F) The mRNA expression (2^ΔCt) of TLR2,
TLR4, TLR9, NLRP3 and AGER in peripheral blood neutrophils of COPD patients during exacerbation and stable disease. G) The levels of
sRAGE in serum of COPD patients during exacerbation and during stable disease. Median ± interquartile range are indicated. Fourteen
patients were included, for three patients RNA samples during stable disease were unavailable. The GOLD stage of the patients is
indicated using colors, black for GOLD stage IV, dark grey for GOLD stage III, light grey for GOLD stage II and white for GOLD stage I.
Significance was tested using a Wilcoxon Signed Rank test, *= P<0.05, **=P<0.01, ***=P<0.001.
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ABSTRACT
Cigarette smoking, the major causative factor for the development of chronic obstructive pulmonary disease,
is associated with neutrophilic airway inflammation. Cigarette smoke (CS) exposure can induce a switch
from apoptotic to necrotic cell death in airway epithelium. Therefore, we hypothesized that CS promotes
neutrophil necrosis with subsequent release of damage-associated molecular patterns (DAMPs), including high
mobility group box 1 (HMGB1), alarming the innate immune system. We studied the effect of smoking two
cigarettes on sputum neutrophils in healthy individuals and of 5-day CS or air exposure on neutrophil counts,
myeloperoxidase, and HMGB1 levels in bronchoalveolar lavage fluid of BALB/c mice. In human peripheral
blood neutrophils, mitochondrial membrane potential, apoptosis/necrosis markers, caspase activity, and DAMP
release were studied after CS exposure. Finally, we assessed the effect of neutrophil-derived supernatants on
the release of chemoattractant CXCL8 in normal human bronchial epithelial cells. Cigarette smoking caused a
significant decrease in sputum neutrophil numbers after 3 hours. In mice, neutrophil counts were significantly
increased 16 hours after repeated CS exposure but reduced 2 hours after an additional exposure. In vitro, CS
induced necrotic neutrophil cell death, as indicated by mitochondrial dysfunction, inhibition of apoptosis, and
DAMP release. Supernatants from CS-treated neutrophils significantly increased the release of CXCL8 in normal
human bronchial epithelial cells. Together, these observations show, for the first time, that CS exposure induces
neutrophil necrosis, leading to DAMP release, which may amplify CS-induced airway inflammation by promoting
airway epithelial proinflammatory responses.
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INTRODUCTION
The chronic and pathogenic inflammation in the lungs of patients with chronic obstructive pulmonary disease
(COPD) is predominantly characterized by neutrophilic infiltration, and neutrophil numbers show a positive
correlation with disease progression.1 The major causative factor for the development and progression of COPD
is chronic exposure to noxious gasses and particles (e.g., cigarette smoke [CS]).2-4 However, the mechanism by
which the inflammatory response to CS is maintained and perpetuated is not fully understood.
Neutrophilic inflammation is a defense mechanism to remove pathogens and to initiate repair of injured
tissue. However, when this host defense mechanism is exaggerated or inefficiently cleared, inflammation can
become chronic, resulting in lung tissue damage and remodeling.5,6 During physiological conditions, neutrophils
undergo apoptosis shortly after their recruitment, leading to resolution of the inflammatory response7 and
preventing development of chronic inflammatory diseases.8,9 Apoptosis, a regulated and caspase-dependent
form of cell death, requires sufficient levels of cellular energy (ATP), which is produced by mitochondria.
Previously, we showed that ATP levels decrease upon CS exposure of human airway epithelial cells,10 which is
likely mediated by disruption of the mitochondrial respiratory chain. Under this condition, an apoptotic trigger
induces a switch from apoptosis to necrosis.10 In addition, Guzik and coworkers11 have recently shown that
human neutrophils can undergo apoptotic, as well as necrotic, cell death upon CS exposure.
When cells undergo apoptosis, they initially maintain integrity of the plasma membrane, and their
intracellular contents will not be released, unless cells are not rapidly cleared by phagocytes. By contrast,
necrotic cells lose their membrane integrity, leading to the release of specific intracellular danger signals known
as damage-associated molecular patterns (DAMPs) that are normally hidden in the interior of cells.12 DAMPs
are molecules that trigger the innate immune system upon release into the extracellular space by activating
pattern recognition receptors. These receptors are present on cells of the innate immune system, including
airway epithelial cells. Pattern recognition receptor signal transduction initiates activation of the signaling
molecules, mitogen-activated protein kinase and NF-κB, activating gene expression and synthesis of a broad
range of proinflammatory cytokines, including CXCL8, the major chemoattractant of neutrophils in the lungs.13-15
A role for DAMPs in the pathogenesis of COPD has recently been proposed, as it was shown that multiple DAMPs,
including High mobility group box 1 (HMGB1), are elevated in lung fluid of patients with COPD compared with
control smokers.16
We hypothesize that CS exposure disturbs mitochondrial function of lung neutrophils, causing a switch
from apoptotic to necrotic cell death with concomitant release of DAMPs. Repeated CS exposure will therefore
promote the production of CXCL8 by innate immune cells, including epithelial cells, and perpetuate the
inflammatory response to CS. Our results demonstrate that CS decreases neutrophil numbers immediately after
smoking, which is accompanied by increased HMGB1 levels and likely the consequence of necrotic cell death.
Furthermore, our data suggest that the release of neutrophilic DAMPs may promote the production of CXCL8
by lung epithelial cells.
MATERIALS & METHODS
Human Sputum Analyses
In a two-period cross-over study, subjects were randomized into smoking two cigarettes or nonsmoking.
Sputum was collected at baseline and 3 hours after smoking.3 We compared cell differentials in sputum at 3
hours in the two periods, as previously described.3
Exposure of Mice to Air and CS
Specified pathogen-free female BALB/c mice (8 wk old; Charles River, Lille, France) were exposed to air or CS
twice daily for 4 days, as described previously,6 and killed 16 hours after the last exposure on Day 5 or 2 hours
later after an additional exposure on Day 5 (Figure 1). Bronchoalveolar lavage (BAL), lung tissue single-cell
suspension and cell differentials were processed as described previously.6 Necroptosis inhibitor, necrostatin-1
(6.25 μg/g; Bachem, Bubendorf, Switzerland) or dimethyl sulfoxide was administered intraperitoneally twice at

135

X

Chapter X

24 hours and just before smoke exposure. Experiments were approved by the Institutional Animal Care and Use
Committee of the University of Groningen (Groningen, The Netherlands).

Figure 1: Schematic representation of mice exposed to cigarette smoke (CS) twice daily for 5 days. Mice were killed 16 hours
after the last exposure on Day 4 or 2 hours later, after an additional exposure on Day 5. ↑, one cigarette; †, dissection.

Isolation of Human Neutrophils from Whole Blood
Human peripheral blood neutrophils were isolated from six healthy donors, as described previously.17 All donors
gave their informed consent.
CS Treatment of Neutrophils
Freshly isolated neutrophils were suspended in RPMI medium (2 × 106/ml) in 5-ml round-bottom tubes. Smoke
from Kentucky research-reference cigarettes (3R4F; University of Kentucky, Lexington, KY) or air was bubbled
for 1 minute through the neutrophil-containing RPMI using a peristaltic pump (Watson-Marlow, Rotterdam, The
Netherlands), after which neutrophils were spun down and resuspended in fresh medium.
Mitochondrial Membrane Potential
At 3 minutes after CS exposure, mitochondrial membrane potential (∆ψm) was determined by labeling
neutrophils with 5 μg/ml 5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimi- dazolylcarbocyanine iodide (JC-1)
(Molecular Probes, Leiden, The Netherlands) for 15 minutes (37°C) using fluorescence-activated cell sorting
(FACS, calibur) and CellQuest software (Becton Dickinson, Heidelberg, Germany).
Intracellular ATP Levels
Intracellular ATP levels were quantified by chemiluminescent Enliten ATP assay according to the manufacturer’s
instructions (Promega, Leiden, The Netherlands) 30 minutes after CS exposure using a Victor multilabel plate
reader (PerkinElmer, Groningen, The Netherlands).
Caspase-3 and -7 Assay
Neutrophil caspase-3 and -7 activity was quantified by chemiluminescent caspase-Glo-3/7 substrate according
to the manufacturer’s instruction (Promega) 2 hours after CS exposure using a Victor multilabel plate reader.
Apoptosis/Necrosis Analysis
Neutrophils were stained for annexin V–FITC/propidium iodide (PI) according to the manufacturer’s instructions
(IQ products, Groningen, The Netherlands) and analyzed 30 minutes after CS exposure using FACS.
Neutrophil Sonication
Neutrophils (5 × 106/ml) were lysed by sonication (Sonoplus HD2070 Sonifier; Bandelin Electronic, Berlin,
Germany) 2 hours after CS exposure. Cell-free supernatants were collected for HMGB1, double-stranded DNA
(dsDNA), and mitochondrial DNA (mtDNA) measurements.
Epithelial Cell Culture and Stimulation
Normal human bronchial epithelial (NHBE) cells were cultured in bronchial epithelium growth medium (BEGM)
as described previously, plated in 24-well plates, and grown to approximately 90% confluence.18 Medium was
replaced by cell-free conditioned medium of air/CS–treated neutrophils. After 24 hours, cell-free supernatants
were collected for CXCL8 measurement.
Myeloperoxidase, HMGB1, dsDNA, mtDNA, and CXCL8 Measurements
See the data supplement at the end of this chapter.
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Statistical Analysis
Comparisons were performed using the Mann-Whitney U test between groups, the Wilcoxon signed-rank test
within groups, and one-way ANOVA with Bonferroni’s post hoc test for multiple comparisons.
RESULTS
Neutrophil Counts Decrease Shortly after CS Exposure in the Airway Lumen of Humans and Mice
To test our hypothesis that CS induces necrotic cell death in lung neutrophils, we first evaluated the direct effects
of CS exposure on sputum neutrophil counts. In an open cross-over study in human smokers, we found that
smoking two cigarettes significantly decreases neutrophil numbers in sputum at 3 hours after cigarette smoking
(Figure 2A), whereas baseline levels of neutrophils did not differ during the two periods (data not shown). Next,
we aimed to test whether this was also seen in a short-term smoke exposure model, where neutrophilic airway
inflammation is known to be induced.6,19 Total cell counts in BAL fluid, comprising macrophages, neutrophils,
and eosinophils, were significantly increased in mice that had received 4 days of CS exposure at 16 hours
after the last exposure compared with air-exposed controls, in agreement with previously reported results.6,19
In contrast, when mice were exposed to another smoke session at this time, and were killed 2 hours later, a
dramatic decrease in cell numbers was observed in CS-exposed mice (Figure 2B). Differential cell counts revealed
that the airway inflammation mainly consisted of neutrophils. The number of BAL neutrophils showed the
same decrease as seen in total cell count at 2 hours after the last smoke exposure (Figure 2C). To test whether
the observed fall in BAL neutrophil numbers was related to their infiltration into lung tissue shortly after CS
exposure, we also evaluated neutrophil numbers in lung tissue homogenates of the CS- and air-treated mice.
Neutrophil percentages in lung tissue were elevated both at 16 hours after the last exposure on Day 4 and 2
hours after the last cigarette on Day 5, without a significant difference between the time points (Figure 2D). In
addition, BAL levels of myeloperoxidase, a neutrophil marker released upon cell activation, were not decreased
at 2 hours after the last cigarette on Day 5, indicating that neutrophils were present in the airway lumen at this
time point, but possibly underwent cell death (Figure 2E). Together, these observations suggest that neutrophils
infiltrate the lungs within a time frame of 16 hours after CS exposure, but that the cells disappear immediately
after a subsequent smoke exposure, possibly by cell death.
CS Induces Mitochondrial Dysfunction and Impedes Apoptotic Pathways in Human Neutrophils
Therefore, we next investigated whether CS exposure can induce cell death in vitro in freshly isolated human
peripheral blood neutrophils. Neutrophils were exposed to CS bubbled through the medium, containing
roughly 200 μM aldehydes, a major group of reactive components present in the gas phase of CS and highly
soluble in water.6 Based on our previous findings, we consider aldehydes particularly important for CS-induced
neutrophilic inflammation. CS exposure affected neutrophil viability within 60–120 seconds (see Figure E1 in
the online supplement). Because we previously reported mitochondrial dysfunction in CS-treated cells10, we
first evaluated the direct effects of CS exposure on mitochondrial function. Exposure to CS caused a significant
decrease in ∆ψm compared with both untreated control and air-treated neutrophils, as measured by flow
cytometry (Figure 3A). Furthermore, intracellular ATP levels were measured to evaluate the consequences of the
decreased mitochondrial depolarization, showing a significant decrease of intracellular ATP upon CS exposure
(Figure 3B). The protonophore, 2,4-dinitrophenol, used as a positive control for loss of ∆ψm, also induced a
significant depolarization of the ∆ψm and decreased intracellular levels of ATP (Figures 3A and 3B). Next, we
aimed to test whether loss of intracellular ATP affects execution of the apoptotic pathway. Neutrophils were
pretreated with TNF/cycloheximide (TNF/CHX), as this is a known potent inducer of apoptotic cell death20,
inducing a strong and significant increase in caspase-3 and -7 activity in control-treated neutrophils (Figure
3C). In CS-exposed neutrophils, however, the effect of TNF/CHX on caspase-3 and -7 activity was significantly
reduced (Figure 3C), indicating that CS blocks the execution of the extrinsic apoptotic pathway in neutrophils.
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Figure 2: Effects of CS exposure on proinflammatory mediators in the lungs of humans and mice. (A) Human neutrophil
numbers in sputum 3 hours after cigarette smoking and at the same time point in the nonsmoking period. (B–D) Mice were killed
16 hours after the last exposure on Day 4 or 2 hours after an additional exposure on Day 5 (n = 8 per group). (B) Total cell counts and
(C) neutrophils in bronchoalveolar lavage fluid (BALF). (D) Neutrophil percentages in the lung tissue, and (E) myeloperoxidase (MPO)
levels in BALF. Medians are indicated. NS, not significant. **P < 0.01 and ***P < 0.001 compared with air control; ###P < 0.001 between
indicated values.
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Figure 3: Effects of CS exposure on mitochondrial function and caspase activity in human neutrophils. Freshly isolated
human neutrophils were bubbled for 1 minute with CS or air. Stimulation (30 min) with 2,4-dinitrophenol (DNP; 50 μM) was used as
negative control for mitochondrial membrane potential (Δψm) and ATP measurements. Stimulation (3 h) with TNF (10 ng/ml) and
cycloheximide (CHX, 100 μg/ml) was used as positive control for caspase activity. After stimulation and washing, neutrophils were
rested for 0.5 hour at 37°C. (A) 5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimi- dazolylcarbocyanine iodide (5 μg/ml) was used to assess
Δψm. (B) Intracellular ATP levels were quantified using a chemiluminescent ATP assay. (C) Caspase-3 and -7 activity was measured
using a chemiluminescent caspase-Glo-3/7 substrate. Medians are indicated (n = 4–6 per group). *P < 0.05 and **P < 0.01 compared
with control; #P < 0.05 between indicated values.

CS-Treated Neutrophils Undergo Necrotic Cell Death
CS treatment induces both a loss of ∆ψm and a strongly impaired execution of the extrinsic apoptotic pathway.
Therefore, we aimed to test whether CS exposure induces neutrophil cell death, and if so, by which mechanism.
To this end, the two main forms of cell death, apoptosis and necrosis, were studied using FACS analysis of annexin
V/PI (Figures 4A and 4B). The majority of untreated neutrophils were viable, with 90% of cells being annexin V/PI
negative. TNF/CHX strongly induced apoptosis, as indicated by the increase in annexin V positivity compared with
control, without loss of membrane integrity (PI negative) (Figures 4A and 4B). Furthermore, although viability of
the air-treated neutrophils was comparable to the control (Figures 4A and 4B), CS-treated neutrophils showed
a strong increase in PI positivity, indicating loss of cell membrane integrity and reflecting necrotic cell death
upon CS exposure (Figures 4A, 4F, and 4G; 38.6 ± 4.2%; P < 0.001). Together with the observed mitochondrial
dysfunction, these observations strongly suggest that CS induces necrotic cell death in neutrophils in vitro.
CS-Exposed Neutrophils Release DAMPs
One of the hallmark differences between apoptotic and necrotic cell death is the proinflammatory response
induced by the latter, in part through the release of DAMPs into the microenvironment. To test whether CS-
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Figure 4: CS treatment of neutrophils induces cell death. Freshly isolated human neutrophils were bubbled for 1 minute with
CS, air, or stimulated with TNF/CHX for 3 hours. After stimulation and washing, neutrophils were rested for 2 hours at 37°C. (A) The
percentage of cells positive for apoptosis or necrosis was determined by annexin V/propidium iodide fluorescence-activated cell sorter
analysis. Medians are indicated (n = 4). (B) A representative quadrant from unstained, stained control, and TNF/CHX-treated cells; and
air-treated control, unstained CS-treated, and stained CS-treated cells is shown from four independent experiments. ***P < 0.001; ###P
< 0.001 between indicated values.

induced neutrophilic cell death initiates the release of DAMPs, we measured the levels of HMGB1, dsDNA, and
mtDNA in the supernatant of air- and CS-treated neutrophils. We used sonication of neutrophils as a positive
control for the release of DAMPs, causing the release of total cell contents. Levels of HMGB1 and dsDNA were
significantly increased in supernatants of CS-treated neutrophils compared with air-treated neutrophils (Figures
5A and 5B). A similar result was observed for mtDNA, although only a trend was observed upon CS treatment
(Figure 5C). These findings indicate that CS-induced cell death leads to the release of DAMPs from neutrophils.
In further support of our findings, BAL levels of HMGB1 were significantly higher in BAL fluid of mice at 2 hours
after CS exposure compared with 16 hours after CS exposure and air exposure (Figure 5D). Furthermore, levels of
dsDNA were significantly increased at 2 hours after CS exposure (Figure 5E), although levels were not significantly
higher than at 16 hours after exposure.
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Figure 5: CS exposure induces the release of damage-associated molecular patterns (DAMPs) from neutrophils. Freshly
isolated human neutrophils were bubbled for 1 minute with CS or air. After stimulation and washing, neutrophils were rested for 2
hours at 37ºC and cell-free supernatant was collected and analyzed for DAMP release. Levels of (A) high mobility group box 1 (HMGB1),
(B) double-stranded DNA (dsDNA), and (C) mitochondrial DNA (mtDNA) are shown, and medians are indicated (n = 6). Mice were killed
16 hours after the last exposure on Day 4 or 2 hours after an additional exposure on Day 5 (n = 8 per group). Levels of (D) HMGB1 and (E)
dsDNA in BALF are shown, and medians are indicated. Relative mtDNA expression was calculated as the difference between the cycle
threshold values, determined using the equation 2^-dCt.*P , 0.05 compared with air control; ***P < 0.001 between indicated values;
###P < 0.001 between indicated values.

DAMPs from Necrotic Neutrophils Induce an Innate Immune Response
Finally, we assessed whether the CS-induced release of DAMPs from neutrophils can promote the secretion of
CXCL8 from epithelial cells. We treated primary NHBE cells with cell-free supernatants of CS-treated neutrophils
and found that supernatants of CS-treated neutrophils induce a significant increase in CXCL8 production in
NHBE cells compared with air-treated neutrophils (Figure 6A). CXCL8 was not detectable in the supernatants
from air- or CS-treated neutrophils, indicating that CXCL8 was merely derived from epithelial cells. To confirm
that the observed increase in CXCL8 levels was caused by DAMPs released by necrotic neutrophils, we used the
pharmacological inhibitors, oxidation of 1-palmitoyl-2-arachidonyl-sn-glycero-3-phosphorylcholine (OxPAPC)
and RAGE antagonist peptide (RAP), which block the signaling of Toll-like receptor (TLR) 2/TLR4 and the receptor
for advanced glycation end-products (RAGE), respectively. Both inhibitors strongly and significantly reduced
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the effect of CS-treated neutrophils (Figure 6A), but not baseline
CXCL8 levels (Figure 6B), indicating that DAMPs are responsible for
the increase in epithelial CXCL8 production.
In line with these data, the levels of the murine equivalent
of CXCL8, keratinocyte chemoattractant (KC), were significantly
higher in BAL fluid of mice 16 hours after CS exposure compared
with air-treated mice (Figure 6B). Furthermore, we tested the
effect of necroptosis/receptor-interacting protein 1 (RIP1) kinase
inhibitor, necrostatin-1, for further support of our in vitro data on
the role of the CS-induced switch from apoptosis to necrosis and
subsequent release of proinflammatory signals (e.g., DAMPs) in
vivo. Treatment with necrostatin-1 before CS exposure significantly
reduced KC levels, suggesting that the prevention of neutrophilic
cell death attenuates the production of KC (Figure 6C).
Together, our data indicate that CS-induced neutrophilic
cell death and subsequent release of DAMPs promotes
proinflammatory activity of epithelial cells.
DISCUSSION
In the present study, we tested the hypothesis that CS exposure
induces neutrophilic cell death, leading to the release of DAMPs,
subsequent activation of the innate immune response, and
amplification of airway inflammation. Our results demonstrate
that neutrophil numbers in sputum or BAL are suppressed shortly
after CS exposure, whereas lung tissue neutrophil numbers are
not affected. In vitro, CS induced mitochondrial dysfunction and
caspase-3 and -7 inhibition in freshly isolated human neutrophils.
As a consequence, the production of ATP was diminished, and
neutrophils underwent necrotic cell death, inducing the release
of HMGB1, mtDNA, and dsDNA in the supernatant. In vivo, the
CS-induced loss of BAL neutrophils was accompanied by DAMP
release, and likely the consequence of necrotic cell death. The
supernatants of CS-exposed neutrophils were able to promote
proinflammatory responses in airway epithelial cells, as observed
by the release of neutrophil attractant, CXCL8. Thus, these data
suggest that the CS-induced release of neutrophilic DAMPs may

Figure 6: Increase in proinflammatory cytokine CXCL8 in normal human bronchial epithelial (NHBE) cells upon exposure
to neutrophil contents and up-regulation of keratinocyte chemoattractant (KC) in BAL of mice exposed to CS. (A) NHBE cells
were exposed for 24 hours to conditioned medium of CS-treated neutrophils from six healthy subjects, upon prior treatment with and
without Toll-like receptor (TLR) 2/4 inhibitor, oxidation of 1-palmitoyl-2-arachidonyl-sn-glycero-3-phosphorylcholine (OxPAPC; 30 mg/
ml), and receptor for advanced glycation end-products (RAGE) inhibitor, RAGE antagonist peptide (RAP) (100 mg/ml), for 30 minutes.
(B) NHBE cells from six different donors were exposed to OxPAPC (30 mg/ml) and RAP (100 mg/ml) for 24 hours. CXCL8 levels were
measured in cell-free supernatant, and medians are indicated. (C) Mice were killed 16 hours after the last exposure on Day 4 (n = 8 per
group). Before CS exposure, mice were treated intraperitoneally with cell death inhibitor, necrostatin-1 (Nec), or dimethyl sulfoxide
(control). KC levels were measured in BAL. Medians are indicated. *P , 0.05 compared with air control; ***P < 0.001, #P < 0.05, ###P <
0.001, and $P < 0.05 between indicated values.
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perpetuate airway inflammation, a hallmark of COPD.
Previously, multiple studies have shown a decrease in neutrophil numbers in the lungs of different mouse
strains shortly after smoking, whereas neutrophil numbers strongly increase during the following hours.21,22 KC
levels positively correlate to neutrophil numbers and showed the same pattern as neutrophils, with a decrease
immediately upon CS exposure.21 Our current data on neutrophil counts in human sputum are in line with these
findings, showing a decrease in neutrophil numbers after smoking two cigarettes. Our data from the short-term
smoking mouse exposure model may explain these findings. Because the time points at which mice were killed
after the last exposure on Day 4 and of that 2 hours after an additional exposure on Day 5 were only 2 hours apart,
we do not consider it likely that mucociliary clearance of neutrophils is responsible for the decrease in neutrophils
at 2 hours after CS exposure. Instead, our data suggest that CS induces neutrophilic cell death, explaining the
decrease in BAL neutrophils shortly after CS exposure. This is of interest, because especially necrotic cell death
leads to the release of DAMPs and the subsequent activation of innate immune cells.23 Another explanation for
the observed increase in DAMP release upon CS exposure in vivo could be an impaired phagocytosis of apoptotic
neutrophils, leading to secondary necrosis. It has been described that CS reduces efferocytosis of neutrophils
by macrophages.24-26 To be able to distinguish between necrosis, secondary necrosis, and apoptosis, it would
have been of interest to analyze the expression of apoptosis and necrosis markers on neutrophils in our in
vivo model. However, apoptosis and necrosis are transient processes, which lung neutrophils will not undergo
simultaneously upon CS exposure in vivo. This makes it difficult to monitor these processes at a single time point,
and we are not aware of studies that have been able to show a switch from apoptotic to necrotic neutrophil
death in BAL of mice. Despite this limitation, our in vitro data support a role for neutrophil necrosis, showing
that CS promotes necrotic death of human neutrophils. Moreover, the use of necrosis/necroptosis inhibitor,
necrostatin-1, inhibited the CS-induced KC release in vivo. The CS-induced airway inflammation mainly consisted
of neutrophils, although we cannot exclude the possibility that necrosis of resident lung cells (e.g., epithelial
cells) also contributes to KC release. Nevertheless, we were previously unable to detect significant numbers of
apoptotic or necrotic cells in lung tissue of mice in a short-term CS model.36 Thus, the findings on the use of
necrostatin-1 are in line with our hypothesis on the role of neutrophil necrosis in the aggravation of CS-induced
airway inflammation. CS-induced necrosis is likely the result of two distinct, but interrelated, effects of CS on the
neutrophils. First, CS exposure results in a drop in ∆ψm, thereby activating the intrinsic mitochondrial apoptosis
pathway in freshly isolated neutrophils. Second, the ATP depletion that is the consequence of CS exposure, and
which is in accordance with our previous findings in epithelial cells, hampers execution of both intrinsic and
extrinsic apoptotic programs, leading instead to inhibition of caspase activity and induction of necrosis.10 We
demonstrate that CS causes a decrease in membrane potential, intracellular ATP levels, and caspase-3 and -7
activity in human neutrophils. These factors are essential for apoptotic cell death, and depletion of these will
impede cell death in a regulated fashion, switching neutrophils from apoptosis to necrosis.10,27 Maianski and
colleagues28 have shown that mitochondria in neutrophils are not as abundantly present as in other cell types,
and barely contribute to the ATP production and energy levels in neutrophils. However, the same study showed
that mitochondria strongly contribute to and participate in neutrophil apoptosis.
We observed that human neutrophils contain high levels of HMGB1, with an increased release upon CS
exposure. Similar results were observed for dsDNA. Both HMGB1 and dsDNA are passively released from the
nucleus during cellular necrosis29, whereas dsDNA can also be actively released by activated neutrophils30, which
may explain the observed increase in dsDNA levels at both 16 and 2 hours after smoke exposure. Recent data
have shown that, in addition, mitochondria provide a rich source of DAMPs upon cell death.16,31 During necrosis,
membranes of mitochondria are disrupted and mitochondrial DAMPs, including mtDNA, are released to signal to
innate immune cells, including epithelial cells. HMGB1 is known to bind TLR2, TLR4, and RAGE. In addition, it can
activate TLR2 and TLR9 through binding to dsDNA and the formation of DNA-containing immune complexes.32
mtDNA contains unmethylated cytosine-phosphate-guanine islands that also exert immunostimulatory effects
through TLR9 binding. Activation of RAGE and TLR2, -4, and -9 is known to induce epithelial production of
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proinflammatory mediators, including CXCL813,14, and our findings on the use of the pharmacological TLR2/4
and RAGE inhibitors further confirm the involvement of DAMPs that act on these receptors (e.g., HMGB1).
A higher apoptotic rate of neutrophils has been observed in patients with COPD with advanced disease
compared with control subjects.33 Furthermore, evidence for a role of dysregulated cell death with subsequent
increased DAMP release in COPD is emerging.34 Particularly, HMBG1 has been implicated in the pathogenesis of
COPD. Accordingly, a genome-wide association study identified AGER, the gene encoding RAGE, as a susceptibility
gene for the development of COPD35,36, and its natural antagonist, soluble RAGE, is deficient in neutrophilic
asthma and COPD.37 Together, these findings support our hypothesis that dysregulated neutrophilic cell death,
with subsequent release of DAMPs, including HMGB1, upon cigarette smoking may amplify neutrophilic airway
inflammation in COPD. In future mouse model studies, we will assess whether cigarette smoking also reduces
neutrophilia induced by other stimuli, such as LPS.
In conclusion, our study demonstrates that CS induces dysfunction of both intrinsic and extrinsic apoptotic
programs in neutrophils, leading to a switch from apoptosis to necrosis, and the subsequent release of DAMPs.
These molecules act as alarmins to activate proinflammatory responses of the airway epithelium and promote
neutrophilic airway inflammation in a self-augmenting process. Our findings contribute to the understanding
of chronic airway inflammation in COPD and may open new therapeutic strategies aimed at the inhibition of
neutrophil necrosis and DAMP release.
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SUPPLEMENTARY METHODS
Detection of mtDNA in supernatant of neutrophils
Quantitative PCR reactions were performed to detect mtDNA in the supernatant of human neutrophils. Primer
pairs for mtDNA were obtained from Invitrogen (Breda, The Netherlands): 5’CCCCACAAACCCCATTACTAAACCCA3’
sense and 5’TTTCATCATGCGGAGATGTTGGATGG3’ antisense. The quantitative PCR reaction occurred in a BioRad iQ5 system (Bio-Rad, Veenendaal, The Netherlands). The iQ5 Ct-values and amplification data were analyzed
using the Bio-Rad iQ5 optical system software, version 2.1. Relative mtDNA expression was calculated as the
difference between the Ct values, determined using the equation 2-∆Ct.
Detection of MPO, HMGB1, dsDNA and CXCL8 in BAL or supernatant
MPO (ELISA; Hycult Biotech, Uden, The Netherlands), HMGB1 (ELISA; IBL International GMBH, Hamburg,
Germany), dsDNA (Picogreen; Life Technologies, Bleiwijk, The Netherlands) and CXCL8 (ELISA; R&D Systems, Inc.,
Minneapolis, USA) were measured in BAL or cell-free supernatants according to the manufacturer’s instructions.
Viability
Plasma membrane disruption was assessed by trypan blue (Sigma-Aldrich, Zwijndrecht, The Netherlands)
exclusion. Cells were centrifuged at 600 x g and stained according to the manufacturer’s instructions. Viability
was quantified by microscopic counting.
Supplementary data

Figure 1: Acute effect of cigarette smoke on viability of freshly isolated human peripheral blood neutrophils. Cigarette smoke
or air was bubbled through neutrophil containing medium for the indicated time periods. Viability was measured by trypan blue
exclusion (mean±SEM, n=3). ** = P < 0.01 and *** = P < 0.001 between the indicated values and the air control.
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ABSTRACT								
Background
Chronic obstructive pulmonary disease (COPD) is a chronic lung disease characterized by chronic airway
inflammation and emphysema, and is caused by exposure to noxious particles or gases, e.g. cigarette smoke.
Smoking and oxidative stress lead to accelerated formation and accumulation of advanced glycation end
products (AGEs), causing local tissue damage either directly or by binding the receptor for AGEs (RAGE). This
study assessed the association of AGEs or RAGE in plasma, sputum, bronchial biopsies and skin with COPD and
lung function, and their variance between these body compartments.
Methods
Healthy smoking and never-smoking controls (n=191) and COPD patients (n=97, GOLD stage I-IV) were
included. Autofluorescence (SAF) was measured in the skin, AGEs (pentosidine, CML and CEL) and sRAGE in
blood and sputum by ELISA, and in bronchial biopsies by immunohistochemistry. eQTL analysis was performed
in bronchial biopsies.
Results
COPD patients showed higher SAF values and lower plasma sRAGE levels compared to controls and these values
associated with decreased lung function (p <0.001; adjusting for relevant covariates). Lower plasma sRAGE levels
significantly and independently predicted higher SAF values (p<0.001). One SNP (rs2071278) was identified
within a region of 50 kB flanking the AGER gene, which was associated with the gene and protein expression
levels of AGER and another SNP (rs2071278) which was associated with the accumulation of AGEs in the skin.
Conclusion
In COPD, AGEs accumulate differentially in body compartments, i.e. they accumulate in the skin, but not in
plasma, sputum and bronchial biopsies. The association between lower sRAGE and higher SAF levels supports
the hypothesis that the protective mechanism of sRAGE as a decoy-receptor is impaired in COPD.
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INTRODUCTION
Chronic obstructive pulmonary disease (COPD) is characterized by chronic airflow limitation, accompanied by
persistent inflammation of the airways, mainly caused by cigarette smoking. Both smoking and inflammation
are associated with oxidative stress leading to accelerated formation and accumulation of advanced glycation
end products (AGEs).1,2
AGEs are a heterogeneous and complex group of compounds that are irreversibly formed by non-enzymatic
glycation and oxidation of proteins and lipids.5 The formation of AGEs accumulates in tissues with ageing.
Furthermore, under oxidative stress and inflammatory conditions their formation and accumulation increase.
Therefore, accumulation of AGEs can be used as a read-out system for exposure to oxidative stress during
life. This is particularly true in tissues with slow turnover, more than in tissues or products from tissues with
rapid turnover. The best known AGEs are Nε-(carboxymethyl)lysine (CML), Nε-(carboxyethyl)lysine (CEL) and
pentosidine. AGEs cause local tissue damage by affecting protein structure, by formation of crosslinks between
molecules, or by binding the receptor for AGEs (RAGE).4,5 RAGE is a member of the immunoglobulin superfamily
and is a pattern-recognition receptor on cell surfaces. Ligation of RAGE triggers inflammatory responses, induces
oxidative stress, and in turn causes RAGE over-expression. This may finally leads to increased tissue remodeling.5
Interestingly, expression of RAGE in the lung has shown to be relatively high when compared with other tissues.6
The gene encoding RAGE, AGER, has been shown to be a susceptibility gene for lung function decline and the
onset of COPD.7,8 Previously, a number of Single Nucleotide Polymorphism (SNP)s within and in close proximity
to the AGER gene have been identified to play an important role in its transcriptional and translation regulation
(PMID: 23886569). Furthermore, it has been shown that immunostaining of the receptor is increased in bronchial
biopsies and lung parenchyma of COPD patients.9,10 Next to AGEs, RAGE can also be activated by endogenous
danger signals, or damage associated molecular patterns (DAMPs). Several of these RAGE activating DAMPs,
e.g. HMGB1, S100A9 and LL-37 have been shown to be increased in lung fluid or serum from COPD patients
compared to smoking and non-smoking controls.11,12 Importantly, RAGE also exists as soluble form (sRAGE). It has
been postulated that sRAGE can act as a decoy receptor by clearance of circulating AGEs, preventing ligation of
membrane bound RAGE. This possible ‘protective’ mechanism may be reduced in COPD, as levels of sRAGE have
found to be lower in COPD patients than in non-COPD controls.13,14,15,16,17
A few studies have indicated that AGEs are involved in the pathology of COPD. One study showed increased
accumulation of AGEs in lung parenchyma and small airways of COPD patients.9 We and others found increased
AGE accumulation in the skin of COPD patients compared to healthy smoking and never-smoking controls.18,19
Furthermore, plasma CML levels in COPD are elevated compared to non-COPD controls19, suggesting a systemic
component that may contribute to AGE accumulation outside the lung, and to extra-pulmonary manifestations
of COPD.
Taken together, studies so far suggested that the AGE-RAGE axis is involved in the pathophysiology of COPD.
In the current study we evaluated both AGEs and sRAGE levels in plasma, sputum, bronchial biopsies and the
skin in the same study subjects. Young (18-40) and old (40-75) smokers and never-smokers, and mild-to-very
severe COPD patients were included. We studied whether the expression of AGEs or RAGE in the different tissues
was associated with COPD and lung function values, and whether the expression of AGEs was associated with
the levels of RAGE in different tissues. Lastly, with a cis-eQTL analysis we investigated the association of SNPs
flanking the AGER gene with skin autofluorescence and serum sRAGE levels.
MATERIALS & METHODS
Subjects, ethics, consent and permissions
Data were collected from two studies performed in Groningen and Utrecht, the Netherlands (Clinicaltrials.
gov: NCT00807469 and NCT00848406 (A multi-center study20) and NCT00848406). All participating subjects gave
peripheral blood, bronchial brushings and performed an AGE-reader measurement, while a subgroup of subjects
underwent sputum induction and bronchoscopy with collection of bronchial biopsies. All measurements were
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obtained by using standardized protocols. All studies, sample collection and genetic studies were approved
by the medical ethics committees of University Medical Centers Groningen (UMCG) and Utrecht (UMCU), the
Netherlands. All participants gave their written informed consent.
Mild to very severe COPD patients (40-75 years, >10 packyears), as classified by the Global Initiative for
Chronic Obstructive Lung Disease (GOLD) were recruited from outpatient clinics of UMCG and UMCU. Old (40-75
years) and young (18-40 years) healthy smokers and healthy never-smokers were recruited by advertisements.
Old smokers had a smoking history >10 packyears and young smokers >0.5 packyears. All never-smoking
subjects had smoked <0.5 packyears. Healthy participants had no history of pulmonary diseases and showed
normal spirometry. Exclusion criteria for all groups were alpha-1 antitrypsin deficiency and a doctors’ diagnosis
of asthma.
Determination of AGEs and RAGE in peripheral blood samples and sputum
Blood was collected in tubes containing EDTA and was immediately placed on ice. After centrifugation (twice at
2000 rcfmax, 10 min, 4°C) samples were stored at -80°C until analysis. Sputum induction was performed according
standard protocols (detailed methods in online supplement). Sputum samples were centrifuged (10 min, 450g,
4°C) and the supernatant was stored at -80°C until analysis.
In plasma and sputum samples, ELISA was performed to determine levels of total sRAGE (cleaved and
secreted forms) (RAGE DuoSet; R&D Systems, Minneapolis, MN, USA), CEL (Cell Biolabs Inc. San Diego, CA, USA),
CML (Cell Biolabs Inc. San Diego, CA, USA) and Pentosidine (Uscn Life Science Inc., Wuhan, China), all according
to the manufacturer’s instructions.
Determination of AGEs and RAGE in bronchial biopsies
Bronchial biopsies were taken from subsegmental carinae of the right lower lobe. Biopsies were fixed in 4%
neutral buffered formalin, processed and embedded in paraffin and cut in 3 µm sections. After antigen
retrieval, sections were incubated with the primary monoclonal antibody against AGEs (anti-AGEs (clone
6D12), 1:750, Cosmo Bio Co, Ltd, Tokyo, Japan) or RAGE (anti-RAGE (ab7764), 1:1500, Abcam, Cambridge, UK).
Immunohistochemical stainings were performed using the DAKO autostainer (DAKO, Glostrup, Denmark).
Quantification of both stainings was performed by calculating the percentage positive and strong positive pixels
of the total amount of pixels in whole biopsies, using ImageScope (Aperio Technologies, version 11.2.0.780).
Detailed immunohistochemistry and quantification procedures are presented in the online supplement.
Measurement of AGEs using Skin autofluorescence in the skin
Skin autofluorescence (SAF) was assessed non-invasively by the AGE-ReaderTM (DiagnOptics B.V., Groningen, The
Netherlands).21 Technical details of this device have been extensively described elsewhere and briefly in the
online supplement.22 In short, the volar surface of subject’s forearm was positioned on top of the device and
three consecutive measurements were performed for each subject. In all analyses, SAF was expressed as the
mean of these three measurements in arbitrary units (AU).
Gene expression analysis
We assessed whether cis-acting SNPs influence the gene and protein expression of AGER and RAGE, respectively.
DNA samples were genotyped with Illumina Human CytoSNP 12 and Illumina OmniExpress Exome. SNPs
genotyped in both arrays were select for the eQTL analysis. Gene expression profiles were obtained from
bronchial brushing using a Human genome ST v1.0 arrays. Linear regression analysis was used to test for
association between the SNPs and 2-log transformed gene expression levels and soluble RAGE measured in
sputum and plasma. SNPs were tested in an additive genetic model and the models were adjusted for gender,
smoking status and age. A cis-eQTL was defined as a SNP that was significantly associated with gene or protein
expression within a 50 kB distance of the AGER gene.
Statistical analysis
Differences in expression of AGEs and RAGE between groups were analyzed by Kruskal-Wallis test, followed by
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Mann-Whitney U tests if significant. Associations with COPD were examined by multiple regression analyses
with AGEs or RAGE expression as dependent variables, and COPD or lung function values as predictor variables.
Associations of AGEs and RAGE between different compartments were additionally analyzed by multiple
regression models. All models were adjusted for co-variates that associate with AGE formation, including age,
gender, packyears, BMI, LDL cholesterol, and triglycerides. Benjamini Hochberg corrections were applied to
correct for multiple testing. Regression models were considered valid if the residuals were normally distributed.
Statistical analyses were performed using the statistical program IBM SPSS Statistics version 20.
RESULTS
Subject characteristics
In total, 108 young controls (including 36 never-smokers and 72 smokers), 83 old controls (including 28 neversmokers and 55 smokers) and 97 COPD patients (32 GOLD I, 25 GOLD II, 24 GOLD III, 16 GOLD IV) were included.
Group characteristics are presented in Table 1.
AGEs
Expression of AGEs in plasma, sputum, bronchial biopsies and the skin is presented in Figure 1 and Table 2.
In plasma (Figure 1A), CEL levels were significantly higher in young healthy subjects compared to old
healthy subjects and COPD patients. Furthermore, plasma CML levels were significantly higher in COPD patients
compared to young and old subjects, and higher in the young group than in the old healthy group. Plasma
pentosidine levels did not differ between groups. In sputum (Figure 1B), CEL and CML levels did not differ between
groups, whereas pentosidine levels were too low to be detected; only 11 sputum supernatant samples of the
total of 182 samples were above the detection limit of 1.45 ng/ml. AGEs immunopositivity in whole bronchial
biopsies was not differently expressed between groups, (Figure 1C), neither were quantitative analyses in the
intact and basal epithelium, smooth muscle and connective tissue (Figure 1 and 2, online supplement). However,
accumulation of AGEs in the skin was significantly different between all groups, with highest SAF values in COPD
patients and lowest values in the young group (Figure 1D).
In all measurements, the levels of AGEs did not differ between the different stages of COPD (GOLD I-IV, Table
1, online supplement). Additionally, AGE levels are presented separately for healthy never-smokers and smokers
(Table 1, online supplement).
Table 1. Group Characteristics

Age, years
Males, n (%)
Current smokers, n (%)
Cigarettes per day
Packyears
BMI, kg/m2
FEV1, %pred
FEV1/FVC, %
RV/TLC, %
FEF25-75, %pred
DLCOc/VA, %pred
DLCO %pred
LDL cholesterol, mmol/L
Triglycerides, mmol/L
Fasting glucose, mmol/L
Creatinine, µmol/L

Young healthy

Old healthy

COPD

n=108
25 (66)
54 (50)
72 (67)
9 (6.8)
3.1 (4.8)
23.0 (2.8)
108 (9.5)
85 (5.7)
23.3 (5.1)
101 (18.7)
97 (13.3)
91.6 (12.0)
2.6 (0.8)
1.0 (0.8)
5.2 (1.3)
73.7 (10.9)

n=83
54 (8.9)
60 (72)
54 (65)
16 (7.1)
20 (18.0)
25.3 (3.6)
110 (13.5)
79 (5.0)
31.1 (4.4)
100 (30.4)
98 (12.6)
90.0 (12.3)
3.6 (1.0
1.4 (1.0)
5.6 (0.7)
80.2 (14.5)

n=97
62 (7.6)
68 (70)
51 (53)
11 (7.9)
38 (16.8)
25.5 (4.7)
62 (27)
48 (14)
45.8 (11.3)
24 (17)
67 (24)
61.6 (23.6)
3.4 (1.0)
1.2 (0.7)
5.8 (0.7)
82.7 (14.8)

XI

Data is presented as mean (sd) unless otherwise stated. n=number, BMI=body mass index, FEV1=forced expiratory volume in
one second, FVC=forced expiratory volume, RV=residual volume, TLC=total lung capacity, FEF=forced expiratory flow, DLCO(c/
VA)=diffusion coefficient for carbon monoxide, LDL=low density lipoprotein.

151

Chapter XI

Figure 1: The expression of AGEs in plasma, sputum, bronchial biopsies and the skin. The levels of AGEs in A) plasma, B) sputum,
C) bronchial biopsies and D) skin (SAF). Horizontal lines represent median values with interquartile ranges, * p<0.05 between groups.
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(s)RAGE
The levels of RAGE in plasma, sputum and bronchial biopsies are presented in Figure 2 and Table 2.
In plasma, sRAGE levels were significantly lower in COPD patients compared to young and old healthy
subjects (Figure 2A). In addition, COPD GOLD stage III patients showed lower sRAGE levels compared to GOLD
stage I patients. Furthermore, GOLD stage IV patients showed lower sRAGE levels than GOLD stage I and
II patients (Figure 3A and Table 1 in online supplement). No differences were found between young and old
healthy subjects. RAGE levels in sputum and RAGE immunopositivity in whole sections from bronchial biopsies
did not differ between groups (Figure 2B and 2C). Upon studying different parts of the bronchial biopsies (intact
and basal epithelium, smooth muscle, connective tissue) no group differences were found (Figure 1 and 2, online
supplement).
RAGE levels in healthy never-smokers and smokers are presented in Table 1 in the online supplement.
Associations between COPD, lung function, emphysema and AGEs and RAGE
Table 3 A-B shows the results of multiple regression analyses with COPD or lung function values as predictors of
AGEs and RAGE expression in the different compartments.
In established COPD, a lower FEV1 %predicted, FEV1/FVC, FEF25-75 % predicted, as well as a higher RV/TLC
were associated with a higher SAF, independently of age, gender, number of packyears, BMI, LDL cholesterol and
triglycerides (Table 3A). No associations were observed between COPD or lung function values on one hand and
AGEs in plasma, sputum and bronchial biopsies on the other hand.
Regarding RAGE, both established COPD and impaired lung function values were associated with higher
levels of sRAGE in plasma (Table 3B). In line, a weak but significant negative correlation was shown for the plasma
levels of sRAGE with FEV1% predicted post bronchodilator (r2=0.0943, p=0.0025). No associations were found of
COPD or lung function values with RAGE levels in sputum and bronchial biopsies.
The percentage of the predicted diffusion capacity (DLCO% predicted) is used as a measure for the amount
of emphysema (Table 1). Here, we found a positive correlation between the DLCO% predicted and the plasma
levels of sRAGE (r2=0.186, p<0.0001) and a negative correlation between the DLCO% predicted and the SAF
levels (r2=0.276, p<0.0001) (Figure 4). These data indicate that emphysema is associated with low plasma levels
of sRAGE and with high levels of accumulated AGEs in the skin.
Associations of AGEs and RAGE expression between different compartments
Results of multiple regression analyses are presented in Table 4, reflecting associations between AGEs and
RAGE expression in the different tissues after adjustment for age, gender, packyears, BMI, LDL cholesterol and
triglycerides. Lower plasma sRAGE levels were significantly associated with higher SAF values.
Genetic regulation of AGER gene expression levels and RAGE protein levels in sputum
Cis-eQTL analysis identified a single SNP (rs2071278) within a region of 50 kB flanking the AGER gene, which was
associated with gene expression levels of AGER (beta = -0.109 ± 0.044, FDR<0.25) (Figure 5A, Supplementary
Table 3). The SNP was located 13345bp upstream from the promoter region of AGER. Protein QTL analysis (pQTL)
was then run to investigate whether the rs2071278 eQTL influenced the levels of sRAGE detected in sputum
and plasma. This analysis showed that rs2071278 regulated the levels of sRAGE measured in sputum (beta =
-80.05 ± 30.80, p = 0.01), with the minor allele leading to decreased levels of sRAGE (Figure 5B). No interaction
was found between rs2071278 and sRAGE levels measured in plasma (beta = 47.62 ± 59.58, p = 0.425). Finally,
we investigated whether levels of AGE accumulation in the skin were genetically regulated. A SNP association
analysis was conducted on the SAF levels. From this analysis a single SNP was identified rs915895 (0.110 ± 0.038,
FDR<0.25), 38118 bp upstream of the AGER gene, which is significantly associated with AGE accumulation in the
skin (Figure 5C, Supplementary Table 4). Of interest, rs2071278 has a trend for significance (beta = 0.089 ± 0.049,
p = 0.072), with the minor allele leading to increased SAF levels in the skin (Figure 5D).
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Figure 2: RAGE expression in plasma, sputum and bronchial biopsies. RAGE levels in A) plasma, B) sputum, and C) bronchial
biopsies. Horizontal lines represent median values with interquartile ranges, * p<0.05 between groups.

TABLE 2. AGE and RAGE expression in young and old subjects, and COPD patients

Plasma
CEL, µg/ml
CML, µg/ml
Pentosidine, ng/ml
sRAGE, pg/ml
Induced sputum
CEL, µg/ml
CML, µg/ml
Pentosidine, ng/ml
sRAGE, pg/ml
Bronchial Biopsies
AGEs, positivity (%)
RAGE, positivity (%)
Skin
AGE-reader, SAF

Young healthy

Old healthy

COPD GOLD I-IV

Kruskal-Wallis

<40 years
n=105
10.2 (7.4-15.4)
10.5 (0.0-29.5)
36.8 (25.3-53.1)
795 (614-1089)
n=97
5.9 (1.9-8.9)
10.6 (0.0-22.7)
0.0 (0.0-0.0)
78.1 (0.0-160.2)
n=85
31.1 (20.3-36.9)
9.8 (6.5-15.1)
n=107
1.2 (1.1-1.5) *

>40 years
n=82
7.0 (4.8-10.6) §
9.2 (0.0-13.5) §
39.9 (30.1-52.0)
805 (617-1032)
n=73
3.50 (0.0-6.9)
10.4 (0.0-23.7)
0.0 (0.0-0.0)
114.0 (0.0-240.5)
n=68
25.9 (20.9-35.4)
8.2 (5.7-11.8)
n=83
1.8 (1.6-2.0) *

>40 years
n=95
6.8 (5.1-9.4) §
12.5 (0.0-21.6) §
46.1 (31.8-58.5)
414 (292-592) §
n=12
6.0 (2.9-11.0)
18.3 (11.2-22.5)
0.0 (0.0-0.0)
110.9 (49.7-161.8)
n=12
25.5 (16.9-30.7)
8.0 (4.2-11.4)
n=96
2.5 (2.2-2.9) *

p-value
0.000*
0.042*
0.181
0.000*
0.064
0.409
0.650
0.117
0.418
0.204
0.000*

Data is expressed as median (IQR). * p<0.05 between all groups, § p<0.05 compared with the young healthy group, ‡ compared
with the old healthy group. CEL= Nε-(carboxyethyl)lysine, CML= Nε-(carboxymethyl)lysine, RAGE= receptor for advanced
glycation endproducts, AGEs= advanced glycation endproducts, SAF= skin autofluorescence.
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Figure 3: Associations between sRAGE and SAF. Rho=correlation coefficient, SAF=skin autofluorescence, sRAGE is soluble receptor
for advanced glycation endproducts. Association after adjustment for age, gender, packyears, BMI, LDL cholesterol and triglycerides
was in B=0.00, p=<0.01.

TABLE 3. Associations of AGEs and RAGEs with COPD and lung function in the total population.
A. Associations of AGEs with COPD and lung function
Predictor variables

Dependent variables
COPD, n/y
β
Plasma

Sputum

Bronchial
biopsies
Skin

FEV1, % predicted
p-value

β

p-value

FEV1/FVC (%)
β

p-value

FEF25-75,
%predicted

RV/TLC (%)
β

p-value

β

p-value

CEL

0.009

0.924

-0.465

0.642

0.581

0.562

0.117

0.204

0.0.41

0.635

CML

0.093

0.327

-0.081

0.283

-0.088

0.337

0.052

0.572

-0.027

0.761

Pentosidine

-0.035

0.711

-0.020

0.788

0.069

0.451

0.093

0.314

-0.011

0.901

CEL

0.093

0.311

-0.139

0.101

-0.044

0.691

0.11

0.353

-0.059

0.518

CML

0.029

0.757

-0.030

0.728

0.043

0.706

0.021

0.862

0.000

0.998

Pentosidine

-0.025

0.792

-0.124

0.152

0.022

0.844

-0.024

0.841

-0.053

0.568

AGE positivity

-0.065

0.550

0.139

0.155

0.075

0.551

-0.126

0.420

0.094

0.379

SAF

0.426

<0.001

-0.302

<0.001

-0.357

<0.001

0.265

<0.001

-0.347

<0.001

B. Associations of RAGE with COPD and lung function
Predictor variables

Dependent variables

FEV1, %
predicted

COPD, n/y
β

p-value

β

FEV1/FVC (%)
p-value

β

p-value

FEF25-75,
%predicted

RV/TLC (%)
β

p-value

β

p-value

Plasma

sRAGE

-0.422

<0.001

0.310

<0.001

0.405

<0.001

-0.236

0.002

0.297

<0.001

Sputum

sRAGE

-0.110

0.194

0.084

0.289

0.012

0.908

-0.015

0.895

-0.041

0.622

Bronchial
biopsies

RAGE
positivity

-0.083

0.365

-0.053

0.529

0.04

0.715

0.241

0.060

-0.038

0.678

Values in bold represent significant associations. β= standardized regression coefficient for predictor variables. Models in Table A
were adjusted for age, gender, packyears, BMI, LDL cholesterol and triglycerides; models in Table B were adjusted for age, gender
and packyears. FEV1=forced expiratory volume in one second, FVC=forced expiratory volume, RV=residual volume, TLC=total
lung capacity, FEF=forced expiratory flow, CEL=Nε-(carboxyethyl)lysine, CML=Nε-(carboxymethyl)lysine, AGEs=advanced
glycation endproducts, SAF=skin autofluorescence, RAGE=receptor for advanced glycation endproducts.
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SAF

Skin

-0.10

0.13

0.06

---

0.91

0.04

0.08

0.21

0.59

0.20

0.46

0.47

0.27

0.34

p

-1.50

-0.13

0.59

0.02

-0.25

-0.05

0.62

-0.01

0.13

---

0.42

B

0.72

0.78

0.03

0.28

0.77

0.34

0.22

0.13

0.07

---

0.34

p

0.91

-0.29

0.33

0.01

0.58

-0.04

1.14

-0.01

---

0.11

-0.39

B

0.81

0.51

0.20

0.37

0.44

0.38

0.01

0.01

---

0.07

0.27

p

-154.97

-2.52

-4.99

0.18

6.77

-0.33

-6.92

---

-1.84

-1.01

3.21

B

p

0.00*

0.64

0.09

0.30

0.46

0.57

0.21

---

0.01

0.13

0.47

0.00*

0.47

0.14

0.18

-0.06
0.91

0.53

0.01

0.23

0.00*

0.03

0.00

---

0.21

0.01

0.22

0.46

p

---

0.00

0.04

0.02

0.07

B

9.76

0.32

0.92

-0.06

0.92

---

2.93

-0.01

-0.13

-0.13

0.99

B

CML

0.51

0.72

0.07

0.03

0.50

---

0.00*

0.57

0.38

0.34

0.20

p

-0.62

-0.06

0.01

0.00

---

0.00

0.17

0.00

0.01

0.00

0.02

B

p

0.50

0.27

0.70

0.21

---

0.50

0.00*

0.46

0.44

0.77

0.59

Pentosidine

23.76

-0.19

0.09

---

-5.94

-0.63

-3.30

0.04

0.46

0.51

-3.70

B

sRAGE

0.63

0.95

0.96

---

0.21

0.03

0.23

0.30

0.37

0.28

0.21

p

3.15

0.30

---

0.00

0.12

0.03

0.51

-0.01

0.04

0.07

0.43

B

0.39

0.07

---

0.96

0.70

0.07

0.01

0.09

0.20

0.03

0.08

p

AGE positivity

Skin

0.37

---

0.10

0.00

-0.19

0.00

-0.07

0.00

-0.01

0.00

0.28

B

0.85

---

0.07

0.95

0.27

0.72

0.53

0.64

0.51

0.78

0.04

p

0.00

---

0.00

0.00

0.00

-0.01

---

0.85

0.39

0.63

0.50

0.51

0.91

0.00*

0.00
0.00

0.81

0.72

0.91

p

0.00

0.00

0.00

B

RAGE positivity SAF

Bronchial biopsies

for advanced glycation endproducts, SAF= skin autofluorescence.

multiple testing. CEL=Nε-(carboxyethyl)lysine, CML=Nε-(carboxymethyl)lysine, sRAGE=soluble receptor for advanced glycation endproducts, AGE=advanced glycation end products, RAGE=receptor

B=regression coefficient for predictor variables. All models are adjusted for age, gender, packyears, BMI, LDL cholesterol, and triglycerides. * significant p-value after Benjamini Hochberg correction for

RAGE positivity

0.00

sRAGE

AGE positivity

0.10

Pentosidine

biopsies

0.01

CML

sRAGE

0.06

0.00

Pentosidine

CEL

0.01

-0.02

CML

---

B

CEL

Bronchial

Sputum

Plasma

Predictor variables:

sRAGE

CEL

Pentosidine

CEL

CML

Sputum

Plasma

TABLE 4. Associations between AGEs and RAGE expression in different tissues
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Figure 4: Associations of DLCO% predicted with plasma sRAGE levels and skin autofluorescence. All participants from the
study were added, including young healthy controls, old healthy controls and COPD patients. Significance was tested using a linear
regression analysis. Dotted lines indicate the 95% confidence intervals.

Figure 5: Genetic regulation of AGER gene expression levels, RAGE protein levels in sputum and AGE levels in skin. A)
Expression QTL analysis and B) Protein QTL analysis of the AGER gene expression in bronchial biopsies and levels of soluble RAGE in
sputum, respectively. SNP association study with AGE levels detected in the skin with C) rs915895 and D) rs2071278.

DISCUSSION
In this study we investigated a large COPD and non-COPD control population with respect to the accumulation
of AGEs and the expression of its receptor RAGE in different body compartments, including plasma, induced
sputum, bronchial biopsies and the skin. COPD has been associated with chronic oxidative stress, the most
important accelerator of AGE formation. Our study shows that SAF values in the skin were higher in COPD
patients compared to young and old non-COPD controls, whereas the expression of AGEs in bronchial biopsies
was not different between the groups. In addition, sRAGE levels in plasma were lower in COPD patients. Of
interest, lower sRAGE was associated with higher SAF, fitting the hypothesis of a ‘protective’ function of sRAGE by
acting as a decoy-receptor preventing accumulation of AGEs in the skin.
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In COPD, oxidative stress is thought to be continuously increased as a consequence of ongoing
inflammation (endogeneous component) and chronic smoking (exogeneous component). This continuous
exposure to oxidative stress, both locally in lung tissue as well as systemically in peripheral blood, might lead
to increased accumulation of AGEs inside and outside the lung. In the current study we demonstrated that the
accumulation of AGEs was elevated in the skin of COPD patients, a finding that we and others have observed
before.18,19 Interestingly, SAF values did not differ significantly between the different severity stages of COPD.
This suggests that the formation of AGEs is not increased during disease progression, but may be accelerated
in the induction phase of COPD. Our data suggests that AGEs accumulate to some extent during ageing due
to oxidative stress responses, whereas this is accelerated with smoking. The highest levels of AGEs would be
expected in ‘susceptible’ smokers who develop COPD over time. Here, AGEs accumulate due to a combination
of ageing and disease-related exaggerated responses to smoking and associated local and systemic oxidative
stress. Together, our data shows that skin autofluorescence is significantly increased in COPD patients, without
significant differences between the different severity stages of COPD.
In contrast with our findings in the skin, the expression of AGEs in bronchial biopsies was not different
between COPD patients and non-COPD controls and did not associate with lung function values in the total
population. This contradicts a previous study showing higher expression of AGEs in the lung parenchyma and
small airways of COPD patients as compared to non-COPD controls.9 In an effort to replicate these findings we
analyzed immunopositivity of our bronchial biopsies in several ways, e.g. by quantifying AGEs in different parts
of the bronchial biopsies and by using different antibodies (against total amount of AGEs, CML and pentosidine).
However, no differential expression between the groups was observed. There are several explanations for our
negative findings in bronchial biopsies. First, we collected biopsies from the central airways whereas oxidative
stress might predominantly exist in the peripheral airways, and thereby also the formation of AGEs. Unfortunately,
studies comparing oxidative stress in central and peripheral airways are scarce. One study showed that
isoprostane levels in epithelial lining fluid (ELF) from the peripheral airways were higher compared to the central
airways, both in smokers with and without airway obstruction.23 Furthermore, we measured the expression
of AGEs in peripheral lung tissue sections of smokers and non-smokers with and without COPD but did not
find differences between these (small) groups. Secondly, accumulation of AGEs in the lung might be limited
because of the relatively high turn-over rate of cells and extracellular matrix.24 Finally, a quantification problem
may contribute to a lower expression of AGEs in the lungs of COPD patients, as extracellular matrix proteins are
reduced in the central airways of COPD patients.25 Obviously, more research aimed at the accumulation of AGEs
is needed in both the central and peripheral airways before definitive conclusions can be drawn regarding our
conflicting results.
In plasma, we demonstrated that CML, CEL and pentosidine levels were comparable between COPD patients
and non-COPD controls, after correction for confounding factors. Our results are in line with three previous
studies in COPD investigating plasma CML levels and showing no differences between COPD and non-COPD
controls.14,16,26 In contrast, one study showed similar pentosidine levels, but lower CML levels and higher CEL
levels in COPD patients.19 The latter is surprising since CML and CEL are both formed by the same pathway,
namely via reactive carbonyl compounds. One explanation might be that the quantification was performed
using a different technique, i.e. mass spectrometry. Moreover, AGEs are very volatile, hence a measurement
represents a ‘snap shot’ in time and results can be affected by food intake and smoking as well.1,27
Besides their harmful local effects in tissue, AGEs can interact with RAGE, thereby triggering intracellular
signaling in pro-inflammatory pathways. Two previous studies showed that immunostaining of RAGE was
increased in bronchial biopsies and in lung parenchyma of COPD patients.9,10 However, we observed no
differences when comparing COPD with non-COPD controls in the current study. RAGE also exists as a soluble
form, generated as a splice variant of the advanced glycosylation end product-specific receptor (AGER) gene
or by proteolysis of the receptor from the cell surface. In line with previous studies13,14,15,16,17, we demonstrated
lower levels of sRAGE in plasma of COPD patients and these reduced levels were associated with lower lung
function values in the total population. Importantly, we demonstrated for the first time that lower sRAGE levels
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were associated with increased SAF values, indicating that sRAGE acts as a decoy receptor. The binding of AGEs
to sRAGE may induce the clearance of AGEs, thereby preventing the accumulation in body tissues. There are
indications that lower sRAGE levels are genetically determined, as a single nucleotide polymorphism (SNP) in
the AGER gene associates with lower sRAGE levels.13 In this perspective, impaired sRAGE levels might contribute
to higher levels of AGEs in tissues specifically in COPD.
Furthermore, we assessed the levels of AGEs and RAGE in sputum supernatant, which has not been studied
in COPD before. We hypothesized that the sputum levels of AGEs and RAGE might reflect their expression in
the lung. No differential levels of both AGEs and RAGE in induced sputum from COPD patients and non-COPD
controls were found, nor associations with expression in bronchial biopsies. This observation fits with the similar
expression of AGEs and RAGE between COPD and healthy individuals as observed in our bronchial biopsies. An
explanation may be that AGEs are released in more peripheral airways and are not captured in sputum, as one
study in COPD demonstrated that CML was elevated in ELF collected in the peripheral airways, but not in the
central airways.28
Finally, we have identified a novel SNP, rs2071278, which regulates both gene and protein expression of
RAGE. Moreover, we also identified a SNP, rs2071278, showing a reversed association with the accumulation of
AGEs in the skin. Further studies are planned to further elucidate the function of this SNP in the regulation of
RAGE expression and its role in COPD patients.
This study is unique because of its large population of healthy smokers and never-smokers and a large
group of COPD patients of all severities, as well as the availability of different tissues from each participant. In
this study, only for 12 out of the 97 COPD patients sputum samples and bronchial biopsies were available, which
limited the statistical power of this part of the study. However, even in these 12 patients we have shown a clear
trend (p=0.064) for CEL levels in induced sputum to be higher in COPD patients compared to both young and
old healthy controls (Table 2). Another limitation is that our study had a cross-sectional design. Longitudinal
studies are needed to investigate changes in AGEs and RAGE levels in the different tissues over time and to
further assess the potential contributing role of AGEs and RAGE in the development of COPD. The accumulation
of AGEs in the skin was assessed using the non-invasive AGE-reader (DiagnOptics Technologies B.V., Groningen,
The Netherlands), which has shown to produce reliable values that strongly correlate with the levels of several
non-auto-fluorescent AGEs measured in skin biopsies.22,21 However, there are some limitations to this technique,
as the AGE-reader is unable to quantify specific AGEs and only estimates the group value of all AGEs present in
the skin. Furthermore, also non-AGE-related auto-fluorescent proteins present in the skin can be detected by
the AGE-reader.
To summarize, the role of the AGEs-RAGE pathway in COPD is emerging. Our study contributes to this insight
since we show an increased accumulation of AGEs in the skin of COPD patients compared to non-COPD smokers
and never-smokers. Moreover, we did not observe differences between COPD and non-COPD controls in central
bronchial biopsies, indicating that accumulation of AGEs is not similar in different body compartments. No
further associations were found between AGEs and RAGE in the different compartments that were investigated.
Interestingly, we demonstrated that lower sRAGE levels associate with higher AGE accumulation in the skin. This
fits the hypothesis of a ‘protective’ function of sRAGE by acting as a decoy-receptor preventing accumulation in
the skin. Lastly, we identified novel SNPs associated with both the gene and protein expression of RAGE and the
accumulation of AGEs in the skin.
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SUPPLEMENTARY METHODS
Sputum induction
Sputum induction was performed according to the method described elsewhere with some modifications.1
In short, 4,5% hypertonic saline was nebulized with an ultrasonic nebulizer (Ultraneb, DeVillbiss, Somerset,
PA, USA). Patients inhaled for three periods of five minutes and were encouraged to cough and expectorate
sputum after each period. The volume of the whole sputum sample was determined and an equal volume of
0.1% dithiothreitol (Sputolysin; Calbiochem, La Jolla, CA, USA) was added. The samples were agitated during 15
minutes in a shaking water bath for 15 minutes at 37°C to complete homogenization and then filtered through
a 48 µm nylon gauze. The filtered sample was centrifuged (10 min, 450g, 4°C) and the supernatant was stored
at -80°C until analysis.
Bronchial biopsies
After administering of local anaesthesia (lidocain 2-4%), a flexible bronchoscope was introduced and bronchial
biopsies were taken from subsegmental carinae of the right lower lobe. Biopsies were fixed in 4% neutral
buffered formalin, processed and embedded in paraffin and cut in 3 µm sections. Quality of biopsies was verified
by hematoxylin and eosin (HE) staining. Sections were deparaffinized in xylene (2x10 min), rehydrated in alcohol
dilations (2x100%, 2x96%, and 1x70%), and rinsed in demi-water. For AGEs staining, antigens were retrieved
by incubating the slides in 0,1M Tris-HCl pH 9.0 buffer at 80°C overnight. For RAGE staining, Citrate 10mM pH
6.0 buffer was preheated, slides were placed in a plastic container and were heated in microwave for 15 min
at 400W. After antigen retrieval the slides were cooled down at room temperature (RT) and were washed with
PBS. All sections were incubated with 0.3% hydrogen peroxide H2O2 (Merck, Germany) in PBS (500µl H2O2 30% in
50ml PBS) for 30 min at RT to block endogenous peroxidase activity. After three washes with PBS, sections were
incubatjhed with the primary monoclonal antibody against AGEs (anti-AGEs (clone 6D12), 1:750, Cosmo Bio Co,
Ltd, Tokyo, Japan) or RAGE (anti-RAGE (ab7764), 1:1500, Abcam, Cambridge, UK) diluted in PBS/1%BSA for 1 hour
at RT. For AGEs staining, sections were washed in PBS for three times and incubated with the secondary antibody
(EnvisionTM Detection Systems Peroxidase (DAKO)) for 30 min at RT. For RAGE staining, sections were washed in
PBS for 3 times and incubated with the secondary peroxidase labeled rabbit anti-goat antibody (DAKO, 1:100
diluted in PBS/1% BSA + 1%AB serum) for 30 min at RT. After washing with PBS 3x, sections were incubated
with the tertiary peroxidase labeled goat anti-rabbit antibody (DAKO, 1:100 diluted in PBS/1% BSA + 1%AB
serum) for 30 min at RT. After washing the sections for three times in PBS for three times, peroxidase activity was
visualised by incubating the slides in DAB (3-3'DiaminoBenzidine) together with 50 µl of hydrogen peroxide for
10 min at RT. Sections were rinsed in demi water. Finally, the sections were counterstained with haematoxilin
for approximately 2 min, rinsed in tap water, dehydrated in alcohol (70%, 96% and 100%), dried, and mounted
with mounting medium and covered with a coverslip. Both immunohistochemical stainings were performed
using the DAKO autostainer (DAKO, Glostrup, Denmark). Quantification of both stainings was performed by
calculating the percentage positive and strong positive pixels of the total amount of pixels in whole biopsies,
using ImageScope (Aperio Technologies, version 11.2.0.780).
Skin autofluorescence
SAF was assessed non-invasively by the AGE-ReaderTM (DiagnOptics B.V., Groningen, The Netherlands).2
Technical details of this device have been extensively described elsewhere.3 In short, the AGE reader illuminates
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approximately 1 cm2 of the skin, guarded against surrounding light, with an excitation light source between 300
and 420 nm (peak excitation flow ~350 nm). Only light from the skin is measured between 300 and 600 nm with
a spectrometer using a 200-µm glass fiber. SAF was calculated by dividing the average light intensity emitted per
nm over the 420- to 600-µm range by the average light intensity emitted per nm over the 300- to 420-µm range,
using the AGE Reader software version 2.2. The volar surface of subject's forearm was positioned on top of the
device, taking care to perform the measurement at normal skin site, i.e. without visible vessels, scars, or other
skin abnormalities. SAF was averaged from three consecutive measurements for each subject, measured within
a time period of approximately 2 minutes. In all analyses, SAF is expressed in arbitrary units (AU).
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SUPPLEMENTARY DATA
Table 1: AGE and RAGE expression in young and old never-smokers and smokers, and COPD GOLD stages.
A. Young healthy never-smokers and smokers
Young healthy
never-smokers
n=36
9.0 (6.7-15.0)
10.9 (0.0-25.3)
48.7 (32.6-70.9)
878.8 (573.3-1113.5)
n=34
4.0 (0.0-9.5)
14.8 (0.0-44.8)
0.0 (0.0-0.0)
0.0 (0.0-97.1)
n=32
31.3 (18.5-37.4)
8.8 (6.1-14.8)
n=36
1.20 (1.04-1.40)

Plasma
CEL
CML
Pentosidine
RAGE
Sputum
CEL
CML
Pentosidine
RAGE
Bronchial biopsies
AGEs, positivity (%)
RAGE, positivity (%)
Skin
AGE-reader

Young healthy
smokers
n=69
11.4 (8.2-16.2)
10.5 (0.0-38.1)
35.3 (18.7-47.8)*
777.0 (628.8-1077.1)
n=63
6.4 (3.8-8.2)
0.0 (0.0-17.6)*
0.0 (0.0-0.0)
101.3 (0.0-195.1)*
n=53
30.6 (20.7-36.9)
10.8 (6.8-15.2)
n=71
1.3 (1.1-1.5)

B. Old healthy never-smokers and smokers
Old healthy never-smokers
median (IQR)
n=28
5.37 (3.29-8.55)
10.97 (0.00-13.64)
39.53 (28.29-45.51)
810.8 (672.9-1118.5)
n=23
0.00 (0.00-3.23)
10.40 (0.00-23.49)
0.00 (0.00-0.00)
115.2 (0.0-206.9)
n=26
28.2 (19.1-37.4)
6.9 (5.0-10.6)
n=28
1.774 (1.43-2.00)

Plasma
CEL
CML
Pentosidine
RAGE
Sputum
CEL
CML
Pentosidine
RAGE
Bronchial biopsies
AGEs, positivity (%)
RAGE, positivity (%)
Skin
AGE-reader

Old healthy smokers
median (IQR)
n=54
8.56 (5.06-11.26)*
0.00 (0.00-12.00)
41.1 (30.12-66.48)
795.6 (609.3-953.3)
n=50
6.11 (2.47-8.97)*
11.46 (0.00-24.41)
0.00 (0.00-0.00)
114.0 (0.0-262.2)
n=42
25.4 (21.3-33.7)
9.5 (6.3-12.5)
n=55
1.80 (1.60-2.10)

C. COPD severities
Kruskall-Wallis
Plasma
CEL
CML
Pentosidine
RAGE
Sputum
CEL
CML
Pentosidine
RAGE
Bronchial biopsies
AGEs, positivity (%)
RAGE, positivity (%)
Skin
AGE-reader

COPD GOLD I

COPD GOLD II

COPD GOLD III

COPD GOLD IV

n=32
6.61 (4.92-9.05)
13.76 (0.00-23.31)
45.61 (30.29-59.85)
510.02 (397.75-672.20)
n=0
n=0
n=32
2.42 (2.20-2.86)

n=23
5.37 (3.67-7.48)
9.25 (0.00-18.70)
49.17 (30.28-58.88)
423.9 (372.3-635.8)
n=10
13.75 (nvt)
18.61 (nvt)
0.00 (0.00-0.00)
110.9 (77.4-176.3)
n=10
23.6 (15.9-31.7)
7.3 (3.3-11.0)
n=25
2.47 (2.03-2.95)

n=24
8.23 (5.92-9.58)
13.06 (0.00-45.76)
39.63 (30.50-49.28)
314.40 (249.45-500.79)§
n=2
13.75 (nvt)
18.6 (nvt)
0.00 (0.00-0.00)
74.3 (nvt)
n=2
26.7 (25.1-26.7)
12.4 (5.7-12.4)
n=24
2.71 (2.20-3.14)

n=16
7.34 (5.94-13.39)
14.47 (0.00-21.66)
53.67 (39.81-66.58)
295.8 (216.5-412.2)§
n=0
n=0
n=15
2.51 (2.17-2.89)

p-value
0.084
0.508
0.111
0.001*
0.086
0.83
1,000
0.667
0.612

CEL= Nε-(carboxyethyl)lysine, CML= Nε-(carboxymethyl)lysine, RAGE= receptor for advanced glycation endproducts, AGEs=
advanced glycation endproducts, SAF= skin autofluorescence.
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---

RAGE positivity

---

RAGE

---

---

AGEs positivity

---

Pentosidine

---

RAGE

CML

---

Pentosidine

---

---

CML

CEL

0.12

CEL

---

---

---

---

---

---

---

---

---

0.05

---

---

---

---

---

---

---

---

0.05

-0.12

---

---

---

---

---

---

---

---

0.41

0.06

0.01

-0.16

---

---

---

---

---

---

---

---

---

---

---

---

---

<0.01

-0.22

---

0.12

p

0.10

Rho

---

---

---

---

---

---

---

---

---

---

---

0.06

---

-0.15

0.03

<0.01

0.54

p

0.05

0.16

0.28

Rho

---

---

---

---

---

0.26

0.00

0.00

0.01

0.07

Rho

CML

0.97

0.99

0.92

0.38

---

---

---

---

---

<0.01

p
0.09

---

---

---

---

0.02

0.10

0.01

-0.03

-0.01

Rho

p

Pentosidine

---

---

---

---

0.83

0.18

0.94

0.67

0.90

0.25

---

---

---

---

---

0.01

-0.19
---

<0.01

-0.29

0.46

0.45

0.94

0.30

0.56

p

0.04

0.06

-0.06

-0.01

-0.08

Rho

RAGE

---

---

-0.09

-0.08

-0.07

0.20

-0.17

0.13

0.21

0.09

Rho

---

---

0.79

0.56

0.38

0.02

0.03

0.10

0.01

0.28

p

AGEs positivity

---

0.24

-0.03

-0.10

0.07

0.12

-0.09

-0.05

-0.00

0.16

Rho

0.72

0.26

0.38

0.15

0.28

0.52

0.99

0.05

---

<0.01

p

RAGE positivity

Bronchial biopsies

-0.12

0.06

0.10

-0.10

0.11

-0.16

-0.46

0.12

0.04

-0.29

Rho

SAF

Skin

p

0.14

0.44

0.18

0.18

0.15

0.03

<0.01

0.05

0.55

<0.01

Spearman’s rank correlations, Rho=correlation coefficient. CEL= Nε-(carboxyethyl)lysine, CML= Nε-(carboxymethyl)lysine, RAGE= receptor for advanced glycation endproducts, AGEs= advanced
glycation endproducts, SAF= skin autofluorescence.

Bronchial biopsies

Sputum

Plasma

p

Rho

Rho

p

CEL

Pentosidine

CML

RAGE

Sputum

Plasma

Table 2: Correlations of AGEs and RAGE between different compartments.
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Table 3: Expression QTL analysis of AGER.
SNP

beta

SD

pvalue

FDR

rs2071278

-0.109

0.044

0.015

0.223

rs3130349

-0.076

0.039

0.055

0.83

rs204991

-0.072

0.042

0.086

1

rs3134608

-0.063

0.038

0.099

1

rs915895

-0.038

0.035

0.278

1

rs2269424

0.043

0.041

0.290

1

rs204995

-0.039

0.037

0.299

1

rs394657

-0.027

0.036

0.457

1

rs2256594

0.035

0.050

0.482

1

rs415929

0.026

0.037

0.494

1

rs483574

0.015

0.046

0.741

1

rs1061808

0.011

0.033

0.741

1

rs2071279

0.010

0.039

0.807

1

rs2269425

0.007

0.045

0.872

1

rs436388

0.003

0.036

0.924

1

Table 4: SNP association with AGE levels detected in the skin.
SNP

beta

SD

p value

FDR

0.004167

0.0625

0.041123

0.04203

0.6304

0.040609

0.042368

0.6355

0.088659

0.048928

0.072067

1

rs3130349

0.073468

0.043113

0.090527

1

rs204991

0.077416

0.045642

0.092021

1

rs2071279

-0.05887

0.042409

0.167293

1

rs2269424

-0.06125

0.044409

0.169969

1

rs415929

-0.03414

0.041075

0.407249

1

rs436388

-0.03174

0.039232

0.419781

1

rs394657

0.028533

0.039783

0.474401

1

rs1061808

-0.01271

0.036559

0.728537

1

rs483574

-0.01672

0.050279

0.73994

1

rs2269425

-0.0083

0.048829

0.865289

1

rs2256594

0.001179

0.054917

0.982899

1

rs915895

0.109864

0.037731

rs3134608

0.084364

rs204995

0.083171

rs2071278
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Figure 1: Quantitative analyses of AGEs and RAGE expression in bronchial biopsies. Quantitative analyses of AGEs (left panel)
and RAGE (right panel) expressiona in A) intact epithelium, B) basal epithelium, C) smooth muscle, D) connective tissue of bronchial
biopsies. Intensity of staining was scored by a 4-points scale: 0=negative staining, 1=weak positive, 2=positive, and 3=strong positive.
Horizontal bars represent median values.
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Figure 2: Representative staining of AGEs and RAGE expression in bronchial biopsies. Representative immunohistological
staining of AGEs (AGE 1/750, Cosmo Bio Clone 6D12) and RAGE (RAGE 1/1500, Abcam, ab7764) in young healthy controls, old healthy
controls and COPD patients. Pictures are shown as 40x magnification, scans taken using the Hamamatsu Slide Scanner (Hamamatsu
Photonics, Hamamatsu City, Japan). (see color image on page 216)
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Figure 3: Quantitative analyses of AGEs and RAGE expression in peripheral airways. Quantitative analyses of AGEs (left panel)
and RAGE (right panel) expression in A) epithelium and B) smooth muscle of the peripheral airways. Intensity of staining was scored
by a 4-points scale: 0=negative staining, 1=weak positive, 2=positive, and 3=strong positive. Horizontal bars represent median values.
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SUMMARY
Chronic obstructive pulmonary disease (COPD) is a complex, progressive and disabling pulmonary disease,
characterized by chronic airway inflammation, persistent airflow limitation and accelerated lung function
decline.15 COPD is caused by chronic exposure to noxious gases and particles, like cigarette smoke (CS), leading
to an exaggerated inflammatory response, which can result in airway remodeling with thickening of the (small)
airway wall and mucus hypersecretion (bronchitis) as well as destruction of alveolar tissue (emphysema).76 During
the early phases of COPD, the innate immune system is thought to be mainly responsible for the inflammatory
response, while in later stages of the disease the adaptive immune system becomes more important.24 In this
thesis we postulate that DAMPs, endogenous danger signals released from damaged or dying cells, can initiate
the innate response during the early phases of the disease. The group of molecules currently known as DAMPs
consists of approximately 30 different molecules with a wide variety in molecular structure and physiological
functions. For instance, DNA and RNA molecules can act as DAMPs, as well as proteins such as HMGB1, HSP70,
S100 proteins and LL-37. Other groups of DAMPs include small molecules such as ATP, alarmins with cytokinelike functions such as IL-1α and IL-33 and extracellular matrix proteins such as fribronectin, fibrinogen and
hyaluronan. All DAMPs share the ability to activate pattern recognition receptors (PRRs) on cells of the innate
immune system, upon their release into the extracellular space.11 Activation of PRRs induces the activation of
several pro-inflammatory signaling pathways, including an NF-κB-dependent transcriptional response, in tissue
resident cells of the innate immune system, such as airway epithelial cells, alveolar macrophages and dendritic
cells in case of the lungs. Release of pro-inflammatory mediators by activated innate immune cells subsequently
leads to an inflammatory response, with several inflammatory cells, including neutrophils being recruited to
the site of damage.38 Airway epithelial cells are the first cells to come in contact with inhaled toxicants, and are
therefore likely to play an important role in the induction of an innate immune response by releasing DAMPs.
In this thesis we investigated the hypothesis that toxic gases, i.e. CS, induce cellular damage in airway epithelial
cells with subsequent release of DAMPs, and that these DAMPs contribute to the development of chronic
inflammation which is seen in the airways of COPD patients. We tested whether sensitivity for cellular damage
or for the release of DAMPs by damaged cells is increased in COPD. Furthermore, we studied whether genetic
susceptibility for CS-induced DAMP release exists and which genes are responsible for this process.
In chapter 2 the available knowledge in literature at the time of the start of this project on the role of DAMPs,
classified based on their subcellular origin, e.g. cytoplasm, mitochondria, other subcellular organelles and the
extracellular matrix, in the development of COPD has been discussed on basis of an overview of literature. This
led us to postulate a novel concept for COPD, where the inhalation of noxious gases induces immunogenic
cell death of airway epithelial cells and subsequent release of DAMPs. These can activate the innate immune
system, triggering neutrophilic airway inflammation in individuals genetically susceptible for the development
of COPD. Several DAMPs were shown to be increased in serum, BAL fluid, epithelial lining fluid or sputum of
COPD patients compared to both smoking and non-smoking controls, including HMGB1, S100A8/A9 and HSP70.
In the remaining chapters of this thesis we provide further support for this DAMP theory for COPD.
In chapter 3 we tested the hypothesis that exposure of bronchial epithelial cells to cigarette smoke induces
immunogenic cell death and subsequent DAMP release, leading to activation of pro-inflammatory responses
in neighboring epithelial cells. Here, we exposed human bronchial epithelial cells (BEAS-2B cells) to cigarette
smoke extract (CSE) in vitro and showed that this induces necrotic cell death and DAMP release. Furthermore, we
showed that these DAMPs are able to induce a CXCL8 response in bronchial epithelial cells that have not been
exposed to CSE. We also found that the predominant mechanism of cell death that is induced by CSE exposure
is necroptosis, a regulated form of necrosis which is known to cause DAMP release. Using a mouse model, we
showed that acute CS exposure induces DAMP release in vivo and that pharmacological inhibition of necroptosis
reduces the severity of CS-induced airway inflammation. Together, this study shows that CS exposure induces
airway epithelial cell death and subsequent DAMP release, which is accompanied by neutrophilic airway
inflammation in vivo and mediated, at least in part, by necroptosis. This strengthens our hypothesis that CS-
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induced DAMP release is important in the initiation of neutrophilic airway inflammation.
Next, in chapter 4, we investigated whether CS-induced DAMP release and/or DAMP-induced airway
inflammation contributes to the susceptibility for COPD. To this end, we first compared the CS-induced expression
of a group of genes encoding DAMPs and their receptors, the DAMP gene-set, in COPD patients and matched
controls and in healthy individuals genealogically determined to be either susceptible or non-susceptible for
the onset of COPD. We employed a functional gene-set enrichment analysis to determine whether expression
of the DAMP gene-set was altered between these groups. Here, we identified that out of the gene-set, 15 genes
were core-enriched, including the genes encoding galectin-3, TLR2, TLR4, and S100A9, with Hyaluron Synthase
2, TLR7, galectin-9, galectin-3 and the Formyl Peptide Receptor 2 as the top five. Moreover, we showed that the
increase in expression of the DAMP gene-set induced by cigarette smoking is significantly greater in airway
epithelial cells isolated from COPD patients compared to those isolated from controls. A similar trend with a
stronger CS-induced increase of the expression levels of the DAMP gene-set was found in susceptible compared
to non-susceptible individuals. This indicates that the transcriptional response of specific DAMPs and DAMP
receptors to CS exposure is dysregulated in COPD as well as in susceptible individuals prior to disease onset,
arguing for a contribution of this response to disease etiology. In further in vitro studies, we showed that the
exposure of primary airway epithelial cells to CSE leads to the release of various DAMPs, with a stronger increase
in the release of galectin-3 in cells from COPD patients compared to controls. Stimulation of primary epithelial
cells with galectin-3, LL-37 and mitochondrial DAMPs (MTDs) strongly induced a partially TLR-dependent
CXCL8 response. In addition, using a mouse model we showed that a single intranasal injection of LL-37 or
MTDs induces neutrophilic airway inflammation. Interestingly, this only occurred in mouse strains susceptible
for CS-induced neutrophilic airway inflammation and not in non-susceptible mouse strains. Together, these
data indicate that genetic susceptibility to enhanced expression of DAMPs and PRRs in bronchial epithelial cells
upon CS exposure may contribute to the development of airway inflammation in COPD patients. In an in vivo
model one single treatment with LL-37 or MTDs induced an innate inflammatory response in CS susceptible
mouse strains, indicating that a predisposition to release DAMPs and subsequent induction of inflammation may
contribute to the development of COPD.
Chapter 5 describes the genetics of CS-induced airway inflammation in mice. Here, we investigated the
genetics underlying susceptibility for CS-induced neutrophilic airway inflammation in mice. Thirty different
inbred mouse strains were exposed to CS or control-air for five consecutive days. Afterwards the level of
neutrophilic airway inflammation was analyzed using several methods, including lung tissue myeloperoxidase
(MPO) measurements. Using haplotype association mapping (HAM) analysis, a genome-wide association study
for inbred mouse strains, four novel susceptibility genes for basal MPO levels and five susceptibility genes for
CS-induced lung tissue MPO levels were identified. Of these genes, three showed CS-induced changes in lung
tissue gene expression that correlated with susceptibility for CS-induced neutrophilic airway inflammation.
Investigation of the gene ontology of the candidate genes did not reveal a single biological activity or signaling
pathway to be critical for CS-induced neutrophilic airway inflammation, although several of the candidate
genes are known to be involved in the regulation of cell death processes. Together, we showed that CS-induced
neutrophilic airway inflammation has a strong genetic component and that several genes involved in cell death
processes contribute to the susceptibility for this response in a mouse model.
In chapter 6, we hypothesized that CS-induced DAMP release underlies the susceptibility for CS-induced
neutrophilic airway inflammation in mice. To this end, we selected four mouse strains from the 30 mouse strains
described in chapter 5, covering a range from highly susceptible to fully resistant to develop neutrophilia in
response to CS exposure. We measured a profile of six different DAMPs, i.e. calreticulin, galectin-3, S100A8,
dsDNA, HSP70 and HMGB1 in BAL fluid of these mice, leading to the identification of a CS-induced DAMP
release profile which was characteristic for susceptibility to CS-induced airway inflammation. Specific DAMPs,
e.g. dsDNA and S100A8, were released upon CS exposure in susceptible but not in non-susceptible strains,
while other DAMPs were released upon CS exposure in all mouse strains, or randomly in only one or two strains.
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These data indicate that the difference in DAMP release between susceptible and non-susceptible mice is not
only quantitative but also qualitative. Together, this chapter shows that genetic susceptibility for CS-induced
neutrophilia is associated with a specific profile of DAMPs released into BAL fluid of mice, which can possibly be
used as a biomarker for susceptibility to cigarette smoke-induced neutrophilic airway inflammation.
In chapter 7, we further explored the genetic susceptibility for CS-induced DAMP release. Here, we
performed a similar study as in chapter 5, investigating the effect of genetic background on CS-induced DAMP
release in mice, using the same cohort of CS-exposed inbred mouse strains. In BAL fluid of 28 mouse strains
exposed to CS or air (control) we measured the levels of four DAMPs, i.e. dsDNA, mtDNA, HMGB1 and HSP70. Of
these four DAMPs, dsDNA showed the highest correlation with CS-induced neutrophilic airway inflammation.
HAM analyses identified 11 candidate genes for either CS-induced or basal dsDNA release in mice, of which two
genes (Elac2 and Ppt1) showed differential expression in lung tissue upon CS exposure between susceptible
and non-susceptible mice, in accordance to their haplotype. Furthermore, knockdown of ELAC2 and PPT1 in
human alveolar epithelial cells markedly altered susceptibility to CSE-induced cell death and dsDNA release.
Lastly, using primary bronchial epithelial cells from healthy individuals either susceptible or non-susceptible for
the onset of COPD we found that the CS-induced gene expression of ELAC2 showed a trend towards a difference
between susceptible and non-susceptible individuals, while ENOX1 and ARGHGEF11 were significantly different
between these groups. Together, this chapter shows that susceptibility to CS-induced DAMP release is genetically
determined, and may contribute to neutrophilic airway inflammation in vivo. This may thus have consequences
for the susceptibility to develop COPD.
The previous chapters have shown that CS exposure induces immunogenic cell death and DAMP release
from airway epithelial cells and that the regulation of DAMP release is dependent on the genetic background
in mice. Similarly, there is a higher susceptibility to release specific DAMPs in epithelial cells from COPD patients
compared to healthy controls upon exposure to CS. COPD patients show the highest rates of inflammation
during exacerbations, a sudden worsening of symptoms. To study whether DAMP release may also contribute
to the aggravation of airway inflammation during exacerbations, in chapter 8 we compared the levels of
specific DAMPs in induced sputum and serum of COPD patients during an exacerbation and stable disease.
We measured a panel of six DAMPs, i.e. dsDNA, mtDNA, galectin-3, LL-37, S100A9 and HMGB1. Of these DAMPs
three were increased in serum during an exacerbation compared to stable disease. Notably, these three DAMPs,
HMGB1, S100A9 and LL-37, are all ligands of the RAGE receptor, indicating that the RAGE-signaling pathway may
be involved in the pathophysiology of COPD exacerbations. Furthermore, we found that this increase was higher
in females and in individuals in whom the exacerbation was not associated with airway infection. Together, this
chapter shows that RAGE-activating DAMPs are increased in serum of COPD patients during an exacerbation,
which opens an avenue to novel therapeutic targets to decrease the inflammatory reaction in COPD patients
during an exacerbation.
In chapter 9, we further studied the expression of DAMP receptors on peripheral blood neutrophils
during COPD exacerbations and stable disease. Neutrophils are important inflammatory cells and the most
abundant infiltrating cells in the airways of COPD patients during exacerbations. Here, we hypothesized that the
expression of DAMP receptors on peripheral neutrophils is increased during exacerbations, leading to DAMPinduced migration of neutrophils to the airways during COPD exacerbations. We showed that the expression of
the DAMP receptors TLR2, TLR4 and NLRP3 is increased on peripheral blood neutrophils of COPD patients during
an acute exacerbation compared to stable disease. Furthermore, we showed that the levels of circulating sRAGE
are decreased in COPD patients during an exacerbation. The combined findings of increased levels of circulating
DAMPs and increased neutrophilic expression of DAMP receptors, further supports our hypothesis that DAMP
signaling contributes to the increase in airway inflammation during COPD exacerbations.
In chapter 10 we investigated whether CS exposure induces necrotic cell death and DAMP release in
neutrophils and whether these DAMPs are able to activate bronchial epithelial cells. In previous chapters we
describe a prominent role of airway epithelial cells in the initiation of CS-induced and DAMP-mediated airway
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inflammation. Here, we tested the hypothesis that neutrophils contribute to the chronicity and severity of this
process by acting as an additional source of DAMPs upon re-exposure to CS once the airway inflammation has
been induced. Because airway epithelial cells are the first cells to be encountered by inhaled toxicants, the
DAMP-mediated inflammatory response is likely to be initiated by airway epithelial cells, which subsequently
promotes the influx of neutrophils into the lungs. Consequently, these neutrophils are exposed to inhaled
toxicants, possibly leading to neutrophilic cell death and DAMP release. In chapter 10, we found that neutrophils
can undergo necrotic cell death and release DAMPs upon exposure to CS, and that these DAMPs are able to
activate primary bronchial epithelial cells. The immunostimulatory effects of these released DAMPs were partially
inhibited by blocking TLR2, TLR4 and RAGE, indicating the involvement of these receptors. Together, this chapter
describes that not only airway epithelial cells but also neutrophils are sensitive to CS-induced cell death and
DAMP release, indicating that neutrophilic cell death can aggravate the DAMP-mediated airway inflammatory
response seen in the lungs of COPD patients.
Finally, in chapter 11 we further explored the importance of RAGE signaling in COPD patients. Here, we
assessed whether there is an association of RAGE ligands and sRAGE with the severity of COPD and the decrease
in lung function. We measured the levels of sRAGE in serum and induced sputum and the accumulation of
advanced glycation end-products (AGEs) in the skin. COPD patients showed increased accumulation of AGEs
in the skin and lower sRAGE levels in serum compared to controls, and both of these values correlated with
lung function and the severity of COPD. Furthermore, lower serum sRAGE levels significantly and independently
predicted the accumulation of AGEs in the skin. Moreover, we identified two SNPs flanking the AGER gene,
which showed significant association with lower serum sRAGE levels and higher accumulation of AGEs in the
skin respectively. This chapter adds additional evidence to the theory that RAGE signaling is important in the
pathogenesis of COPD.
In summary, our studies support the concept of CS-induced DAMP release and subsequent neutrophilic
airway inflammation in the development of airway inflammation in COPD. Together, this thesis provides
extensive evidence for the DAMP theory for COPD, using both in vitro and in vivo models.
GENERAL DISCUSSION
With this thesis we aimed to test the DAMP theory for COPD, a novel concept that the inhalation of toxic gases
induces immunogenic cell death and subsequent DAMP release which will lead to chronic neutrophilic airway
inflammation in genetically susceptible individuals, which ultimately contributes to the development of COPD.
We provide several lines of support for this theory. First of all, we have shown using in vitro and in vivo models
that CS exposure induces immunogenic cell death and DAMP release from airway epithelial cells and that these
DAMPs are able to induce neutrophilic airway inflammation (Figure 1). This process of CS-induced neutrophilic
airway inflammation can be reduced by pharmacologically blocking the execution of necroptosis. Additionally,
inhibition of specific DAMPs like galectin-3 or DAMP receptors such as RAGE may also reduce CS-induced DAMP
release and subsequently airway inflammation. Secondly, we have shown that susceptibility for CS-induced
neutrophilic airway inflammation is associated with susceptibility for CS-induced DAMP release in a murine in
vivo model (Figure 2). Correspondingly, the intranasal application of LL-37 and mtDAMPs only induced airway
inflammation in mouse strains susceptible for CS-induced neutrophilic airway inflammation and DAMP release.
This indicates that release of DAMPs is a major factor in the susceptibility for CS-induced airway inflammation.
Furthermore, we found that several susceptibility genes for CS-induced DAMP release, including Ppt1, Elac2 and
Cflar, are involved in the regulation of cell death processes. These genes are likely to be associated with the early
inflammatory responses in COPD, although their relevance for human disease should be validated in future
studies. Lastly, we showed that RAGE signaling plays an important role in COPD pathophysiology. Most notably
during COPD exacerbations, for which we have shown that specific RAGE-activating DAMPs are increased in BAL
fluid and during which the expression of specific DAMP receptors is increased on peripheral blood neutrophils
(Figure 3).
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Figure 1: The DAMP theory for COPD. Schematic representation of the DAMP theory for COPD. In genetically
susceptible individuals and COPD patients inhalation of cigarette smoke induces exaggerated cellular damage
and immunogenic cell death, e.g. necrosis or necroptosis, of structural airway cells and immune cells. This causes
release of Damage Associated Molecular Patterns (DAMPs) which can activate Pattern Recognition Receptors (PRRs)
on neighboring epithelial cells and immune cells. The activated airway epithelial cells secrete pro-inflammatory
cytokines which attract cells of both the innate and the adaptive immune system. During COPD exacerbations the
amount of DAMPs that are released and the expression of PRRs is even further increased. This process can be reduced
using several inhibitors. Necroptosis can be pharmacologically inhibited by Necrostatin-1, RAGE can be inhibited
by sRAGE and RAGE Antagonistic Peptide (RAP) and DAMPs can be inhibited by specific antagonists including a
galectin-3 inhibitor. (see color image on page 217)
In conclusion, our studies support an important role for CS-induced DAMP release in the induction of airway
inflammation during the early stages of COPD and during exacerbations of this disease. Signaling of DAMPs
through their receptors is likely to be a critical step in the initiation of neutrophilic airway inflammation that
will eventually culminate in the chronic obstructive disease, for which no effective interventions exist to date.
We propose to further characterize DAMP profiles as biomarkers for disease susceptibility and PRRs and their
downstream signaling pathways as targets for intervention.
The cellular source of DAMPs in COPD; a role for macrophages in the cellular interplay responsible for DAMP
release in COPD
Although we have gathered substantial evidence to support the DAMP theory for COPD, many questions remain
to be answered. These questions include unraveling which immunogenic cell death modalities and types of
damage are induced upon cigarette smoke exposure and identification of the cellular source of the released
DAMPs in COPD patients. We provided evidence that the CS-induced and DAMP-mediated inflammatory
response is initiated by damage to airway epithelial cells and aggravated by CS-induced necrosis of neutrophils.
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Additionally, it was recently suggested that also airway macrophages are involved in the complex cellular
interplay during DAMP-mediated airway inflammation in COPD patients.35 In healthy individuals approximately
95% of the cells found in BAL fluid are alveolar macrophages.3 These macrophages are responsible for the
efficient phagocytosis, also called efferocytosis, of invading pathogens and apoptotic cells. The efferocytic
function of airway macrophages has been shown to be significantly impaired in COPD, as macrophages from the
airways of COPD patients were unable to efficiently clear apoptotic epithelial cells and neutrophils.62,30 Failure to
clear damaged cells can cause apoptotic cells to go into secondary necrosis, leading to the release of DAMPs.43
Efferocytosis by airway macrophages can be inhibited by HMGB1,32,56 which we and others have observed to

Figure 2: Genetic susceptibility determines the severity of DAMP or CS-induced neutrophilic airway inflammation. Inbred
mouse strains can be highly susceptible, totally non-susceptible or anything in between, for the onset of either DAMP- or CSinduced neutrophilic airway inflammation, based on their genetic background. One intranasal treatment with the DAMPs, LL-37 or
mitochondrial DAMPs (mtDAMPs) is sufficient to induce neutrophilic airway inflammation in susceptible mouse strains. Similarly,
five consecutive days of exposing mice to two times 10 cigarettes per day is sufficient to induce neutrophilic airway inflammation in
susceptible mice. Whether a mouse develops neutrophilic airway inflammation or not is dependent on susceptibility genes. Several
susceptibility genes for CS-induced neutrophilic airway inflammation and DAMP release have been identified. Multiple genes,
including Elac2, Ppt1 and Cflar are associated with cell death processes. Therefore, genetic susceptibility for CS-induced immunogenic
cell death may be involved in the onset of CS-induced neutrophilic airway inflammation in mice. (see color image on page 218)

175

XII

Chapter XII

Figure 3: Changes of the innate immune system during COPD exacerbations. Several molecules of the innate
immune system are increased or decreased during COPD exacerbations compared to stable disease. In serum, the
levels of the RAGE-activating DAMPs, S100A9, HMGB1 and LL-37 are increased compared to stable disease. The level
of soluble RAGE, an anti-inflammatory decoy receptor for RAGE is decreased in serum during COPD exacerbations. On
neutrophils the expression of TLR2 and TLR4 is increased, and inside neutrophils the expression of NLRP3 is increased
during COPD exacerbations. (see color image on page 219)
be increased in BAL fluid of COPD patients.68,31 Therefore, the dysfunctional efferocytosis of neutrophils and
airway epithelial cells by airway macrophages may also contribute to DAMP-induced airway inflammation in
COPD, in addition to the observed direct induction of epithelial cell and neutrophil necrosis by cigarette smoke
exposure. In our in vitro models macrophages were not present, which could account for the discrepancy with
our in vivo model, where genetic susceptibility for CS-induced DAMP release was associated with genes involved
in the regulation of cell death, while we did not observe differences in cell death between epithelial cells from
individuals susceptible and non-susceptible for COPD in vitro. The susceptibility for CS-induced necrosis and
subsequent DAMP release might in part be related to the ability of macrophages to phagocytose apoptotic
epithelial cells and neutrophils. In addition, the discrepancy between the in vitro and in vivo results with respect
to the finding that genetic susceptibility determines DAMP-induced inflammation in vivo, might be explained
by the notion that DAMP-induced inflammation may require gene-environment interaction in humans, which
was not taken into account in our in vitro assays. Furthermore, DAMP-induced inflammation may include genetic
factors, while the criteria for susceptibility in the human study relied merely on a genealogical study, and not all
susceptibility genes may be equally spread amongst first and second degree family members.
Susceptibility for COPD; your fate resides in your genes
One of the most important research questions of this thesis is whether DAMPs are involved in disease
susceptibility. To date, many susceptibility genes for COPD, including IL6R, MMP12, HHIP, AGER, FAM13A and
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CHRNA3 have been identified by candidate gene-association studies, linkage studies and genome wideassociation studies.9,23 However, these studies did not identify one or several distinct signaling pathways involved
in the development of COPD, and therefore the biological mechanisms that underlie the inception of COPD
are still not understood. The fact that so many different genes have been identified as susceptibility genes for
COPD is likely a consequence of COPD being a complex, multi-factorial disease that can be divided into different
endotypes. It is plausible that susceptibility for the emphysema endotype is controlled by different genes
compared to the bronchitis endotype. In this thesis we investigated the genetics of the early processes of CSinduced DAMP release and neutrophilic airway inflammation. These processes may contribute to the initiation
of chronic airway inflammation in COPD. The HAM analyses for both dsDNA release and neutrophilic airway
inflammation identified several genes involved in the regulation of cell death, indicating that susceptibility for
dysregulated cell death increases CS-induced DAMP release and subsequent neutrophilic airway inflammation.
Exposing multiple mouse strains to a damaging stimulus or environmental insult before performing HAM
analysis to identify candidate genes has proven to be successful before, as similar studies identified several
susceptibility genes for ventilator- ,55 chlorine-,54 acrolein-,53 and phosgene52-induced acute lung injury.
Three examples of genes we showed to be involved in CS-induced dsDNA release are Elac2, Ppt1 and
Cflar. Elac2 encodes the protein elaC ribonuclease Z 2, which catalyzes the removal of the 3’ tail from precursor
tRNAs. Interestingly, Elac2 is also involved in the regulation of cell death, as Elac2 is important for the DNA
damage response, which upon failure leads to the induction of cell death.75 We did not find dysregulated ELAC2
expression upon CS exposure in young individuals susceptible or non-susceptible for COPD and no studies have
been performed investigating the role of Elac2 in COPD to date, opening avenues for future research.
Ppt1 encodes the protein palmitoyl-protein thioesterase 1, a small glycoprotein which induces catabolism of
lipid-modified proteins upon lysosomal degradation. In similarity with Elac2 also Ppt1 is involved in the initiation
of apoptosis, as Ppt1 knock-out mice and PPT1 down-regulation in human cells showed decreased levels of
apoptosis.86,67 The function of PPT1 in COPD has yet to be uncovered, although recently it was shown in two
independent genome-wide association studies that SNPs within PPT2 were associated with emphysema and
lung function decline.46,59 However, it cannot be excluded that these signals derive from the strong association
of AGER with emphysema and lung function decline, as the AGER gene is in close proximity to PPT2.
CASP8 And FADD Like Apoptosis Regulator (Cflar), also called Cellular FLICE (FADD-like IL-1β-converting enzyme)inhibitory protein (C-FLIP), is another gene we identified to be a susceptibility gene for CS-induced dsDNA release.
This gene plays an important multifunctional role in the regulation of both the extrinsic apoptotic pathway
and the necroptotic pathway.77 In short, C-FLIP can form a heterodimer with Caspase-8 which prevents the
cleavage and thereby activation of Caspase-3, leading to failure to execute the extrinsic apoptotic pathway. In
addition, the formation of this Caspase-8:C-FLIP heterodimer also abolishes the inhibitory function of Caspase-8
on Receptor Interacting Serine/Threonine Kinase 3 (RIPK3), a key regulator of necroptosis, thereby stimulating
RIPK3-dependent and mixed lineage kinase domain like (MLKL)-mediated necroptosis.28 This places C-FLIP
at a crucial position on the balance between extrinsic apoptosis and necroptosis, subsequently contributing
to the decision whether a cell dies in a non-immunogenic (apoptotic) or immunogenic (necroptotic) fashion.
This provides a possible explanation for the association with CS-induced dsDNA release as necroptosis is
associated with DAMP release, while apoptosis is not. To date, the role of C-FLIP in COPD is completely unknown.
Nevertheless, our preliminary studies suggest an important role of C-FLIP in CS-induced apoptosis, necroptosis
and subsequent DAMP release studied in an in vitro model (data not shown).
Using both mouse and human studies we have added novel information useful for understanding the
complex genetics of CS-induced DAMP release and COPD. Novel genes and pathways were uncovered ultimately
pointing at a dysregulation of regulated cell death pathways in individuals susceptible for COPD. Future studies
should be aimed at addressing these regulated cell death pathways guiding lung structural and resident cells
towards less immunogenic cell death and mapping which genes in these pathways can be used as biomarker for
the early detection of susceptibility for COPD.
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DAMPs, a melting pot of molecules activating the immune system
The group of DAMP molecules consists of approximately 30 different molecules and this list is still growing.
Intracellularly these DAMPs possess a wide variety of functions, while upon release they all share the ability to
activate pattern recognition receptors on cells of the innate immune system.68 In this thesis we showed that
although all DAMPs possess similar functions upon release, there are specific DAMPs which are released in higher
levels upon CS exposure or are more potent in inducing airway inflammation. For most DAMPs the levels of CSinduced release were not different between COPD patients and controls. This indicates that in general the process
of CS-induced necrotic cell death and passive DAMP release in bronchial epithelial cells is not dysregulated
in airway epithelial cells from COPD patients. Of all the different DAMPs, our data indicate that galectin-3 is
of specific interest for COPD. Galectin-3 was more released upon CSE exposure by bronchial epithelial cells of
COPD patients compared to controls. This is in agreement with our GSEA analysis where the gene encoding
galectin-3 is one of the most significantly changed genes from our DAMP gene-set upon CS exposure in COPD
patients compared to controls and our murine study in which the BAL galectin-3 levels upon CS exposure are
related to susceptibility for neutrophilic airway inflammation. Furthermore, stimulation with galectin-3 induced
CXCL8 release in epithelial cells in vitro, and this response could be partly inhibited by blocking TLR2/4 in cells
from controls but not in cells isolated from COPD patients, indicating that the response towards galectin-3 is
differentially regulated in COPD patients compared to controls. These combined results identify galectin-3 as
a DAMP that may play an important role in COPD pathophysiology. Galectin-3 is a carbohydrate-binding lectin
which contains a carbohydrate-recognition-binding domain (CRD) binding β-galactose sugars. Galectin-3 has
been implicated in a wide variety of biological functions, including anti-microbial and anti-fungal functions,
cell adhesion, cell activation, chemo-attraction, cellular differentiation and apoptosis.93 In COPD patients the
expression of galectin-3 is increased in the small airway epithelium compared to smoking controls.66 Interestingly,
it has been shown that increased levels of extracellular galectin-3 can increase the efferocytic potential of
alveolar macrophages.61 Thus, the increased expression of galectin-3 upon CS exposure as observed in our study
may contribute to the impaired efferocytosis that has been observed in COPD patients.61,30 Additionally, it has
been shown that galectin-3 can be actively secreted via a non-conventional transport pathway dependent on
caspase-1 activation.39 Caspase-1 can be activated by extracellular ATP-activated NLRP3, as described in chapter
2, causing a potential positive feedback loop of DAMPs activating caspase-1, initiating the release of galectin-3,
which can then also act as a DAMP by activating β-galactose containing receptors like the pro-inflammatory
receptor β1-integrin.68 The conditions which induce active galectin-3 secretion are largely uncovered, although
it has been described that galectin-3 secretion is cell-type specific and dependent on cellular differentiation and
stress.41 It is plausible that these conditions are different in bronchial epithelial cells isolated from COPD patients
compared to controls. However, the increased mRNA expression of galectin-3 upon CS exposure identified in
our studies is the most likely explanation of why galectin-3 responses were found to be different between COPD
patients and controls but other DAMPs are not.
Galectin-3 is not the only DAMPs that is released in high levels upon CS exposure. Upon investigating CSinduced DAMP release in BAL fluid of mice, we found that the release profile of DAMPs differed strongly among
the different susceptible and non-susceptible mouse strains (chapter 6). In both mouse studies, we observed
that CS exposure differently affected the release of specific DAMPs. Different cell death pathways, including
necrosis, necroptosis, pyroptosis and autophagy in combination with the active secretion of specific DAMPs,
all contribute to the release of specific DAMPs.25,27,44 Until recently it was thought that apoptosis is a form of
non-immunogenic cell death, which does not induce the release of DAMPs. However, recently it was shown
that under specific conditions apoptosis can also be pro-inflammatory and cause DAMP release.27 Especially,
death receptor Fas-mediated and Cflar-dependent apoptotic cell death showed to induce the release of DAMPs,
including calreticulin.27 Interestingly, we identified Cflar as a susceptibility gene for dsDNA release in mice and
knockdown of CFLAR in human alveolar epithelial cells strongly associated with susceptibility for CS-induced
apoptotic cell death and DAMP release (See chapter 7). Together, we have shown that, although DAMPs can
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be considered as one group of molecules, they comprise a wide variety of molecules which are not all released
in a similar fashion. Specific conditions can induce the release of specific DAMPs, indicating the necessity to
investigate which DAMPs are key in COPD pathophysiology.
DAMP release during COPD exacerbations; cause, consequence or coincidence?
Exacerbations are episodes in which a sudden increase in symptoms takes place. This coincides with increased
inflammation and accelerated decline in lung function, resulting in a decreased quality of life and increased
hospitalization rates.5 The definition for COPD exacerbations is according to the WHO and GOLD “an event in
the natural course of the disease characterized by a change in baseline dyspnoea, cough, and/or sputum that
is beyond normal day-to-day variations, is acute in onset, and may warrant a change in medication strategy”.71
COPD exacerbations are heterogeneous events which can be induced by several causes. The number of
studies investigating the cause of exacerbations are limited and the results are greatly dependent on different
parameters, including the inclusion criteria, the used definition for exacerbation, medication used by the patients
and the method of detection of airway infections.92 The most common causes for COPD exacerbations are either
viral or bacterial airway infections and air pollution.92 The causal relationship between COPD exacerbations and
air pollution is hard to establish, however upon investigating the temporal relationship it was shown that there
is a strong correlation between the level of air pollution and the amount of exacerbations.48 Nevertheless, results
about the portion of COPD exacerbations induced by air pollution are greatly dependent on the geographical
location of the study subjects.48 It has been estimated that approximately two third of the exacerbations is
caused by either a viral or bacterial airway infection, leaving a large portion of the patients with unknown cause
of the exacerbation.92,5-6 In our studies investigating COPD exacerbations, we found in chapter 8 that only 28%
of the exacerbations was associated with either a bacterial or a viral airway infection, while in chapter 9 we
found that 86% of the exacerbations was associated with either bacterial or viral airway infection. This difference
is probably caused by variation in the study set-up. In chapter 8 patients experienced mild to moderate selfreported exacerbations, while in chapter 9 the patients experienced severe acute exacerbations needing
hospitalization, indicating that severe exacerbations are more associated with airway infections compared to
mild exacerbations. Very little is known to date about the role of DAMPs during COPD exacerbations. Previously,
it was shown that the levels of HMGB1 were higher in plasma during acute exacerbation compared to stable
disease.95 This was confirmed in our study also showing an increase in serum levels of HMGB1 during COPD
exacerbations. Furthermore, we showed that out of a panel of six DAMPs, HMGB1, S100A9 and LL-37 were
significantly higher in serum during an exacerbation compared to stable disease, while the serum levels of
dsDNA, galectin-3 and mtDNA were not different. The increased release of DAMPs may be either a cause or a
consequence of the increased inflammation during COPD exacerbations. It is possible that the increased level
of neutrophilic inflammation during COPD exacerbations coincides with higher levels of pro-inflammatory
cytokines, chemokines, elastase and other damaging proteins, leading to more cellular damage and thus higher
release of DAMPs. However, the fact that only specific DAMPs are increased during COPD exacerbations suggests
that the increased DAMP levels are not merely a result of dying (epithelial) cells. Furthermore, in chapter 9 we
showed that the expression of TLR2, TLR4 and NLRP3 is increased on peripheral blood neutrophils of COPD
patients during exacerbation compared to stable disease. In literature it was shown that there is no association
between the frequency of exacerbations and the expression of TLR2 or TLR4 in induced sputum.47 This suggests
that it is not the susceptibility for exacerbations but the type (cause) of exacerbation which is associated with
high DAMP levels. In summary, specific DAMPs and DAMP receptors are increased in COPD patients during
exacerbations, irrespective of infection, indicating that next to airway infections also levels of DAMP signaling
may be causally involved in part of the COPD exacerbations.
RAGE; more than just another DAMP receptor
Several chapters point out that RAGE-signaling is important in the pathophysiology of COPD. In chapter 8 we
showed that specifically RAGE-activating DAMPs are increased in serum of COPD patients during an exacerbation.
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Furthermore, in chapter 9 we showed that the decoy receptor for RAGE, sRAGE is decreased in serum during
exacerbations. Finally, in chapter 11 we showed that the levels of sRAGE and RAGE ligands are correlated with
the severity of COPD, further indicating the importance of this specific receptor in the pathophysiology of COPD.
RAGE is a multi-ligand pattern recognition receptor that belongs to the immunoglobulin super-family and to the
class of type I cell-surface receptors.45 In humans, RAGE is expressed at low levels in all tissues, and in lung tissue
it is even highly expressed,5 with the highest expression in type 1 alveolar epithelial cells.80 Ligands activating
RAGE comprise a wide variety of molecules, including Advanced Glycation End-products (AGEs), β-sheetfibrils, Amyloid-β-protein, Phosphatidylserine and DAMPs like HMGB1, S100A9 and LL-37.72 The fact that the
group of RAGE ligands comprises so many structurally different molecules is induced by the unusually large
positive surface change, which acts as a electrostatic trap for negatively charged molecules, a unique property
of the RAGE receptor.33 Upon activation of the RAGE receptor, NF-κB-dependent pro-inflammatory responses
are induced. Furthermore, under specific conditions RAGE-signaling is involved in other biological processes,
including cellular differentiation, proliferation, wound healing and apoptosis.4 Interestingly, it has recently been
shown that RAGE signaling is involved in alveolar tissue loss, as over-expression of RAGE has been shown to
induce spontaneous and progressive loss of alveolar structure, to induce leukocyte infiltration and culminate
in airspace enlargement in mice,70,84 while RAGE knock-out mice are significantly protected against CS- and
elastase-induced emphysema.78,91 Next to the membrane-bound form of RAGE, a free circulating soluble form
of RAGE exists (sRAGE), which can be produced by proteolytic cleavage of the membrane-bound form of RAGE
or by transcription of alternative splice variants lacking the transmembrane domain.7 soluble RAGE functions
as a decoy receptor, binding and inactivating free circulating RAGE ligands and preventing dimerization of
membrane-bound RAGE, which is necessary for down-stream signaling.79 In COPD patients it has been shown
that the levels of sRAGE are significantly lower compared to smoking and non-smoking controls,81,42 and are
associated with neutrophilic airway inflammation,85 recovery from an exacerbation,81 decline in FEV1,42 and
especially emphysema.18,21 Furthermore, during COPD exacerbations the plasma levels of sRAGE have been
shown to be decreased even further,81 a finding we were able to confirm in chapter 9 but not in chapter 8. This
difference between our two analyses might stem from differences in the COPD patient population studied: in
chapter 8 the exacerbations were relatively mild self-reported, while in chapter 9 the exacerbations were severe
acute exacerbations necessitating hospitalization. In chapter 11 we showed that the levels of sRAGE and the
accumulation of AGEs in the skin are associated with the severity of COPD. During the progression of COPD the
levels of AGEs increase with time as a consequence of the increased levels of reactive oxygen species,34,40 and
these RAGE ligands possibly bind to and inactivate free circulating sRAGE, ultimately inducing increased RAGE
activation.
Next to the decrease of sRAGE in COPD patients, the expression of the RAGE receptor was found to be
increased in mucosal cells, airway smooth muscle cells, macrophages and bronchial epithelial cells of COPD
patients compared to smoking and non-smoking controls.31 A role for RAGE in the pathophysiology of COPD is
further supported by the finding that the gene encoding RAGE, AGER, has been identified in several genomewide association studies as a susceptibility gene for lung function decline and COPD.19,73,22,94 The variance is
caused by a non-synonymous single nucleotide polymorphism (SNP), rs2070600, located on exon 3 in which
a glycine is changed into a serine in the minor allele. This SNP is exactly located in one of the two N-linked
glycosylation sides found in the ligand-binding domain of RAGE. In the minor allele the serine promotes
glycosylation leading to increased ligand binding and activation of RAGE.45 Increased activation of RAGE possibly
contributes to the inflammation and lung tissue damage seen in COPD patients.85 Interestingly, in our murine
genome-wide association studies investigating susceptibility for CS-induced DAMP release and neutrophilic
airway inflammation (Chapters 6 and 7), we did not identify AGER as a susceptibility gene. This may indicate
that RAGE is predominantly involved in the late responses upon chronic CS exposure, including alveolar tissue
damage leading to emphysema.
Next to RAGE, three other receptors for advanced glycation end-products are known, AGE-R1, AGE-R2 and
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AGE-R3 respectively. Interestingly, AGE-R3 is another name for galectin-3, which upon exposure at the cell
surface acts as receptor for AGEs.69,60 Upon binding of AGEs to cell surface galectin-3, the AGEs are internalized,
processed and subsequently detoxified by the lysosomal system, preventing the accumulation of AGEs.74
Possibly, the increased release of galectin-3 in COPD patients and smoke exposed mice seen in chapters 4 and
6 is the result of shedding and proteolytic cleavage of membrane-bound galectin-3. This could contribute to
the accumulation of AGEs in COPD patients seen in chapter 11. The accumulation of AGEs may contribute to
the excessive activation of RAGE in COPD patients, contributing to both airway inflammation and lung tissue
damage. Inhibition of this pathway may be a fruitful strategy which can be ultimately utilized as therapeutic
treatment in COPD patients. Specific blockage of RAGE using sRAGE is subject of future studies, whereas also
inhibition of galectin-3 might be a novel target to reduce airway inflammation and tissue damage. Inhibition of
the pro-inflammatory extracellular galectin-3 can be achieved using naturally occurring ligands, such as pectins,
or inhibitory peptides, which have been shown beneficial before in preventing heart failure, as described below.12
In summary, several of our studies indicate that RAGE signaling contributes to the pathophysiology of COPD,
providing a promising target for future studies investigating airway inflammation and lung tissue damage in
COPD.
In vitro and in vivo experimental cigarette smoke exposure models
The hypothesis that CS-induced DAMP release from airway epithelial cells initiates the inflammatory reaction
in COPD patients was tested by various experimental in vitro models using bronchial epithelial cells (See
chapters 3 and 4). Here, we cultured submerged bronchial epithelial cells, meaning in a monolayer without air
exposure. Although this is a widely applied method for studying cellular mechanisms in vitro that allows CSE
stimulations, there are some limitations to this experimental set-up.63 For instance, epithelial cell polarization and
differentiation into mucociliated cells only occurs upon exposure to air at the apical side.10 In our experimental
in vitro models, bronchial epithelial cells were exposed to CSE, where all hydrophilic particles from cigarette
smoke are dissolved in culture medium, which can be used to stimulate cells in various concentrations. In
agreement with our method of using freshly prepared CSE, it was shown that it is necessary to stimulate cells
with CSE immediately upon preparation, because the amount of fast reacting toxic compounds, like reactive
oxygen species (ROS), decreases over time upon preparation of CSE.87 Importantly, the hydrophobic, along with
the volatile compounds of cigarette smoke do not dissolve in CSE. This is physiologically relevant, as inhaled
smoke needs to dissociate through the mucus layer before reaching the epithelial cell layer, also diminishing
the volatile and hydrophobic compounds.87 The CSE preparation procedure is critical for interpreting data, as
different research groups use different protocols for CSE preparation. These protocols can differ in the number of
cigarettes, the volume of medium through which gas-phase CS has been led while preparing the CSE, the brand
of cigarettes, the method and duration of CSE storage prior to usage and whether the filters were removed or
not while smoking the cigarettes.87,10 All these differences in CSE can affect the outcome of the results, making
comparison between research groups challenging. Nevertheless, in vitro CSE exposure has proven to be a
relevant experimental model for smoking as it was shown that the genome-wide genetic changes in bronchial
epithelial cells from heavy smokers in vivo are strongly correlated with genetic changes induced by CSE exposure
in vitro.2,51,65
Additionally, the in vivo smoke exposure murine models utilized as experimental model for COPD and its
sub-phenotypes have been also subject to discussion.90,14 Firstly, the intranasal instillation of tissue-degrading
enzymes or chemicals can be used to quickly and potently induce emphysema in mice.82 Furthermore, a
combination of emphysema and airway inflammation can be induced by exposure of mice to cigarette smoke.
This can be done by nose-only or whole-body exposure.90 Long term exposure to cigarette smoke induces
emphysema, airway remodeling and airway inflammation, while short-term exposure of mice to smoke mainly
induces airway inflammation.14,89 In this thesis, we were interested in the early effects of cigarette smoke on
neutrophilic airway inflammation. Therefore, we used a short-term whole-body cigarette smoke exposure
model, exposing mice for five consecutive days with two exposures per day and ten cigarettes per exposure,
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leading to neutrophilic airway inflammation and airway hyper-responsiveness.50 Here, we showed that the level
of induced airway inflammation was strongly dependent on the used mouse strain (See chapter 5). Furthermore,
the level of airway inflammation in these models has also been shown to be dependent on the experimental
set-up, including the brand of cigarettes used, the number of cigarettes used, the instruments used for exposing
the mice and the exposure scheme.90 Another important consideration to take into account when interpreting
the data is the fact that susceptibility for neutrophilic airway inflammation upon short-term CS exposure and
susceptibility for emphysema upon long-term CS exposure do not necessarily overlap, as C57/Bl6J and A/J mice
are non-susceptible for CS-induced neutrophilic airway inflammation while these strains are amongst the most
susceptible strains for CS-induced emphysema.37,83 This indicates that additional genetic factors determine
whether CS exposure will ultimately lead to emphysema, at least in the mouse model. In summary, both for in
vitro and in vivo models the exact experimental protocol is important for the study outcomes, which illustrates
the need for international guidelines for the experimental usage of cigarette smoke, facilitating increased
reproducibility of data, ultimately increasing the scientific value of cigarette smoke research.
Future perspectives
COPD has a world-wide prevalence of more than 65 million people and is the cause of more than 3 million
deaths per year.64 Furthermore, COPD is a major cause of morbidity and mortality and patients often need
hospitalization.57 To date no curative treatments are available for COPD patients. Current treatment is aimed
at reducing the severity of symptoms, improve quality of life and reduce complications related to COPD.29,1
Thus, there is an urgent unmet medical need to develop novel therapeutic strategies for COPD and gain more
insight into the pathophysiology of COPD. Therefore, basic research investigating the various pathways and
biological processes involved in airway inflammation induced by chronic inhalation of toxic gases is paramount.
In particular investigating possibilities to pharmacologically induce lung tissue regeneration will be one of
the major challenges in the coming years. In this thesis we provided evidence that especially inhibitors for
necroptosis, RAGE signaling and galectin-3 might be used as therapeutic targets for COPD.
Until novel treatment options are available for COPD patients the most significant decrease in COPD
prevalence can be obtained by a change in behavior of individuals and nations. The most important change that
individuals can implement in order to decrease the chance of developing COPD and attenuate the decline in
lung function is to quit smoking. However, also other behavioral changes can reduce the progression of COPD,
including increased physical activity and consuming a more balanced diet.20,13 Furthermore, both national and
international politics can change the prevalence of COPD. Nations should commit to reduce the emission of toxic
gases by industry and individuals, thus reducing air pollution. Furthermore, the transportation sector should be
stimulated to reduce the emission of fine dust and exhaust fumes and individuals should be stimulated to give
up smoking. These changes are most needed in countries with the highest population densities and highest
levels of airway pollution, including China and India, which are also the countries with the highest prevalence
of COPD.64
With this thesis we have shown that airway epithelial cells go into necrosis and release immunogenic
DAMPs upon CS exposure and that this process is dysregulated in COPD patients. However, to fully unravel
the mechanism of CS-induced DAMP release and subsequent airway inflammation and to identify where this
process is different between COPD patients and controls, it is necessary to use novel state-of-the-art in vitro and
in vivo techniques. In the coming years air-liquid-interface (ALI) cultures will be necessary to further investigate
the mechanism of CS-induced DAMP release. In ALI cultures, epithelial cells polarize and differentiate into a
pseudostratified mucociliary epithelium, which reflects the in vivo situation better and may also impact the
expression and release of DAMPs. Furthermore, when grown in a trans-well system, ALI-differentiated epithelial
cells can be co-cultured with mesenchymal cell types, including fibroblasts and airway smooth muscle cells.
In order to reflect the in vivo situation even more closely. This also allows for the investigation of interaction
between different cell types in an in vitro setting. Lastly, ALI culture allows the epithelial cells to be exposed to
gas-phase CS at the apical side. Here, the gas-phase CS can dissolve into the mucus layer on the epithelial cells,
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mimicking the in vivo situation. Recently, in vitro culture models of the airways have evolved even further, as
the airway-on-a-chip system has been developed.8,49 This system consists of a co-culture of epithelial cells and
endothelial cells, with flowing medium at the basal side and flowing air at the apical side, which leads to a fully
differentiated airway epithelial layer. In this system gas-phase CS can be added to the apical side and immune
cells, e.g. neutrophils, can be added to the basal medium flow to investigate airway infiltration. Furthermore, also
the culture of primary airway material has developed recently. Increasingly, primary epithelial cells have been
cultured in 3D culture systems, first using gels consisting of extracellular-matrix proteins, e.g. Matrigel, collagen-I
gels, and later using ex vivo cultured precision-cut tissue slices.16,26,36 Recently, the Eickelberg research group
developed an elaborate 3D tissue culture system using thick lung slices obtained from primary lung material,
in which the 3D lung tissue cultures preserves lung structure and function for at least five days.88 Furthermore,
using vital and membrane-permeable dyes for live-cell imaging with 4D time-lapse confocal microscopy, it was
shown to be possible to study the kinetics of specific proteins in 3D tissue cultures over time.17 Moreover, 3D
lung tissue cultures can also be prepared from murine lungs, allowing several conditions to be tested in tissue
from one mouse, reducing the amount of animals needed for experiments. These techniques allow studying
the role of DAMPs on the 3D structure of the airways, e.g. investigating the effect of specific DAMPs on alveolar
tissue damage. Additionally, in the past years most basic research on COPD has been performed using CS as a
model. However, recently it has become clear that also other factors, e.g. exhaust fumes and air pollution, can
contribute greatly to the onset of COPD, as up to 30% of all COPD patients is currently a non-smoker.57 In vitro
and in vivo models should also implement other exposures next to CS, including diesel exhaust particles and fine
dust particles. This will increase the willingness of the general public to invest in research focused on COPD, as
this reduces the image of COPD as a self-inflicted disease. To date, no studies have been performed investigating
the effect of non-CS-related COPD-inducing stimuli on DAMP release from airway epithelial cells. Together, in
the coming years both in vitro and in vivo models for the investigation of COPD will change and will resemble
the in vivo model more accurately. This is necessary to fully understand the cellular and molecular mechanisms
involved in the pathophysiology of COPD.
With the knowledge obtained in this thesis several promising pharmacological targets have been identified
and are suitable for future studies. First, as shown in chapter 3 the inhibition of necroptosis using necrostatin-1
greatly reduces the amount of CS-induced DAMP release and airway inflammation using both in vitro and in
vivo models. Nevertheless, the therapeutic potential of necrostatin-1 has not been investigated to date. Today,
necroptosis inhibitors which are more potent and specific are available, including the selective RIP3 inhibitors
GSK’657 and GSK’840.58 Next to the inhibition of necroptosis also the inhibition of other immunogenic cell death
modalities, e.g. pyroptosis, paraptosis and NETosis should be investigated in relation to CS-induced DAMP release
and subsequent inflammation. Secondly, the inhibition of specific DAMPs or their receptors provides therapeutic
potential. Especially, RAGE-signaling is a potential target for future studies. RAGE is not only involved in DAMPmediated airway inflammation but is also involved in the development and progression of emphysema.70,78
Future experiments are planned to investigate the role of RAGE-signaling in CS-mediated tissue damage and
tissue repair. The inhibition of RAGE using either blocking peptides (RAGE antagonistic peptides) or recombinant
human sRAGE, might reduce the amount of alveolar tissue damage and DAMP release induced by CS exposure
and might even induce tissue regeneration. Next to RAGE also the inhibition of galectin-3 may have therapeutic
potential. Inhibition of galectin-3 can be achieved by application of scavenging naturally occurring molecules,
e.g. pectins, in the circulation or by treatment with specific inhibitory peptides.12 As membrane-bound RAGE and
galectin-3 are both receptors for AGEs, which are accumulated in COPD patients, a combination treatment with
inhibitors for both galectin-3 and RAGE might act synergistically.
In conclusion, with this thesis we have obtained evidence supporting the DAMP hypothesis for COPD.
Additional research using state-of-the-art in vitro and in vivo techniques is necessary to fully elucidate the role
of DAMPs in COPD. This might eventually lead to novel therapeutic targets, including RAGE, galectin-3 and
necroptosis which might reduce the chronic airway inflammatory reaction and induce lung tissue regeneration,
ultimately increasing the quality of life of COPD patients.
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Chapter 13

WAT IS COPD?
COPD is een verzamelnaam voor verschillende chronische obstructieve longziekten die gekenmerkt worden
door dezelfde symptomen. Het belangrijkste kenmerk is dat door een niet-reversibele en progressieve obstructie
in de luchtwegen het ademen bemoeilijkt wordt wat leidt tot ernstige benauwdheid, kortademigheid, hoesten,
piepende ademhaling, vermoeidheid en druk op de borst. Deze symptomen worden voornamelijk veroorzaakt
door twee pathofysiologische aandoeningen, chronische bronchitis en emfyseem. Chronische bronchitis is een
ontsteking in de bronchiën, wat gepaard gaat met een verhoogde slijmproductie, verdikking van de wanden
van de kleine luchtwegen en infiltratie van immuuncellen naar de longen. De chronische longontsteking bij
COPD patiënten wordt voornamelijk gekenmerkt door een massale influx in de longen van neutrofielen, een
type witte bloedcel van het aangeboren immuunsysteem welke veel ontstekingsbevorderende stoffen zoals
cytokines en chemokines uitscheidt. Verder kan chronische longontsteking ook leiden tot beschadigingen aan
het longweefsel, emfyseem genaamd. Emfyseem wordt gekenmerkt door weefselafbraak van de longblaasjes,
wat leidt tot minder elasticiteit van de longen en minder oppervlakte wat beschikbaar is voor de gaswisseling.
Er zijn COPD patiënten die alleen chronische bronchitis of emfyseem hebben, maar het merendeel heeft last
van zowel chronische bronchitis als ook emfyseem. COPD is een ernstige en slopende ziekte die leidt tot vele
beperkingen in het leven, verlaging van de kwaliteit van leven en uiteindelijk leidt tot de dood. In Nederland
waren in 2015 meer dan 600.000 patiënten met COPD, waarbij er elk jaar meer dan 45.000 nieuwe gevallen
bijkomen en er jaarlijks bijna 7.000 mensen aan COPD overlijden. De maatschappelijke en financiële impact
van deze ziekte is dan ook groot. De kosten voor astma en COPD tezamen binnen de gezondheidzorg zijn meer
dan 1,5 miljard euro per jaar, wat neerkomt op 1.7% van de totale kosten van de gezondheidszorg. Deze kosten
worden voor een groot deel veroorzaakt door de ruim 22.000 ziekenhuisopnames van COPD patiënten per jaar.
Veel COPD patiënten krijgen te maken met exacerbaties, dit zijn periodes waarin de symptomen plotseling
verergeren, hierbij is een ziekenhuisopname vaak noodzakelijk.
COPD wordt veroorzaakt door het langdurig inademen van toxische stoffen en gassen. In de westerse wereld
is roken de belangrijkste risicofactor, maar ook andere factoren kunnen COPD veroorzaken. Een recente studie
heeft laten zien dat 30% van alle COPD patiënten wereldwijd nooit heeft gerookt. In deze gevallen leidt het
inademen van andere toxische stoffen en gassen tot COPD, voorbeelden zijn uitlaatgassen, luchtvervuiling, stof
uit de kolenmijnen en het binnenshuis koken op houtvuur. COPD is een complexe ziekte waarbij naast chronische
blootstelling aan toxische stoffen ook een genetische predispositie noodzakelijk is voor het ontwikkelen van de
ziekte. Dit wordt geïllustreerd door het feit dat slechts 20% van alle rokers daadwerkelijk COPD ontwikkeld. Deze
mensen zijn dus genetisch gevoelig en ontwikkelen na chronische blootstelling COPD, terwijl de andere 80%
van de rokers genetisch minder gevoelig is waarbij de blootstelling niet genoeg is om COPD te ontwikkelen.
Maar doordat COPD een verzameling is van meerdere ziektes en het ziektebeeld en de oorzaak erg divers zijn
is het moeilijk gebleken aan te tonen welke genen verantwoordelijk zijn voor de gevoeligheid voor COPD.
Genoom brede associaties studies hebben meerdere genen ontdekt die betrokken zijn bij COPD, maar er is nog
geen duidelijk moleculair proces ontdekt die deze genen met elkaar verbindt. Ook blijkt het moeilijk te zijn de
resultaten te reproduceren in verschillende studies, wat waarschijnlijk veroorzaakt wordt door variaties in de
studiepopulatie. Deze variatie zit bijvoorbeeld in de ernst van COPD, het type COPD, het geslacht, de levensstijl,
de genetische achtergrond, de leeftijd en de rook gewoontes van patiënten. Dit toont aan dat er een dringende
noodzaak is aan studies die de genetica van COPD onderzoeken waarbij er onderscheid wordt gemaakt
tussen verschillende groepen van COPD patiënten, ook wel endotypes genoemd. Dit zal hopelijk leiden tot
het identificeren van genen die betrokken zijn bij de ontwikkeling van COPD in specifieke groepen patiënten,
wat kan bijdragen aan meer ‘behandeling op maat’, waarbij patiënten een behandeling krijgen die veel meer
is toegespitst op het persoonlijke ziektebeeld. Binnen dit proefschrift hebben wij hier aan bijgedragen door
specifiek de genetica van neutrofiele luchtwegontsteking veroorzaakt door acute sigarettenrook blootstelling
te onderzoeken.
Tot op heden is er nog geen behandeling beschikbaar voor COPD patiënten welke leidt tot genezing.
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De huidige behandeling is dan ook gericht op het verminderen van de symptomen, het verbeteren van de
kwaliteit van leven en het verminderen van complicaties die samenhangen met COPD. Momenteel worden er
verschillende medicijnen voorgeschreven aan COPD patiënten, variërend van luchtwegverwijders en antibiotica
tot ontstekingsremmende inhalatie corticosteroïden. Ook komen combinaties van deze medicijnen vaak
voor. Helaas varieert de effectiviteit van de medicatie van patiënt tot patiënt en geen enkele behandeling is
in staat om de progressie van de ziekte helemaal te stoppen. Een grote groep COPD patiënten is ongevoelig
voor behandeling met corticosteroïden, deze ongevoeligheid komt veel voor in COPD patiënten met een
voornamelijk eosinofiele luchtwegontsteking en patiënten die veel exacerbaties hebben. Tevens is er geen
enkele behandeling die zorgt dat het beschadigde longweefsel weer volledig herstelt. Dit tezamen illustreert de
noodzaak tot het identificeren van nieuwe behandelmogelijkheden voor COPD patiënten. Voor het ontwikkelen
van nieuwe medicijnen is het noodzakelijk dat de volledige onderliggende moleculaire en celbiologische
processen bekend zijn, zodat de juiste moleculaire remmers gebruikt kunnen worden voor de behandeling van
COPD patiënten.
Hoe kunnen DAMPs bijdragen aan het ontwikkelen van COPD?
Tot op heden is er nog veel onbekend over de onderliggende pathofysiologie van COPD. Maar steeds meer
onderzoek laat zien dat bepaalde lichaamseigen signaalmoleculen, ofwel DAMPs, betrokken zijn bij COPD.
DAMPs zijn moleculen die vrijkomen wanneer een cel beschadigd raakt of wanneer een cel dood gaat op een
niet natuurlijke manier. Een vorm van niet natuurlijke celdood is necrose, een ongereguleerd proces waarbij
de cel kapot knapt. Dit gebeurt wanneer de cel zodanig beschadigd is dat het zichzelf niet meer kan repareren
of laten opruimen door het immuunsysteem. Het vrijkomen van DAMPs is een methode van het lichaam om
het immuunsysteem te waarschuwen dat er schade en celdood plaatsvindt en dat er dus snel actieve immuun
cellen naar die plaats moeten migreren. DAMPs zijn een groep sterk van elkaar verschillende moleculen. Op
het moment dat ze nog in de cel zitten vervullen deze moleculen allerlei normale fysiologische functies en
slechts wanneer ze buiten de cel komen krijgen alle DAMPs een vergelijkbare functie. Namelijk het activeren
van het immuunsysteem middels binding aan zogenaamde pattern recognition receptoren (PRRs). Deze
PRRs zitten op de buitenkant van immuun cellen en werken als sensoren om de cel te activeren wanneer er
gevaar is. Er zijn verschillende PRRs, zoals Toll-Like Receptoren (TLRs) en de Receptor for Advanced Glycation
End-products (RAGE), die allemaal geactiveerd worden door specifieke DAMPs. PRRs zitten op cellen van
het aangeboren immuunsysteem, zoals neutrofielen en macrofagen maar ook op epitheelcellen. PRRs zijn
ontdekt als receptoren voor moleculen afkomstig van lichaamsvreemde pathogenen, zoals ziekteverwekkende
bacteriën en virussen. Maar in de jaren ’90 is aangetoond dat deze receptoren ook geactiveerd kunnen worden
door lichaamseigen moleculen, de DAMPs. Wanneer DAMPs aan PRRs binden en deze activeren dan leidt dit
tot activatie van verschillende intracellulaire moleculen zoals NF-κB, wat uiteindelijk leidt tot de uitscheiding
van ontstekingsbevorderende signaalstoffen (cytokines). Deze cytokines trekken dan weer cellen van het
immuunsysteem aan, en activeren deze cellen zodat er een ontsteking ontstaat.
In dit proefschrift onderzoeken wij de hypothese dat het vrijkomen van DAMPs bijdraagt aan de neutrofiele
luchtwegontsteking in COPD. Onze hypothese is dat het inhaleren van toxische gassen en stoffen leidt tot schade
aan het luchtwegepitheel, de eerste fysieke barrière die bescherming biedt tegen schadelijke ingeademde
stoffen. Door de schade aan het epitheel gaan epitheelcellen op een niet-gereguleerde, necrotische manier
dood wat leidt tot de grootschalige vrijkomst van DAMPs. Deze DAMPs activeren naburige epitheelcellen via
de PRRs, en verspreiden zich via de bloedbaan door de rest van het lichaam waar ze ook direct immuuncellen
kunnen activeren. De geactiveerde epitheelcellen produceren dan pro-inflammatoire cytokines zoals TNF, IL-6
en IL-8 welke witte bloedcellen kunnen aantrekken en activeren (Figuur 1). In COPD leidt dit voornamelijk tot
een influx van neutrofielen in de longen. Wanneer deze neutrofielen niet netjes worden opgeruimd door het
immuunsysteem, gaan de neutrofielen dood via necrose wat weer leidt tot het vrijkomen van DAMPs. Op deze
manier ontstaat er een vicieuze cirkel waarbij het inhaleren van toxische stoffen en gassen leidt tot neutrofiele
luchtwegontsteking en waarbij deze ontsteking aanhoudt, zelfs na het stoppen met inhaleren van toxische
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Figuur 1: Sigarettenrook-geïnduceerde vrijkomst van DAMPs en luchtwegontsteking in COPD. Chronische inhalatie van
sigarettenrook leidt in genetisch gevoelige individuen tot immunogene celdood van luchtwegepitheelcellen en neutrofielen. Bij
dit proces komen DAMPs vrij welke ‘Pattern Recognition Receptoren (PRRs)’ op het epitheel kunnen activeren. De geactiveerde
epitheelcellen produceren vervolgens pro-inflammatoire cytokines zoals IL-6, IL-8 en TNF. Deze cytokines tezamen met de directe
effecten van DAMPs leiden tot het aantrekken en activeren van cellen van zowel het aangeboren als het verworven immuunsysteem,
wat uiteindelijk leidt tot de chronische luchtwegontsteking zoals aanwezig is in COPD patiënten. Tijdens COPD exacerbaties is dit
proces verergerd. In toekomstige studies wordt getracht dit proces te remmen door specifieke DAMPs te remmen, de DAMP receptoren
te remmen of het proces van immunogene celdood te remmen. (see color image on page 220)

stoffen. Verder veronderstellen wij dat dit alleen plaatsvindt in genetisch gevoelige individuen. In dit proefschrift
wordt ook onderzocht welke genen betrokken zijn bij de gevoeligheid voor het vrijkomen van DAMPs na
rookblootstelling. Samenvattend is het doel van dit proefschrift om bewijs te verzamelen wat de hypothese
ondersteunt dat het vrijkomen van DAMPs in de luchtwegen na blootstelling aan geïnhaleerde toxische stoffen
leidt tot chronische neutrofiele luchtwegontsteking in genetische gevoelige individuen.
Wat maakt RAGE zo bijzonder?
Hoewel er steeds meer bewijs verzameld wordt dat het collectief van DAMPs en hun receptoren tezamen
betrokken is bij COPD is er één receptor die een speciale rol in de pathofysiologie van COPD lijkt te spelen. De
laatste jaren is uit steeds meer studies gebleken dat de RAGE receptor op meerdere fronten betrokken is bij
COPD. De RAGE receptor behoort tot de immunoglobuline superfamilie en komt in het hele lichaam in lage
concentraties tot expressie. De hoogste expressie van RAGE komt voor in de longen, vooral op epitheelcellen van
de longblaasjes is de expressie van RAGE hoog. RAGE heeft de bijzondere eigenschap dat het vele liganden kan
binden, dit wordt voornamelijk veroorzaakt door het sterk positief geladen extracellulaire domein, wat fungeert
als elektrostatische val voor negatief geladen moleculen. Oorspronkelijk werd RAGE beschreven als receptor
voor advanced glycation end-products (AGEs), wat moleculen zijn waarbij de suiker-groepen irreversibel zijn
gemodificeerd en welke ophopen in het lichaam tijdens het ouder worden en welke door voedselopname
(voornamelijk zwart gebraden vlees) in het lichaam kunnen worden opgenomen. Maar later is gebleken dat
ook vele andere eiwitten RAGE kunnen activeren, zoals de DAMPs HMGB1, S100 eiwitten en LL-37. Activatie van
de RAGE receptor zorgt ervoor dat de cel nog meer RAGE tot expressie brengt, zodat er een nog efficiëntere
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immuun respons geïnduceerd kan worden. Te veel activatie van de RAGE receptor kan schadelijke effecten
hebben. Het lichaam wapent zich hiertegen door de productie van soluble RAGE (sRAGE) te verhogen, een vorm
van RAGE die vrij in het bloed voorkomt en de activiteit van RAGE verminderd door liganden weg te vangen
zodat ze niet meer het membraangebonden RAGE kunnen activeren en door aan RAGE zelf te binden zodat het
geen dimeer kan vormen wat noodzakelijk is voor de activatie.
In COPD patiënten is gevonden dat de expressie van RAGE significant verhoogd is op meerdere celtypes in
de longen, o.a. alveolaire en bronchiale epitheelcellen en gladde spiercellen, in vergelijking met rokende en nietrokende gezonde vrijwilligers. Tevens hebben wij en anderen gevonden dat de endogene remmer van RAGE,
sRAGE, verlaagd is in het bloed van COPD patiënten (Hoofdstuk 11) en dat dit nog verder daalt tijdens een
acute escalatie van de symptomen (een COPD exacerbatie) (Hoofdstuk 8, 9). Ook zijn de liganden die leiden tot
RAGE activatie verhoogd in COPD patiënten (Hoofdstuk 2, 11), en verder verhoogd tijdens COPD exacerbaties
(Hoofdstuk 8). Tezamen leidt dit ertoe dat de activatie van RAGE is verhoogd in de longen van COPD patiënten,
wat kan bijdragen aan chronische ontsteking van de luchtwegen. Recentelijk onderzoek heeft laten zien dat
RAGE niet alleen kan bijdragen aan ontsteking in de longen maar ook kan bijdragen aan de weefselschade van
de longblaasjes. Muizenstudies hebben laten zien dat wanneer de expressie van RAGE verhoogd wordt in de
longen dat de muizen dan spontaan emfyseem ontwikkelen. Wanneer de expressie van RAGE niet verhoogd
maar juist verlaagd wordt in de longen, zijn de muizen juist beter beschermd tegen emfyseem.
Verder hebben genoom brede associatie studies laten zien dat het gen dat codeert voor RAGE geassocieerd
is met afname in longfunctie en COPD. Deze associatie lijkt grotendeels gestuurd te zijn door één variabele positie
in het gen. Zo’n variabele positie in het genoom wordt een SNP genoemd. Deze specifieke SNP (rs2070600)
bevindt zich precies in één van de twee locaties van RAGE die suikergroepen kunnen binden. In ongeveer 6%
van de bevolking zorgt deze SNP ervoor dat het 82ste animozuur van RAGE verandert van een Glycine in een
Serine, wat er weer toe leidt dat deze positie veel beter suikergroepen kan binden en daardoor beter liganden
kan binden. Meerdere studies hebben een sterke associatie gevonden tussen deze SNP en COPD maar hoe deze
aminozuurverandering precies bijdraagt aan COPD is nog onderwerp van lopende onderzoeken.
Concluderend, het bewijs dat RAGE betrokken is bij de pathofysiologie van COPD groeit gestaag. De
laatste jaren is aangetoond dat de expressie van RAGE en de concentraties van RAGE liganden verhoogd zijn
in COPD patiënten terwijl de hoeveelheden sRAGE juist verlaagd zijn. Verder is het gen dat codeert voor RAGE
in meerdere studies geïdentificeerd als gevoeligheids-gen voor COPD. In dit proefschrift hebben wij uitgezocht
welke RAGE liganden het meest verhoogd zijn in COPD patiënten en tijdens exacerbaties en onderzochten wij
hoe dit associeert met de afname in sRAGE. Toekomstig onderzoek is nodig om de exacte rol van RAGE in COPD
te ontrafelen.
SAMENVATTING PER HOOFDSTUK
Hoofdstuk 1 geeft een introductie over COPD, neutrofiele luchtwegontsteking en DAMPs en geeft een
overzicht van de belangrijkste veronderstellingen per hoofdstuk. Terwijl in Hoofdstuk 2 een literatuurstudie
wordt gepresenteerd van de beschikbare data over de rol van DAMPs in COPD. Dit hoofdstuk laat zien dat
er vele DAMPs zijn die een mogelijke rol spelen in de pathofysiologie van COPD. Hier wordt een overzicht
gepresenteerd van welke DAMPs verhoogd of verlaagd aanwezig zijn in longvloeistof, serum of sputum van
COPD patiënten in vergelijking met al dan niet rokende gezonde vrijwilligers. Tevens wordt een classificatie van
DAMPs voorgesteld gebaseerd op de fysiologische intracellulaire locatie, zoals het cytoplasma, sub-cellulaire
organellen, mitochondriën en de extracellulaire matrix.
In Hoofdstuk 3 onderzochten wij hoe het blootstellen van longepitheelcellen aan sigarettenrook
kan bijdragen aan luchtwegontsteking. Hier hebben wij laten zien dat het bloostellen van gekweekte
longepitheelcellen aan sigarettenrook leidt tot necrotische celdood en het vrijkomen van DAMPs. Verder
laten wij zien dat deze vrijgekomen DAMPs weer andere epitheelcellen kunnen activeren wat leidt tot de
uitscheiding van ontstekingsbevorderende cytokines. Met behulp van een muizenstudie hebben wij laten
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zien dat dit mechanisme niet alleen in het lab werkt maar ook in levende organismen. Hier hebben wij muizen
blootgesteld aan sigarettenrook en laten zien dat dit leidt tot het vrijkomen van DAMPs en longontsteking.
Een andere belangrijke vinding in dit hoofdstuk is dat wanneer necroptose, een gereguleerde vorm van
necrose, farmacologisch geremd wordt, er dan veel minder DAMPs vrijkomen en longontsteking ontstaat
zowel in muizen als in epitheelcellen op het laboratorium. Dit betekent dat sigarettenrook-geïnduceerde
longontsteking in personen gevoelig voor het ontwikkelen van COPD mogelijkerwijs geremd kan worden door
het vrijkomen van DAMPs of necroptotische celdood te remmen. Samenvattend laat dit hoofdstuk voor het eerst
zien dat sigarettenrook leidt tot het vrijkomen van DAMPs uit longepitheelcellen welke kunnen bijdragen aan
longontsteking in COPD patiënten.
Dit concept hebben wij verder uitgediept in Hoofdstuk 4, waar wij hebben onderzocht of het sigarettenrookgeïnduceerde vrijkomen van DAMPs bijdraagt aan de gevoeligheid voor het ontwikkelen van COPD. Hiertoe
hebben wij longepitheelcellen van COPD patiënten en gezonde vrijwilligers blootgesteld aan sigarettenrook
extract en een selectie van DAMPs gemeten. De epitheelcellen van COPD patiënten scheiden minder S100A8
en meer Galectin-3 uit na rook bloostelling. Ook scheiden de epitheelcellen van COPD patiënten meer van de
ontstekingsbevorderende cytokine IL-8 uit na stimulatie met recombinant Galectin-3. Het lijkt er dus op dat
de respons van specifieke DAMPs anders is in COPD patiënten in vergelijking met gezonde vrijwilligers. In
dit hoofdstuk hebben wij ook laten zien dat wanneer muizen via de neus behandeld worden met specifieke
DAMPs (LL-37 of mitochondriale DAMPs) er een heftige inflammatoire reactie in de longen optreedt, maar dat
dit alleen gebeurt in muizen die genetisch gevoelig zijn voor het ontwikkelen van sigarettenrook-geïnduceerde
neutrofiele luchtwegontsteking. Dit laat dus zien dat de gevoeligheid voor het ontwikkelen van neutrofiele
luchtwegontsteking door sigarettenrook sterk geassocieerd is met het vrijkomen van DAMPs. Ten slotte
hebben wij in dit hoofdstuk laten zien dat de genexpressie van DAMPs sterker stijgt na rookblootstelling in het
luchtwegepitheel van COPD patiënten in vergelijking met gezonde vrijwilligers en dat dit verschil al aanwezig is
in jonge gezonde personen die een genetische aanleg hebben voor het ontwikkelen van COPD.
In voorgaande hoofdstukken hebben wij laten zien dat er een sterke associatie bestaat tussen de
gevoeligheid voor sigarettenrook-geïnduceerde neutrofiele luchtwegontsteking en het vrijkomen van DAMPs.
Maar tot op heden is het onbekend welke genen verantwoordelijk zijn voor sigarettenrook-geïnduceerde
luchtwegontsteking. In hoofdstuk 5 zochten wij dat uit middels een muizenstudie. Hier werden 30
verschillende inteelt muizenstammen blootgesteld aan sigarettenrook en werd een genoom brede associatiestudie uitgevoerd om de genen te identificeren die geassocieerd zijn met sigarettenrook-geïnduceerde
neutrofiele luchtwegontsteking. In deze studie hebben wij 4 genen geïdentificeerd die geassocieerd zijn met
basale neutrofiele ontstekingslevels en 5 genen die specifiek betrokken zijn bij sigarettenrook-geïnduceerde
neutrofiele luchtwegontsteking. Voor 3 van deze genen hebben wij aangetoond dat de genexpressie levels in
longweefsel correleert met de gevoeligheid voor sigarettenrook-geïnduceerde neutrofiele luchtwegontsteking.
Voortbordurend op het vorige hoofdstuk hebben wij in Hoofdstuk 6 een selectie gemaakt van 4
muizenstammen die tezamen het hele spectrum van gevoelig tot ongevoelig voor sigarettenrook-geïnduceerde
luchtwegontsteking beslaat. In deze 4 muizenstammen hebben wij een groep van 6 DAMPs gemeten en
laten zien dat verschillende DAMPs een andere associatie met sigarettenrook-geïnduceerde neutrofiele
luchtwegontsteking hebben. Op deze manier hebben wij een DAMP-vrijkomst profiel opgesteld die correleert
met sigarettenrook-geïnduceerde neutrofiele luchtwegontsteking.
In Hoofdstuk 7 hebben wij een vergelijkbare studie uitgevoerd als in Hoofdstuk 5 waarbij wij in dit geval
28 verschillende inteelt muizenstammen hebben blootgesteld aan sigarettenrook. Het doel van deze studie
was om uit te zoeken welke genen verantwoordelijk zijn voor de genetische gevoeligheid voor sigarettenrookgeïnduceerde vrijkomst van DAMPs. Hiertoe hebben wij 4 DAMPs gemeten in longvloeistof van al deze muizen.
De DAMP dsDNA laat de sterkste associatie zien met neutrofiele luchtwegontsteking en na een genoom brede
associatie studie hebben wij 11 genen geïdentificeerd die geassocieerd zijn met basale of rook-geïnduceerde
dsDNA concentraties in longvloeistof. Twee genen, Elac2 en Ppt1, laten een veranderde genexpressie zien in
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longweefsel van muizen gevoelig en ongevoelig zijn voor sigarettenrook-geïnduceerde dsDNA vrijkomst. Via
functionele laboratorium studies hebben wij laten zien dat deze genen ook in humane longepitheelcellen
betrokken zijn bij sigarettenrook-geïnduceerde celdood en het vrijkomen van dsDNA. Ten slotte hebben
wij laten zien dat twee andere, door ons geïdentificeerde genen een verschillende genexpressie hebben na
rookblootstelling in jonge gezonde vrijwilligers die al dan niet genetisch gevoelig zijn voor het ontwikkelen
van COPD. Dit hoofdstuk laat dus zien dat er een genetische basis ten grondslag ligt aan sigarettenrookgeïnduceerde vrijkomst van DAMPs.
In Hoofdstuk 8 onderzochten wij de rol van DAMPs tijdens COPD exacerbaties. Tijdens deze periodes van
heftige symptomen zijn vele ontstekingsparameters verhoogd. Hier bestudeerden wij of de concentraties van
9 DAMPs verhoogd waren in serum en sputum van COPD patiënten wanneer deze een exacerbatie hadden in
vergelijking met wanneer deze mensen in de stabiele fase van de ziekte zaten. Wij vonden dat 3 van de 9 DAMPs
verhoogde concentraties in serum lieten zien tijdens een exacerbatie terwijl geen enkele DAMP in sputum
verhoogd was. Deze drie DAMPs zijn allemaal agonisten van de RAGE receptor, wat impliceert dat vooral RAGE
activatie belangrijk is voor de luchtwegontsteking tijdens COPD exacerbaties. Daarom hebben wij ook nog de
natuurlijke remmer van RAGE, sRAGE, gemeten in deze patiënten en laten zien dat sRAGE verlaagd is in serum
van COPD patiënten tijdens een exacerbatie in vergelijking met stabiele ziekte.
Om de rol van DAMP receptoren tijdens COPD exacerbaties verder te onderzoeken hebben wij in Hoofdstuk
9 de genexpressie van 5 DAMP receptoren gemeten in neutrofielen van COPD patiënten tijdens een exacerbatie
en tijdens stabiele ziekte. Hier vonden wij dat de genexpressie van TLR2, TLR4 en NLRP3 verhoogd is tijdens COPD
exacerbaties. Vreemd genoeg is de expressie van RAGE niet verhoogd in neutrofielen tijdens COPD exacerbaties,
dus die reactie lijkt voornamelijk gedreven te zijn door meer RAGE liganden en minder sRAGE. Wel vonden wij
in overeenstemming met hoofdstuk 8 dat de concentratie van sRAGE in serum van COPD patiënten tijdens een
exacerbatie verlaagd is in vergelijking met wanneer deze patiënten in de stabiele fase van de ziekte zitten.
In Hoofdstuk 10 onderzochten wij de rol van neutrofielen in sigarettenrook-geïnduceerde vrijkomst
van DAMPs en luchtwegontsteking. Met een humane en een muizen studie hebben wij laten zien dat de
hoeveelheid neutrofielen in de longvloeistof meteen na het roken sterk daalt en daarna weer toeneemt. Dit
wijst erop dat de neutrofielen door de blootstelling aan rook massaal via necrose doodgaan. Met laboratorium
studies hebben wij aangetoond dat bloostelling van neutrofielen aan sigarettenrook de mitochondriale functie
verminderd, de gereguleerde apoptotische celdood remt en ongereguleerde necrotische celdood stimuleert en
op grote schaal het vrijkomen van DAMPs induceert. Verder zijn DAMPs afkomstig van neutrofielen in staat om
longepitheelcellen te activeren. Dit hoofdstuk toont dus aan dat het proces van sigarettenrook-geïnduceerde
vrijkomst van DAMPs en luchtwegontsteking niet alleen afhankelijk is van necrotische epitheelcellen maar dat
ook necrotische neutrofielen hieraan bijdragen.
In Hoofdstuk 11 onderzochten wij de rol van RAGE in COPD in meer detail. Hier hebben wij laten zien dat de
ophoping van advanced glycation end-products (AGEs), liganden van de RAGE receptor, verhoogd is in de huid
COPD patiënten en dat de concentratie van sRAGE verlaagd is in plasma van COPD patiënten. Beide waardes
vertonen een associatie met afname in longfunctie. Ook hebben wij twee variabele posities in het DNA (SNPs)
gevonden, in de buurt van het gen coderend voor RAGE, waarvan de ene geassocieerd is met de gen- en eiwitexpressie van RAGE in COPD patiënten en de andere geassocieerd is met hoeveelheid ophoping van AGEs in de
huid. Dit hoofdstuk beschrijft dat AGEs zich ophopen in de huid maar niet in het plasma, sputum of in biopten
van COPD patiënten. Verder laat dit hoofdstuk zien dat RAGE activatie waarschijnlijk erg belangrijk is in COPD
alwaar er een sterkte correlatie is van de ernst van COPD met de concentraties van sRAGE en AGEs.
Ten slotte geeft Hoofdstuk 12 een samenvatting van dit proefschrift. Tevens wordt de rol van DAMPs in
COPD bediscussieerd en wordt beschreven dat ook andere nog niet onderzochte celtypes zoals macrofagen
betrokken kunnen zijn bij dit proces. Ook het belang van genetische aanleg bij het proces van sigarettenrookgeïnduceerde vrijkomst van DAMPs en luchtwegontsteking wordt hier beschreven. Evenals de functie van DAMPs
tijdens COPD exacerbaties, welke nog grotendeels onbekend is. Het zou kunnen zijn dat de verhoogde DAMP
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concentraties de oorzaak zijn van een exacerbatie maar het zou ook kunnen zijn dat de exacerbatie als gevolg
heeft dat de hoeveelheid vrijgekomen DAMPs stijgt. Vervolgens beschrijft dit hoofdstuk nog de intrigerende rol
van RAGE in COPD en de kansen en beperkingen van de beschikbare laboratorium technieken voor het COPD
onderzoek. Als laatste wordt een visie gegeven op de toekomst van het DAMP onderzoek in COPD.
CONCLUSIE
In dit proefschrift werd onderzocht wat de rol van DAMPs is in de pathofysiologie van COPD. De algemene
hypothese van dit proefschrift is dat blootstelling van de longen van genetisch gevoelige individuen aan
toxische gassen leidt tot immunogene celdood gevolgd door het vrijkomen van DAMPs wat significant bijdraagt
aan de neutrofiele luchtwegontsteking in COPD. Dit proefschrift levert meerdere lijnen van bewijs aan die deze
hypothese ondersteunen. Ten eerste laten wij zien met behulp van zowel laboratorium als muismodellen dat
blootstelling van luchtwegepitheelcellen aan sigarettenrook leidt tot immunogene celdood en de vrijkomst
van DAMPs en dat deze DAMPs in staat zijn om neutrofiele luchtwegontsteking te veroorzaken (Figuur 1). Dit
proces van sigarettenrook-geïnduceerde DAMP vrijkomst en luchtwegontsteking kan farmacologisch geremd
worden doormiddel van een necroptose remmer, wat de therapeutische potentie van deze remmers illustreert.
Toekomstig onderzoek zal moeten uitwijzen of ook remmers voor specifieke DAMPs of DAMP receptoren in
staat zijn om dit proces efficiënt te stoppen, zonder te veel bijwerkingen. Ten tweede hebben wij laten zien dat
de gevoeligheid voor sigarettenrook-geïnduceerde luchtwegontsteking geassocieerd is met de gevoeligheid
voor sigarettenrook-geïnduceerde vrijkomst van DAMPs in een muismodel (Figuur 2) en in humane studies.

Figuur 2: Genetische gevoeligheid bepaald of muizen luchtwegontsteking ontwikkelen na rook of DAMP blootstelling.
Er zit verschil in gevoeligheid voor het ontwikkelen van neutrofiele luchtwegontsteking tussen de verschillende muizenstammen.
Na blootstelling aan sigarettenrook of na behandeling met de DAMPs LL-37 of mitochondriale DAMPs (mtDAMPS) via de neus
ontwikkelen sommige muizenstammen neutrofiele luchtwegontsteking en andere muizenstammen niet. Specifieke genen betrokken
bij het reguleren van celdood, zoals Elac2, Ppt1 en Cflar, zijn verantwoordelijk voor de genetische gevoeligheid voor het ontwikkelen
van sigarettenrook-gemedieerde DAMP vrijkomst en luchtwegontsteking. (see color image on page 221)
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Dit is in overeenstemming met onze vinding dat een toediening van specifieke DAMPs in de neus van muizen
alleen luchtwegontsteking veroorzaakt in muizenstammen die genetisch gevoelig zijn voor het ontwikkelen
van sigarettenrook-geïnduceerde neutrofiele luchtwegontsteking. Dit laat zien dat DAMPs een belangrijke
factor zijn in de gevoeligheid voor sigarettenrook-geïnduceerde luchtwegontsteking. Verder hebben wij
gevoeligheidsgenen voor het sigarettenrook-geïnduceerde vrijkomen van DAMPs geïdentificeerd waarvan er
meerdere, zoals Ppt1, Elac2 en Cflar, betrokken zijn bij de regulatie van celdood. Deze genen zijn waarschijnlijk
betrokken bij de vroege immunologische reacties in COPD patiënten, alhoewel toekomstige studies de relevantie
van deze genen in COPD nog moeten bevestigen. Als laatste hebben wij laten zien dat de RAGE receptor een
speciale plek heeft binnen het proces van sigarettenrook-geïnduceerde luchtwegontsteking in COPD. Dit is
vooral duidelijk tijdens COPD exacerbaties, wanneer specifiek de concentraties van RAGE-activerende DAMPs
verhoogd zijn in serum, de concentratie van sRAGE verlaagd is en de expressie van specifieke DAMP receptoren
op neutrofielen verhoogd is (Figuur 3).
In conclusie, onze studies onderschrijven het belang van sigarettenrook-geïnduceerde vrijkomst
van DAMPs in de inductie van luchtwegontsteking gedurende de vroege fases van COPD en gedurende COPD
exacerbaties. Het biologische proces van DAMPs die DAMP receptoren activeren is waarschijnlijk een belangrijke
stap in het induceren van neutrofiele luchtwegontsteking en zal uiteindelijk leiden tot COPD in genetisch
gevoelige personen. Wij stellen voor om DAMP vrijkomst profielen verder te ontrafelen en deze te gebruiken als
biomarkers voor de gevoeligheid voor het ontwikkelen van COPD. Verder zal toekomstig onderzoek gericht zijn
op het remmen van specifieke DAMPs en DAMP receptoren, met als doel deze remmers te gebruiken als nieuwe
therapie voor COPD patiënten.

Figuur 3: Veranderingen in het aangeboren immuunsysteem tijdens COPD exacerbaties. Verschillende moleculen van het
aangeboren immuunsysteem komen in verhoogde concentraties voor tijdens COPD exacerbaties in vergelijking met de stabiele fase
van COPD. In serum zijn de RAGE-activerende DAMPs S100A9, HMGB1 en LL-37 verhoogd tijdens een exacerbatie. Tevens is de expressie
van de DAMP receptoren TLR2, TLR4 en NLRP3 verhoogd in circulerende neutrofielen. Terwijl de concentratie van sRAGE juist verlaagd
is in de circulatie. (see color image on page 222)
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Op 15 november 2011 stortte ik mij in het avontuur wat promoveren heet. Het doel was om strak binnen vier
jaar te promoveren en gedurende het promotietraject heb ik lang de illusie gehad dat dit ging lukken. Nu zijn wij
5,5 jaar verder en blijken de laatste lootjes toch langer te hebben geduurd dan gepland. Maar ik denk dat deze
thesis het wachten waard is en dat er uiteindelijk een mooi boekje is gekomen. Natuurlijk heb ik dit niet alleen
gedaan, wetenschappelijke vooruitgang gedijd namelijk niet door individuen maar door de kracht van het
samenwerken. Dit laatste hoofdstuk biedt mij dan ook de mogelijkheid enkele mensen die hebben bijgedragen
aan de totstandkoming van dit proefschrift te bedanken.
Ten eerste wil ik Prof. Dr. Antoon van Oosterhout bedanken. In 2011 heb jij als hoofd van het ‘Experimental
Allergy and Lung Diseaseses (LIAL)’ lab mij aangenomen als PhD student. Na een korte sollicitatie procedure
kon ik aan de slag op een mooi Longfonds project geschreven door jou en Martijn. Tijdens de eerste jaren
van mijn promotietraject heb jij mij intensief begeleidt. Tijdens wekelijke besprekingen had jij de ondankbare
taak mij de grondbeginselen van het ‘wetenschapper’ zijn bij te brengen en mijn, in die tijd erbarmelijk slecht,
geschreven stukken na te kijken. Hetgeen je altijd met veel enthousiasme en geduld deed. Halverwege mijn
promotie traject kreeg jij echter de kans aangeboden om in Engeland nieuwe uitdagingen aan te gaan bij GSK.
Dit was een fantastische kans die niemand jou wou ontzeggen, al betekende dit dat jou AIO’s enigszins stuurloos
achterbleven. Toch is het contact tot aan het einde van het promotietraject goed gebleven en ben ik trots dat ik
jou nog steeds kan vermelden als mijn tweede promotor.
Bij deze wil ik ook graag mijn eerste promotor Prof. Dr. Irene Heijink bedanken. Nadat Antoon vertrokken
was nam jij het stokje over en doopte het lab om tot de ‘Experimental Pulmonology and Inflammation Research
(EXPIRE)’ groep. Vanaf het begin was je als co-promotor betrokken bij mijn project, maar na het vertrek van
Antoon intensiveerde die begeleiding dus enorm. En toen je vorig jaar benoemd werd tot professor was meteen
duidelijk dat jij mijn eerste promotor zou worden. Het is altijd fijn om met jou te werken. Het maakte niet uit hoe
druk jij het had of hoeveel documenten ik op jou afvuurde, binnen no time kreeg ik altijd alles terug, voorzien
van grondige en nuttige commentaren. Ook heb jij meegeholpen aan het schrijven mijn persoonlijk Longfonds
project waardoor ik sinds begin dit jaar weer op het EXPIRE lab werkzaam ben. Ik hoop dat dit slechts het begin
is van een langdurige samenwerking.
Dan wil ik ook graag mijn co-promotor Dr. Ir. Martijn Nawijn bedanken. Als één van de originele schrijvers
van het Longfonds project waarop in ben aangesteld ben jij vanaf het begin erg betrokken geweest bij mijn
project. Ik kon altijd rekenen op jou uitmuntende kennis over muizen, muizenstudies en het nut van genetische
studies in muizen. De talloze discussies over deze en andere onderwerpen hebben dan ook zeker bijgedragen
aan de kwaliteit van mijn werk.
Eén persoon die ook zeker niet vergeten mag worden in het rijtje begeleiders is Dr. Marco van der Toorn.
Vanaf de eerste dag heb jij mij bij het handje genomen en mij de fijne experimentele kneepjes van het vak
geleerd. Jij was nooit te beroerd om domme onwetende AIO’s, zoals ik, voor de zoveelste keer iets uit te leggen.
Een post-doc met ervaring die altijd aanwezig is op het lab, dat zou elk lab eigenlijk moeten hebben. Maar
ook voor jou kwam halverwege mijn promotietraject een kans die je niet kon laten liggen in het buitenland.
En misschien was dat wel goed, want het was toch wel eens tijd dat ik mijn experimenten helemaal zelf moest
kunnen uitvoeren. Jou onorthodoxe kijk en aanpak van wetenschappelijk onderzoek heeft mij tot op de dag van
vandaag geïnspireerd.
Ook wil ik graag Dr. Nick ten Hacken bedanken. Nadat Antoon mij in 2011 vertelde dat hij mij wel wou
aannemen zei hij dat er nog één horde te nemen was, een sollicitatie gesprek met Dr. ten Hacken. Als dat gesprek
goed zou gaan dan zou de baan ook wel goed komen. Na met knikkende knietjes het gesprek met Dr. ten
Hacken te zijn aangegaan, bleek Nick gewoon een hele geschikte en aardige man te zijn met veel verstand
van zaken. Die baan zat dus wel goed. Toen in november 2015 mijn contract als PhD student afgelopen was
kon ik weer op sollicitatiegesprek komen bij Nick, dit keer voor een post-doc positie in samenwerking met de
Analytische Biochemie. Op dit project heb ik ruim een jaar met veel plezier gewerkt en het heeft geleidt tot vele
interessante discussies over RAGE en COPD. Tevens heeft deze samenwerking geleidt tot het samen indienen
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van nieuwe subsidieaanvragen, wat hopelijk tot een langdurige samenwerking zal leiden.
Tijdens mijn post-doc jaar waarbij ik werkzaam was in de Pulmonologie afdeling in samenwerking met de
Analytische Biochemie werd ik gestald op het lab van Prof. Dr. Rainer Bischoff. Rainer heeft er voor gezorgd ik
mij vanaf het begin welkom voel in zijn groep en onze goede samenwerking heeft tot mooie resultaten geleid.
Ondanks dat ik als bioloog de besprekingen soms wel erg hard-core scheikunde vond, heb ik het erg naar mijn
zin gehad en heb ik veel geleerd. Ook deze samenwerking hoop ik nog vele jaren te mogen continueren.
Ik heb mijn onderzoek uitgevoerd binnen het Groningen Research Institute for Asthma and COPD (GRIAC).
Dit gerenommeerde instituut voor longonderzoek zorgt ervoor dat AIO’s worden opgeleid tot allround
longonderzoekers met een breed kennisgebied. Vrij uniek binnen dit soort onderzoeksinstituten heerst er een
grote mate van saamhorigheid en behulpzaamheid binnen de GRIAC. Hierdoor heb mogen samenwerken met
vele GRIAC PI’s zoals Prof. Dr. Marike Boezen (wij hebben zelfs nog samen cellen gekweekt op het lab!), Prof.
Dr. Huib Kerstjens en Dr. Maarten van den Berge. Verder heb ik input, advies en hulp gekregen bij al mijn
projecten van alle (zonder uitzondering) andere GRIAC PI’s. Ook wil ik de AIO’s en post-docs van het GRIAC
bedanken voor alle input bij verschillende projecten.
Het LIAL/EXPIRE lab bevindt zich binnen de afdeling Pathologie en Medische Biologie. Dit is één van de
grootste onderzoeksafdelingen van het UMCG, wat zowel voor- als nadelen heeft. Doordat er zoveel mensen
met allerlei expertises werken zijn er veel chemicaliën, apparaten en behulpzame mensen aanwezig. Maar ook
is het door de grootte vrij anoniem en is er (nog steeds) niet altijd veel samenwerking tussen de verschillende
onderzoeksgroepen. Binnen de medische biologie heb ik ook enkele organisatorische taken mogen verrichten.
Zo heb ik de labdag mogen organiseren samen met Prof. Dr. Marco Harmsen, Roelof-Jan van der Lei en
Olaf Wouters, en heb ik de Medical Biology Young Scientist Monday Morning Meetings (MBYS) een jaar lang
morgen organiseren samen met Prof. Dr. Marianne Rots, Byambaa Vanchin en (alweer) Olaf Wouters. Ook
de andere leden van de medische biologie hebben mij gedurende mijn PhD traject geholpen waar nodig/
wenselijk. In het bijzonder wil ik Prof. Dr. Peter Heeringa nog bedanken. Niet alleen heb ik van jou de eervolle
uitnodiging gekregen te spreken op het door jou georganiseerde mini-symposium over HMGB1. Maar ook wil
ik jou bedanken voor het grondig analyseren en goedkeuren van mijn proefschrift als lid van de leescommissie
van mijn proefschrift.
Maar het onderzoek beschreven in mijn proefschrift speelde zich vooral af binnen het LIAL/EXPIRE lab. Deze
onderzoeksgroep heeft een unieke sfeer waarbij het altijd ontspannen en gezellig is. Het is een hechte groep
mensen waarbij iedereen elkaar helpt wanneer nodig, wat weer leidt tot de best mogelijke onderzoeksresultaten.
Zoals gebruikelijk is binnen een onderzoeksgroep zijn er is de afgelopen jaren vele mensen gekomen en gegaan.
Toch is de groep van analisten redelijk constant gebleven. Zonder uitzondering hebben alle analisten geholpen
bij het werk beschreven in dit proefschrift wanneer ik daarom vroeg en daarvoor wil ik ze dan ook bedanken.
Een paar mensen wil ik er nog uitlichten. Jacobien Noordhoek, de strenge doch rechtvaardige moeder van het
lab. Je zorgt ervoor dat er nog enigszins orde geschept wordt in de chaos van het EXPIRE lab. Ook heb jij mij
grondig geïnstrueerd over de kunst van het celkweken, wat ervoor heeft gezorgd dat ik nog steeds zelden een
infectie in mijn celkweken heb. Harold de Bruin, jij vindt alles interessant en weet overal wel wat van af, dit heeft
geleidt tot vele interessante gesprekken en discussies. Jij bent ook altijd bereidt te helpen en mij van (gewenste)
adviezen te voorzien. Ook ben jij belangrijk voor de goede sfeer op het lab, dus hou dat vast! Uilke Brouwer,
de andere helft van het dynamische duo Harold en Uilke, welke zelfs samen naar mijn nachtelijke schmink en
schreeuw escapades zijn komen kijken. Je bent misschien wel de hardst-werkende analist op ons lab, en of het
nou muizen, qRT-PCRs of western blots zijn, jij weet overal alle ins en outs van te vertellen. Marnix Jonker, jij
kreeg de ondankbare taak om de neutro’s uit de exacerbatiestudie op te werken via een lang en ingewikkeld
protocol nadat ik was vertrokken van het lab, sorry daarvoor. Maar het heeft wel tot een mooie publicatie geleidt.
Naast een enorme kennis en interesse in (vreemde) vogels weet je ook erg veel van vele lab-technieken en ben je
altijd bereidt om te helpen. In de loop der jaren zijn er ook wat nieuwe analisten gekomen op het EXPIRE lab en
blijven plakken, Sharon Brouwer, Djoke van Gosliga en de teruggekeerde Lisette den Boef (bedankt nog voor
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het roken van ál die muizen in de periode 2009-2011), welke naast kennis en gezelligheid ook de man/vrouw
verhouding op het lab weer een beetje in evenwicht brengen.
Het is de afgelopen jaren een komen en gaan geweest van PhD studenten op het LIAL/EXPIRE lab. Van
de mensen die aanwezig waren ten tijde van de start van mijn PhD traject in 2011 zijn de meeste inmiddels
ófwel geslaagd en vertrokken naar betere oorden ófwel bezweken onder de druk van het PhD traject. Dit zijn
in wikkekeurige volgorde, Hadi & Soheila, Ahmad, Henk, Roland, Dennie, Agnieska, Jan, Néomie en Grissel.
Een oudgediende PhD student die ontbreekt in bovenstaand rijtje is Dr. Sijranke Post. In 2009 liep ik al eens
een korte stage op het LIAL lab onder begeleiding van Sijranke waar zij mij opzadelde met de kansloze missie
om SIGN-R1 te kleuren in coupes van muizenlongen. Ondanks het gebrek aan wetenschappelijk succes was het
toch een leuke en leerzame stage en ben ik dus later teruggekomen als PhD student op het lab. Ondanks dat jij
in de stressvolle eindfase van je PhD traject zat toen ik terugkeerde bleef je altijd aardig en behulpzaam tegen
mij. Dr. Maaike de Vries, jij was ook een PhD student in 2011 toen ik begon, maar in tegenstelling tot de rest ben
jij blijven plakken op het UMCG na je promotie. Ondanks dat jou farmaceutische precisie op het lab niet strookt
met mijn losse biologische aanpak (een scheutje en een drupje in plaats van 1.667 mL en 543 μL), hebben wij
elkaar veel kunnen helpen wat zelfs heeft geleid tot een gezamenlijke publicatie. Ook nu heb jij veel geholpen
bij het afronden van mijn boekje door alle informatie betreffende lay-out en sponsoring voor de thesis door te
sturen. Ook al aanwezig als PhD student ten tijde van de start van mijn PhD traject is Laura Hesse. Wil je dat
iets goed geregeld wordt vraag het aan Laura en je weet zeker dat het goed komt. Je bent nooit te beroerd om
andere mensen te helpen, zo heb je mij bijvoorbeeld erg veel geholpen bij de muizenstudies. Maar soms ben je
zo druk bezig met andere mensen te helpen dat je vergeet dat je zelf ook nog moet promoveren (ik verwacht
dat boekje echt dit jaar nog hoor!). Ook heb ik lange tijd met jou op één kantoor gezeten. Het was even wennen
om van een Chinees die geen Nederlands of Engels sprak naar een kantoor met jou en Jitty te gaan. Maar al snel
was ik helemaal gewend en ben ik jou gaan zien als mijn grote zus op het werk. Vandaar ook dat je als paranimf
zult fungeren tijdens mijn promotie. Daarom wil ik je ook nog specifiek bedanken voor het aannemen van deze
taak. Verder zijn er gedurende mijn PhD traject ook een aantal nieuwe PhD studenten bijgekomen zoals Dennis
Kruk, Virinchi Kuchibothla en Roy Woldhuis, en ik wil jullie dan ook veel plezier wensen bij de mooie jaren als
PhD student die nog voor jullie liggen (waanzinnig toch dat je betaald wordt om proefjes te doen!?) en succes
met het afronden van je PhD traject.
Een belangrijk onderdeel van het PhD traject is het begeleiden van studenten. Zowel het geven van
colleges als het praktisch begeleiden van studenten op het lab heb ik met veel plezier gedaan. De ene student
heeft de stage met iets meer succes afgerond dan de ander (en een enkeling heeft het helemaal niet gehaald),
maar enkelen wil ik toch nog even specifiek bedanken. Jaap Lubbers, jij kwam als HBO student bij ons op
het lab en kwam onder mijn begeleiding te staan en bleef meteen 10 maand rondhangen. In deze periode
heb jij ontzettend hard en met veel enthousiasme gewerkt aan het project wat uiteindelijk chapter IV van dit
proefschrift is geworden. Waarvoor dank! Jaap werd opgevolgd door nog een talentvolle student van het HBO,
Priya Bodha. Jij hebt er voor gezorgd dat alle losse eindjes van chapter IV opgelost werden en hebt alle finale
proeven met verve uitgevoerd. Goed om te zien dat je nu een masterstudie bent gaan doen en dat je nog steeds
af en toe bij ons op het lab op visite komt. Ook nu begeleid ik weer een HBO student die na deze stage aan
haar master gaat beginnen, Lotte van Leeuwen. Ondanks dat je nog maar net bent begonnen heb ik er alle
vertrouwen in dat wij met succes een nieuw hoofdstuk maken over RAGE.
Tijdens mijn eerste post-doc project ben ik ruim een jaar gestald op het Analytische Biochemie lab van Rainer
Bischoff wat zich bevindt in het ERIBA gebouw. Ook de mensen werkzaam op dit lab wil ik allemaal bedanken
voor de fijne omgang en voor het begrip dat ik als bioloog toch echt niet meteen alle hardcore scheikunde
begrijp. In het bijzonder wil ik Frank Klont bedanken. Wij hebben een jaar lang zeer nauw moeten samenwerken
op het sRAGE biomarker project. En in mijn beleving heeft de combinatie van onze persoonlijkheden en kennis
geleidt tot zeer succesvolle uitkomsten.
Here I will write a small part of this acknowledgement section in English in order to thank all my international
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collaborators. Although some of them may understand the noble Dutch language, I will address all international
collaborators using the universal scientific language, English.
I would like to thank the two in Belgium residing members of the reading committee of my thesis, Prof. Dr.
Guy Brusselle and Prof. Dr. Dmitri Krysko both from the University of Ghent. Additionally, I would like to thank
Dmitri Krysko for his valuable input in our studies concerning necroptosis. You helped us designing the in vivo
studies using necrostatin-1 and with the detection method for mitochondrial DAMPs. Both studies/techniques
provided prominent data in my thesis. Next, I would like to thank Dr. Ron Korstanje for his valuable input in
both of the mice genetics studies. These studies were amongst the most time consuming, but also interesting,
chapters of this thesis and your expertise made it easier to interpret and present this complicated data.
Dr. Janette Burgess, you joined the Medical Biology department and EXPIRE lab just prior to the moment
I left the department. Nevertheless, I already noticed that your expertise on the extracellular matrix in the lungs
(a very prominent source of DAMPs!) is important for the department. Furthermore, you proved to be very kind
and helpful whatever the question is (ELISA templates, checking my CV etc.).
Halfway through my PhD project a new post-doc was imported into our lab from down-under Australia,
Dr. Alen Faiz. Not only did you join our lab but you were also joining the office. This led to many interesting
discussions and conversations. Usually about non-scientific topics like ridiculous Australian habits (eating
Vegemite voluntarily, having to check your shoes for spiders all the time etc.), about your poor skills of speaking
Dutch, or about the fear of exploding orange juice bottles but sometimes also very scientifically approved
discussions which led to various collaborations and joined publications! It is always nice to work together with
you and I hope we will continue our collaboration and friendship in the future. During my post-doc project at
the Analytical Chemistry department I got to work with another post-doc Dr. Marcel Kwiatkowski. You proved
not only to be a talented scientist but also a very interesting and nice person with an even greater passion for
music and playing drums.
Lastly, the EXPIRE lab also had some PhD students who are (still) unable to speak Dutch. First of all,
Emmanuel Osei, a PhD student all the way from Ghana. You were placed in the office together with Alen, Laura
and me. I my opinion we had a good time at the office, which was ‘gezellig’ at times but also allowed us to work
uninterrupted. I can still smell the raw herring you so nicely brought to the office way too often. You also liked
to torture us with the smell of ‘frikandellen’ and ‘kroketten’ at four o’clock when the rest of the office was very
hungry. But we also had many interesting discussions about dancing with ‘big ladies’ or religion. I was a bit wary
when I heard a PhD student from Ghana was joining our group, but you proved to be very talented and I am sure
you will succeed in science. The latter also accounts for Hataitip Tasena a PhD student from Thailand who joined
our group when I was halfway through my PhD project. Although you were mostly tucked away at the Pathology
department it was always nice to work with you. Furthermore, you are always willing to help others, which is a
good thing when you work in a research lab.
Tot nu toe heb ik alleen wetenschappers bedankt. Maar de rol voor mijn vrienden en familie in het tot stand
komen van dit proefschrift mag niet onderschat worden. Deze mensen zijn namelijk belangrijk voor de steun
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