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DAMPs activating innate and adaptive immune
responses in COPD
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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. As 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, endoplasmic reticulum, nucleus, and mitochondria. Furthermore, their potential role in

the pathophysiology of COPD will be discussed.

INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is a major
cause of morbidity and mortality, with a worldwide prevalence
of 9-10%." Currently, COPD is the fourth leading cause of
death worldwide and it is estimated to become the third leading
cause of death by 2030.> 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.’> A major risk factor for the
development of COPD is chronic exposure to noxious particles
and gases, e.g., cigarette smoke, coalmining dust, diesel exhaust
particles, and fumes from burning biomass fuels for cooking or
heating.® 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 T helper
type 17 and T helper type 1 types of CD4 " T cells, along with a
decrease in regulatory T cells in the airways.>”®

At present, little is known about the initial steps in the
activation of innate and adaptive immune responses observed
in COPD. Curtis et al.'® postulated that during early stages of
COPD, innate immune inflammation increases with the
progression of COPD, whereas in more advanced COPD
(GOLD stages IIT and IV)® adaptive T- and B-cell responses
become increasingly important for pathologic abnormalities.
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
Matzinger,"' “danger signals” or damage-associated molecular
patterns (DAMPs) from injured cells can alarm the immune
system by activation of pattern recognition receptors (PRRs).
Cigarette smoke and other noxious gases and particles can

"Department of Pathology and Medical Biology, Laboratory of Allergology and Pulmonary Diseases, University of Groningen, University Medical Center Groningen,
Groningen, The Netherlands. “GRIAC Research Institute, University of Groningen, University Medical Center Groningen, Groningen, The Netherlands. *Department of
Pulmonary Disease, University of Groningen, University Medical Center Groningen, Groningen, The Netherlands. “Molecular Signaling and Cell Death Unit, Department for
Molecular Biomedical Research, VIB, Ghent, Belgium and *Department of Biomedical Molecular Biology, Ghent University, Ghent, Belgium. Correspondence: AJM van
Oosterhout (a.j.m.van.oosterhout@umcg.nl)

5The first two authors contributed equally to this work.

"These authors contributed equally to this work.

Received 3 July 2013; revised 16 August 2013; accepted 27 August 2013; published online 23 October 2013. doi:10.1038/mi.2013.77

MucosallImmunology | VOLUME 7 NUMBER 2 | MARCH 2014 215


mailto:a.j.m.van.oosterhout@umcg.nl

REVIEW

k\k—\_\ DAMPs

: \
Toxic gases / e.g., HMGB1 HSPs, S$100 proteins
and particles

e.g., cigarette smoke
PRR

L ol ., AL 4!“[“_
k | |

Airway ["‘ -I- \-‘-l:i,-" 1_ "‘.l:l

epithelial ‘

cells , A ! | |
Immunogenic|
cell death
Proinflammatory cytokines e.g.,
TNF, IL-6, IL-8, Type | IFN
direct or indirect activation
DAMPs
via PRRs
L
@ L
: T lymphocytes 3 e - Chronic
d Pl O inflammation
b . | incorp
Macrophages ~*  Neutrophils
& @
A\ a . 4
= B lymphocytes
Dendritic cells
Figure 1 Hypothetical scheme of cigarette smoke (CS)-induced airway

epithelial immunogenic cell death followed by damage-associated
molecular pattern (DAMP) release and subsequent triggering of the innate
and adaptive immune responses in chronic obstructive pulmonary disease
(COPD). Inhalation of toxic gases and particles, e.qg., cigarette smoke and
diesel exhaust particles, causes 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., high-mobility group box-1
(HMGB1), heat shock proteins (HSPs), and S100 proteins, are released
that can activate pattern recognition receptors (PRRs) on adjacent
epithelial cells as well as innate and adaptive immune cells. Upon ligation
of PRRs, epithelial cells become activated and release proinflammatory
cytokines, e.g., tumor necrosis factor (TNF), interleukin (IL)-6, IL-8, and
type | interferon (IFN). Proinflammatory cytokines can activate and attract
cells of 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 either in a direct or an indirect manner,
e.g., inducing the release of chemokines or upregulating adhesion
receptors. 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.

cause damage to resident cells in the lungs, which can induce
multiple types of both regulated and nonregulated cell death."
Different forms of cell death, e.g., apoptosis, necrosis
(accidental, nonprogrammed), and necroptosis (programmed),
may cause distinct signatures of DAMPs released into the
extracellular space."” 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. Nonregulated cell death encompasses accidental
necrosis, where cells when subjected to harsh physical-
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.'>'* During
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early apoptosis, most DAMPs are retained in apoptotic bodies
and phagocytized before they can ligate PRRs, yet during
secondary necrosis DAMPs can be released.'* Secondary
necrosis occurs when apoptotic cells are not cleared sufficiently
by phagocytosis, such as has been observed in COPD patients."”
Recently, it has been shown that disturbances of lung tissue
homeostasis, e.g., hypoxia that is seen in COPD patients, also
causes immunogenic cell death and subsequent DAMP
release.'

The airway epithelium forms the first barrier toward inhaled
insults, separating lung tissue from the environment. Conse-
quently, epithelial cells are one of the first cells to be exposed to
inhaled noxious gases and particles present in cigarette smoke
and diesel exhaust fumes. An increase in apoptotic epithelial
cells has been shown in the lungs of emphysema patients.'”'®
Our group has shown that exposure of bronchial epithelial cells
to cigarette smoke extract (CSE) causes a switch from apoptotic
to necrotic cell death.'® 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." 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 immu-
nogenicity of such DAMPs.">?°

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,
interleukin (IL)-1o, IL-6, and IL-33 have been described as
danger signals or alarmins, released during immunogenic cell
death.”’™** Although these ILs can have important proin-
flammatory properties upon release during accidental necrosis,
their function as DAMP is not different from their function
under physiological conditions, and therefore the role of ILs 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,
NOD-like receptors (NLRs), RIG-I-like receptors, and the
receptor for advanced glycation end-products (RAGE), all of
which upon ligation activate downstream signaling pathways.
These include nuclear factor-«B (NF-kB), mitogen-activated
protein kinase, and type I interferon pathways, initiating the
release of proinflammatory cytokines and chemokines (e.g.,
IL-6, IL-8, type I interferon, and tumor necrosis factor), and
ultimately resulting in activation of the immune system and
attraction of immune cells to the site of damage24 (see Figure 2).
Furthermore, some DAMPs, e.g., heat shock proteins (HSPs),
high-mobility group box-1 (HMGBI), galectins, and
cathelicidins, can stimulate the adaptive immune system by
inducing maturation of dendritic cells upon failure of tolerance
mechanisms (e.g., suppression by regulatory T cells).'* Thus,
DAMPs can directly activate cells of the innate immune system
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Figure 2 Ligation of pattern recognition receptors (PRRs) by damage-associated molecular patterns (DAMPs), relevant for chronic obstructive
pulmonary disease (COPD), initiates the release of proinflammatory cytokines by multiple pathways. Toll-like receptor (TLR)-2/4 receptors can be
activated upon binding of DAMPs, e.g., high-mobility group box-1 (HMGB1), heat shock proteins (HSPs), defensins, and hyaluronan, which can cause
interferon regulatory factor 3 (IRF3)-mediated release of type | interferons by activation of the Trif/Traf3/IRF3 pathway and subsequent translocation of
IRF3 to the nucleus where it initiates transcription of type | interferons. Ligation of TLR2/4 can also cause nuclear factor-kB (NF-kB)-mediated release of
proinflammatory cytokines by activation of the MyD88/Traf6/NF-kB pathway and subsequent translocation of NF-«B to the nucleus where it induces
transcription of proinflammatory genes, including tumor necrosis factor (TNF), interleukin (IL)-6, and IL-8. TLR-7/9 ligation by DAMPs, e.g., double
stranded DNA (dsDNA), RNA, and LL-37, can cause IRF7-mediated release of type | interferons and MyD88/NF-«xB-mediated release of proinflammatory
cytokines. Ligation of receptor for advanced glycation end-products (RAGE) by DAMPs, e.g., HMGB1, LL-37, and S100 proteins, causes mitogen-
activated protein kinase (MAPK)/NF-kB pathway-mediated release of proinflammatory cytokines. Adenosine 5'-triphosphate (ATP) can ligate purine
receptors (P2X and P2Y receptors) that cause K+ efflux and subsequent activation of the NLRP3 inflammasome that activates caspase-11 and
caspase-1 that, in turn, can cleave Pro-IL-1f and Pro-IL-18, which are transcribed upon NF-«kB activation, into their mature forms, after which they will be
secreted. DAMPs and receptors underlined in the figure are shown to be upregulated in COPD patients.

and either directly or indirectly promote adaptive immune
responses.

To date, no standard classification system for DAMPs is
available. In this review we will dividle DAMPs into several
subclasses based on their main subcellular localization. These
subclasses consist of DAMPs derived from the cytoplasm
(HSPs, S100 proteins, galectins, antimicrobial peptides),
subcellular organelles, i.e., the nucleus (HMGB1), endoplasmic
reticulum (ER; calreticulin (CRT), or mitochondria (mito-
chondrial DNA (mtDNA), N-formylated peptides (NFPs), and
adenosine 5'-triphosphate (ATP)), and the extracellular matrix
(ECM; 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 prototypical DAMPs derived mainly from the
cytoplasm. HSPs are chaperone proteins that are upregulated
during various types of physiological and environmental stress
conditions, including infections, wounding, or heat.*> In
physiological concentrations, HSPs act as intracellular mole-
cular chaperones that assist the folding of nascent or misfolded
proteins and thereby prevent the aggregation of proteins.*” 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 ECM.”® HSPs released
into the extracellular space can function as DAMPs because of
their activity as a signaling molecule. Therefore, the term
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chaperokine was introduced to describe the function of
extracellular HSPs.”” HSPs have been shown to activate
both TLR2 and TLR4 signaling in a MyD88-dependent
manner, leading to the initiation of the NF-«B and interferon
regulatory factor signaling pathways, which ultimately leads to
the release of proinflammatory cytokines (e.g., tumor necrosis
factor, interferons, IL-1B, IL-6, and IL-8).>>*® Furthermore,
HSPs can initiate the maturation and activation of dendritic
cells.”

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 upregulated by cigarette smoke
exposure in monocytes.” More recently, it has been shown that
the levels of HSP27, HSP70, and HSP90 are significantly higher
in the serum of COPD patients compared with nonsmoking
individuals.”' Furthermore, HSP10, HSP27, and HSP40 protein
levels are increased in airway epithelial cells of COPD patients
in comparison with healthy controls and control smokers.>" In
addition, increased HSP60 expression has been observed in
bronchial biopsies of patients with severe COPD (GOLD stage
ITI/IV) as compared with healthy nonsmoking volunteers.*
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 H,O, stimulation, to mimic oxidative stress in COPD.*?
Furthermore, increased release of HSP60 was induced by CSE
in human umbilical cord endothelial cell,”® indicating that
cigarette smoke can induce active secretion of HSP60.
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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 whether HSPs may play a causal role in the cigarette
smoke-induced neutrophilic airway inflammation and patho-
genesis of COPD.

S$100 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
DAMPs. All S100 proteins can form noncovalent 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.* Further-
more, S100 proteins have antimicrobial properties. S100
proteins are expressed in a wide range of cell types, with
high constitutive expression of S100A8 and S100A9 in
neutrophils of which the cytosolic content consists for
~45% of S100 proteins.”® 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.”® Once in the extracellular space, S100
proteins can activate multiple receptors, including RAGE and
TLR4, both leading to NF-kB activation.””

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 the
bronchoalveolar (BAL) fluid of COPD patients in comparison
with control smokers and nonsmokers.*® Later, a trend toward
higher S100A12 levels was observed in the sputum of COPD
patients as compared with healthy controls, although the levels
0fS100A8 and S100A9 were not different between the groups in
this study.”>*’ Furthermore, a recent meta-analysis shows a
1.6-fold increase in SI00A12 in the serum of COPD patients as
compared with healthy smokers and nonsmokers.*" 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 in characteristics like smoking status and
disease severity.

In addition, 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 as compared with healthy controls.*> In
addition, RAGE expression was increased in bronchial
epithelial cells and airway smooth muscle cells from COPD
patients as compared with control smokers.*> Other studies
show that levels of soluble RAGE, which blocks binding of
ligands to RAGE, are reduced in plasma and BAL fluid of
COPD patients as compared with healthy controls.*>™*
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Furthermore, an association has been shown of RAGE with
lung function using a genome-wide association study, and
RAGE has been proposed as a susceptibility gene for COPD.***
The combined increase in S100 proteins and RAGE and
decrease in soluble RAGE highlights the importance of further
studies on the involvement of the S100-RAGE pathway in the
pathophysiology of COPD.

Galectins

Galectins are B-galactoside-binding lectins that have a variety
of physiological functions in humans, including the control of
intracellular trafficking of glycoproteins.*® Yet, upon release
from damaged or dead cells, galectins exhibit a proinflamma-
tory function, qualifying them as DAMPs.*® Most galectins are
widely expressed in many cell types, including structural and
immune cells of the lungs.*” 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.*’ Galectin-1 and galectin-3 are the most studied
galectins and have the strongest reported proinflammatory
properties.*” The proinflammatory properties of galectin-3
include induction of oxidative bursts in neutrophils, chemoat-
traction of monocytes, neutrophils, and macrophages, and the
induction of IL-8 production by naive and primed neutro-
phils.”®! For galectin-3, an increase in intracellular protein
expression has been observed in the small airways of COPD
patients as compared with control smokers and nonsmokers,
whereas no significant difference was observed between
nonsmoking and smoking controls, suggesting that the increase
in galectin-3 is specific for COPD.?* Unfortunately, to our
knowledge, no studies have been performed studying the levels
of galectin-3 in lung fluids.

Similar to galectin-3, increased galectin-1 protein expression
has been observed in epithelial cells of the small airways of
control smokers in comparison with nonsmokers and COPD
patients, yet the levels of COPD patients were still significantly
higher than the levels of nonsmokers.”> However, the BAL
levels of yet another galectin, galectin-9, were not different
between COPD patients and healthy controls.”> Thus, speci-
fically galectin-1 and galectin-3 could contribute to the innate
immune response involved in the pathogenesis of COPD,
although more research will be required to confirm this.

Antimicrobial 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. The o- and B-defensins are expressed in the
human lungs and are categorized by their molecular weight and
the arrangement of their cysteine disulfide bonds.>* Defensins
belong to a family of small (3-6kDa) proteins that share a
characteristic f-sheet and six cysteine residues forming three
intrachain disulfide bonds.>> Defensins may function as a
DAMP by activating TLR4 downstream signaling.”®”” In
addition, o-defensins 1-3 have chemotactic activity toward
monocytes, naive T cells, and immature dendritic cells.”
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Furthermore, o-defensins have been shown to activate the
production of proinflammatory cytokines, including IL-1o
and tumor necrosis factor-o. by monocytes, leading to the
upregulation of adhesion molecules, including intercellular
adhesion molecule 1, CD11b, and CD11c by neutrophils.””*®
Human B-defensins 1-2 attract memory T cells, especially of
the T helper type 17 subtype, neutrophils, and immature
dendritic cells by binding to the chemokine receptor CCR6.>>*
Furthermore, B-defensins increase the expression of several
proinflammatory cytokines and chemokines (e.g., CXCL5,
IL-6, IL-8, monocyte chemotactic protein-1 and granulocyte
macrophage colony-stimulating factor) and induce necroptotic
cell death.®

The concentrations of o-defensins 1-3 are higher in the
sputum of COPD patients than in nonsymptomatic smokers,
and B-defensin-1 mRNA expression is significantly higher in
bronchial epithelial cells of COPD patients as compared
with healthy volunteers.’**> Contradictory findings have been
reported on B-defensin-2 levels in COPD patients. Pace et al.®?
showed an increased concentration of human [-defensin-2 in
mini-BAL samples of COPD patients as compared with
nonsymptomatic smokers and healthy volunteers, whereas
Tsoumakidou et al®* found no detectable levels of human
B-defensin in BAL samples of COPD patients, whereas levels
were detectable in control smokers and nonsmokers. Limited
data are available from (pre)-clinical studies, where it has been
shown that the level of B-defensin-2 was increased after
cigarette smoke exposure in rats in a NF-kB-dependent
manner.®” It is noteworthy that COPD patients have a higher
bacterial and viral load in their lungs as compared with healthy
controls, especially during exacerbations.®>®” Although it is
possible that increased levels of defensins in COPD patients are
a consequence of this increased bacterial load, the increased
bacterial load could also be consequence of an impaired
antimicrobial response in COPD patients. Nevertheless, the
increased B-defensin levels in COPD do not support the latter
and increased B-defensin release could exert a proinflammatory
DAMP function, contributing to the disease pathogenesis.

In addition to defensins, cathelicidins are also antimicrobial
peptides with DAMP properties. Cathelicidins are character-
ized 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.®®
LL-37/hCAP-18 is the only cathelicidin that is known to be
expressed in humans to date.”” LL-37 is expressed by various
cell types, including airway epithelial cells, macrophages,
lymphocytes, neutrophils, natural killer cells, monocytes, B
cells, and mast cells.”* Airway epithelial cells are thought to
secrete cathelicidins in the airway surface fluid, as LL-37 is
found in human BAL fluid and in supernatant of primary
bronchial epithelial cell cultures.”””" Cathelicidins have a clear
DAMP function, as they can provoke a proinflammatory
response through TLR7, TLRY, and RAGE activation, either
alone or in complex with extracellular DNA.”*”* Furthermore,
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LL-37 has chemotactic activity toward eosinophils and
neutrophils, which is mediated via the formyl peptide
receptor.”> 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.”® A dose-dependent
increase in IL-8 release and apoptosis has been observed
in airway epithelial cells stimulated with recombinant LL-37.”7
Furthermore, CSE dose-dependently increased the protein
expression of LL-37 in airway epithelial cells.”” Multiple
studies show that the levels of LL-37 in the sputum of COPD
patients during exacerbations as well as in stable disease are
significantly higher as compared with smoking and nonsmok-
ing controls.””””’ Importantly, this increase in LL-37 levels is
inversely correlated with lung function, although further
research needs to elucidate whether this is a cause or a
consequence of COPD.”””® No increase was found in the serum
of COPD patients as compared with smoking and nonsmoking
controls,”” indicating a local increase of LL-37 instead of a
systemic increase. Recently, it was shown that LL-37 levels in
the BAL fluid and epithelial lining fluid (ELF) of early-stage
COPD (GOLD stage I-II) patients were significantly increased
as compared with healthy controls. The same study showed that
in late-stage COPD (GOLD stage III-IV) patients, the BAL and
ELF levels of LL-37 were significantly decreased as compared
with healthy controls.*® Interestingly, it has been shown that
LL-37 can bind extracellular DNA and facilitate binding
of DNA to TLRY, inducing a proinflammatory response.”
Thus, LL-37 has properties that may be relevant in COPD
pathogenesis and higher levels have been observed in extra-
cellular 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 HMGBI, a 215
amino-acid nonhistone molecule that is normally resident in
the cell nucleus, where it binds DNA to facilitate the assembly of
nucleoprotein complexes.”’ HMGBI can exert proinflam-
matory functions when it resides in the extracellular space.®?
This occurs either when HMGBL1 is released actively by a
nonconventional secretory mechanism upon stimulation with
proinflammatory mediators (e.g., lipopolysaccharide, proin-
flammatory cytokines, nitric oxide) or passively upon
necrosis.>> During apoptosis and secondary necrosis, HMGB1
cannot be released because of its irreversible binding to
chromatin that undergoes structural modifications upon
apoptosis.®’ This can result from posttranslational modifica-
tions, including histone acetylation and DNA methylation.**
When HMGBI is secreted, either passively or actively, it has
been demonstrated to bind to different PRRs, including TLR2,
TLR4, and RAGE.*>® TLR9 is also mentioned as a receptor for
HMGBI, although this is controversial,”” as HMGBI1 readily
forms complexes with various molecules including DNA, a
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known TLR9 ligand, therefore indirect binding of HMGBI to
TLRY cannot be ruled out.*®** Moreover, HMGBI exerts direct
chemotactic activity toward monocytes, macrophages, neu-
trophils, and dendritic cells.”® Furthermore, HMGB1 can
promote the activation, migration, and maturation of dendritic
cells.”"”> However, there is debate about the direct immu-
nostimulatory properties of HMGB1, as some studies show that
highly purified HMGB1 does not exert proinflammatory
properties itself,”” but that the proinflammatory properties
are caused by formation of complexes of HMGB1 with DNA,
lipids, lipopolysaccharide, or cytokines.”* These complexes
are possibly highly inflammatory and may stimulate cytokine
production via binding of TLRs or IL-1 receptor. The fact that
other studies have shown an immunostimulatory effect of
purified HMGB1 may be explained by lipopolysaccharide
contamination.”® Another reason for discrepancies in the
results could be that the redox state of HMGBI1 was not taken
into account, which is important for the regulation of its
functions. When the three cysteine residues (C23, C45, and
C106) of HMGBI are all in a reduced form, HMGBI1 has
chemotactic but no immunostimulatory properties, whereas
HMGBI has no chemotactic or immunostimulatory activities
at all when all three cysteine residues are present in their
oxidized form.” Finally, when C106 is reduced, while C23 and
C45 form an intermolecular disulfide bond, HMGBI1 has
immunostimulatory properties.”® In this intermediate state it
will bind RAGE and the TLR2/4 receptors, leading to activation
of the NF-xB pathway and subsequent secretion of proin-
flammatory cytokines.”> HMGB1 has also been shown to
induce neutrophil extracellular trap formation in a TLR-4
dependent manner, a process where neutrophils release their
nuclear DNA and associated proteins, including histones and
myeloperoxidase into the extracellular space in response to
DAMPs or pathogen-associated molecular patterns as a
mechanism to capture and eradicate invading pathogens.”®
Furthermore, HMGBI1 also initiates intracellular histone 3
citrullination, a biochemical process that precedes chromatin
decondensation.”® Citrullination and anticitrullinated protein
antibody formation were found to be increased in COPD
patients as compared with smoking controls.””

Some interesting studies have been performed in the past few
years to investigate the role of HMGBI in cigarette smoke-
induced inflammation and COPD. Ferhani et al.** were the first
to show elevated levels of HMGBI in the BAL fluid of current
smoking COPD patients as compared with smokers without
COPD and nonsmokers. This upregulation was positively
correlated with IL-1P levels and negatively correlated with the
forced expiratory volume in 1s (FEV,%), the most important
parameter for the severity of COPD. Later, it was shown that
levels of HMGBI are also higher in the sputum and serum of
GOLD stage II-IV COPD patients as compared with healthy
controls, and in ELF derived from the peripheral airways of
COPD patients as compared with control smokers and
nonsmokers.”®” Altogether, these data suggest that HMGBI
levels in the extracellular space are increased in the COPD
patients as compared with control individuals; however, it is at
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present unclear whether this is the result of necrotic cell death
and subsequent release or active production and/or secretion.
Moreover, it is currently unknown whether the release of
HMGBI is a direct consequence of smoking or whether it is
related to the underlying inflammatory process in COPD, as
HMGBI levels are also increased in other unrelated chronic
inflammatory diseases such as rheumatoid arthritis, systemic
lupus erythematosus, scleroderma, and pulmonary fibrosis.®!

In C57BL/6 mice, chronic cigarette smoke exposure
(12 cigarettes per day, 60 days) was shown to induce an
upregulation of HMGB1 protein expression in the lungs.'"
In addition, the amount of HMGB1 was shown to increase
in the serum of rats after subchronic cigarette smoke exposure
(8 cigarettes per day, 4 weeks, 5 days per week),'”" together
indicating that cigarette smoke exposure alone is sufficient to
induce increased extracellular HMGBI levels. For future
studies it is important to assess the role of cigarette smoke
exposure in increased HMGBI levels in the extracellular fluids
of COPD patients. Furthermore, the redox state of extracellular
HMGBI is important to determine as different redox forms
have different functions.

Calreticulin
Another well-known DAMP is CRT,'” a 46-kDa Ca®"-
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.?>!**!%*
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.'*” Exposure of CRT at the
cell surface is a result of activation of ER stress pathways.'*> ER
stress is an imbalance between ER protein folding load and
capacity, and severe ER stress can result in the activation of
proapoptotic signaling pathways.”> ER stress is induced in
bronchial epithelial cells upon cigarette smoke exposure,'**'"”
and an exaggerated ER stress response was found in the lungs of
COPD patients, potentially leading to the release of CRT.'?*'%
Very limited data are available on the role of CRT asa DAMP
in the pathophysiology of COPD. It has been shown that CRT
protein expression is significantly upregulated in CSE-treated
human bronchial epithelial 16-HBE cells."'° Furthermore, the
expression of CRT is upregulated in lung tissue lysates of
smokers in comparison with nonsmokers and ex-smokers,
which may serve as a regulatory mechanism to cope with
misfolded proteins.''® Although CRT release has to our
knowledge not been determined in COPD patients, increased
protein expression may lead to increased levels upon immu-
nogenic cell death and trigger inflammatory responses,
contributing to the development of COPD.'?

DAMPs DERIVED FROM THE MITOCHONDRION
Mitochondrial DNA

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).""'"'" This is a group of DAMPs that is currently
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known to exist of mtDNA, NFPs, ATP, and carbamoyl
phosphate synthetase-1.""" The concept that mitochondria
are a rich source of DAMPs derives from the endosymbiont
hypothesis that states that mitochondria originate from
protobacteria that have committed an endosymbiotic relation-
ship with ancestral, phagocytic, unicellular anaerobes more
than a billion years ago.''* Mitochondria still possess
morphological and biochemical features of their prokaryotic
ancestors, which may explain why many of their molecular
patterns are recognized by PRRs.''' The mtDNA contains
more unmethylated CpG motifs than genomic DNA.""> These
unmethylated CpG motifs are responsible for the immunogenic
properties of mtDNA, acting on TLR9.M® As for genomic DNA,
mtDNA readily forms complexes with other DAMPs, including
HMGBI and LL37, which increases its immunostimulatory
effects by facilitating uptake via RAGE after which it can bind
to intracellular DNA sensors, including TLR9.”> 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.''” 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 nonformylated methionine residue, mitochondria
and prokaryotes initiate protein synthesis by N-formylmethio-
nine, creating NFPs. Already in 1972, it has been shown that
NEPs derived from bacteria are very potent chemoattractants
for neutrophils,''®''? and in 1982 it was shown that NFPs
derived from mitochondria also have this activity.'** NFPs are
recognized by high-affinity formyl-peptide receptors (FPRs),
which are G-coupled receptors expressed by numerous cells,
including neutrophils, monocytes, dendritic cells, hepatocytes,
and endothelial cells.'*' There are three human FPR receptors:
FPR1, FPR2, and FPR3.'** NFPs can activate neutrophils by
binding FPR1, leading to the release of proinflammatory signals
such as metalloproteinase-8 and IL-8.'*® NFPs released from
necrotic cells have been shown to attract neutrophils to the site
of injury, causing sterile inflammation."**

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.'** Importantly, it was recently shown
that genetic ablation of the fprI gene, encoding for the mouse
homolog of the FPR1 receptor, provides protection against
cigarette smoke-induced emphysema in mice.'?® In addition, a
deficiency for fprI in mice resulted in a strong decrease in lung
infiltration of neutrophils and macrophages after exposure to
cigarette smoke.'*® This effect could also be achieved by using
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a FPR1 or FPR1/2 antagonist.'*® 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, as compared with nonsmoking controls, reflecting a
smoking-related, and thus not disease-related, effect.'*”

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
extracellular space both actively and passively upon apoptotic
and (secondary) necrotic cell death, where it can function as
DAMP.'*® 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:
the G-coupled protein P2Y class and the cation-permeable
ligand gated ion channel P2X class of receptors.'*® Activation of
P2Y receptors induces recruitment of neutrophils, macro-
phages, and dendritic cells to the side of injury."*>'*! On the
other hand, binding to P2X7 receptor leads to NLR-family
pyrin domain containing 3 (NLRP3) inflammasome activation
and subsequent release of the proinflammatory cytokine IL-1§3
from innate immune cells such as macrophages and dendritic
cells."** A role of extracellular ATP in COPD pathogenesis has
been proposed, based on experimental animal models."*"'*?
Balb/c mice exposed to cigarette smoke for 3 months showed
increased ATP in the BAL fluid as compared with air-exposed
control mice."** Furthermore, CSE induces the release of ATP
in human neutrophils.'*®> This increase in ATP may initiate
release of IL-8 and elastase by immune cells. Another indication
that ATP has a role in the pathogenesis of COPD was the
observation that ATP levels are increased in the BAL fluid of
COPD npatients."*" Moreover, higher ATP levels have been
observed in current and ex-smoking COPD patients as
compared with both smoking and nonsmoking controls,
whereas levels were also increased in smokers compared with
nonsmokers.">! Importantly, this increase in ATP was nega-
tively correlated with the FEV,%. Furthermore, acute smoke
exposure (8 cigarettes in 4h) has been shown to induce an
immediate increase of ATP in the BAL fluid of healthy controls,
indicating a direct effect of smoking on BAL ATP levels. As
ATP levels in BAL of COPD patients were even higher, there
may be an additional disease-related effect.">' 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
nonsmoking controls. The role of purinergic receptors in
smoke-induced lung inflammation was supported by in vivo
mice studies showing an upregulation of P2X7 and P2Y2
receptors on neutrophils, macrophages, and lung tissue in
mice after short-term smoke exposure.'**'**> When either one
of these receptors was knocked out, less inflammation and

221



REVIEW

Table 1 DAMPs and their levels in COPD patients
DAMP (group) Receptor(s) Member Effect Biological Sample References
HSPs TLR2, TLR4 HSP60 1T NSC Bronchial biopsies 31
HSP70/90/27 1 NSC Serum 30
HSP10/27/40 1 SC/NSC  Protein expression in bronchial epithelial cells 30
S100 proteins  RAGE, TLR4 S100A8/A9 1 SC/NSC BAL 37
S100A12 1 SC/NSC  Serum 40
Galectins B-Galactose containing receptors ~ Galectin-3 1 SC/NSC  Expression in small airways 51
Galectin-1 1T NSC Expression in epithelial cells of small airways 51
Defensins TLR2, TLR4 a-Defensin 1-3 1 SC Sputum 60
B-Defensin 1 1T NSC Expression in bronchial epithelial cells 61
B-Defensin 2 1T SC/NSC  Mini-BAL 62
Cathelicidins TLR7, TLR9, RAGE LL-37 1 SC/NSC  Sputum 76,77, 78
T HV ELF 79
1T HV BAL 79
HMGB1 TLR2, TLR4, RAGE 1 SC/NSC BAL 41
T HV Sputum 95
1T HV Serum 95
1 SC/NSC  ELF 96
Versican TLR2 T HV Expression in alveolar walls 134
| HV Expression in alveolar walls 135
T NSC Production by isolated fibroblasts 136
Fibronectin TLR4 1 SC/NSC  Isolated fibroblast supernatant 137
1T HV Expression in bronchial lung tissue 138
Hyaluronan TLR2, TLR4, NLRP3 1T HV Subgroup with high levels in sputum 139
ATP P2X, P2Y receptors 1 SC/NSC BAL 126

ATP, adenosine 5’-triphosphate; BAL, bronchoalveolar lavage; COPD, chronic obstructive puimonary disease; DAMP, damage-associated molecular pattern; ELF, epithelial
lining fluid; HMGB1, high-mobility group box-1; HSP, heat shock protein; HV, healthy volunteers with unknown smoking status; NLRP3, NLR-family pyrin domain containing 3;
NSC, nonsmoking controls; RAGE, receptor for advanced glycation end-products; SC, smoking controls; TLR, Toll-like receptor.

Effect in (ex)-smoking COPD patients as compared with NSCs, SCs, and HVs.

emphysema was observed in the lungs of mice after smoke
exposure.'**!?> Furthermore, P2Y2R knockout mice showed
attenuated inflammation in the lungs after acute cigarette
smoke exposure compared with C57B1/6] wild-type mice.'*
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-
1 (ref. 111)'"" and cardiolipin.'*® 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.">” Further
research needs to clarify whether all or specific mtDAMPs
are increased in the 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.”'*® 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 versican'**~'*! and fibronectin'*>'* has

222

been observed in the lungs of COPD patients, whereas for other
ECM DAMPs, e.g., low-molecular-weight hyaluronan,'**'*>
higher levels of proinflammatory breakdown products have
been found in the BAL fluid of COPD patients (see Table 1).
These DAMPs may play a role in the pathogenesis of COPD,
as most of these DAMPs can activate TLR2 and TLR4
downstream NF-kB pathways, thereby inducing or
maintaining proinflammatory activation of the innate
immune system.

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. Increasing numbers of publications have studied
the presence of DAMPs in extracellular lung fluids, including
BAL, ELF, and sputum. Higher levels of HMGB1, SI00A8/A09,
low-molecular-weight hyaluronan, ATP, and B-defensin have
been observed in the BAL fluid of COPD patients as compared
with controls, providing possible biomarkers for the detection
of COPD at early disease state (see Table 1). To date, no studies
have been performed to assess a larger set of DAMPs in order to
identify the DAMP signature in COPD patients. This could be
ofinterest considering that not all DAMPs are equally increased
in lung tissue and/or released in the extracellular space of
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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
preclinical in vivo models. After identifying the DAMP
signature in the 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 nonimmunogenic apoptosis instead of
necrosis or necroptosis, as apoptosis does not lead to release of
immunogenic DAMPs,**'* by inhibiting necroptosis,'** or
by initiating more efficient phagocytosis.'> 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 knockout mice have attenuated inflammation in the
lungs after acute cigarette smoke exposure.'**"*>'*” 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.'*” Nevertheless, this
decrease in inflammation was only seen after acute and not after
prolonged cigarette smoke exposure, when the adaptive
immune reaction is thought to crucially contribute to COPD
pathogenesis.'*®

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
downstream 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 the BAL fluid of COPD patients
as compared with 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 the
lungs of COPD patients as well as potential biomarkers for the
detection of COPD at an early disease state.
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